
THE RELATION BETWEEN DAYTIME SLEEP AND COGNITIVE FUNCTIONING IN

MILD COGNITIVE IMPAIRMENT (MCI) SUBJECTS

A Thesis

by

YAJUN JIA

Submitted to the Office of Graduate and Professional Studies of
Texas A&M University

in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

Chair of Committee, Steven Woltering
Committee Members, Nicolaas E. Deutz

Jeffrey Liew
Wen Luo

Head of Department, Fuhui Tong

December 2020

Major Subject: Educational Psychology

Copyright 2020 Yajun Jia



ABSTRACT

The current thesis aimed to investigate the relationship between daytime sleep and cognitive

functioning in Mild Cognitive Impairment (MCI) subjects and healthy older adults. To explore

this, 20 MCI subjects and 16 healthy older adults completed two lab visits with subjective reports,

daytime sleep Polysomnography (PSG) measures and a battery of neuropsychological measures.

I formulated three main research questions (a) How do MCI subjects and healthy older adults

differ in subjective sleep quality? (b) How do MCI subjects and healthy older adults differ in

objective daytime sleep parameters? (c) How do MCI subjects and healthy older adults differ in

post-nap cognitive changes and how do those changes relate to PSG parameters? Results showed

that (a) although self-reported sleep disturbance did not differ in MCI subjects and healthy older

adults, within the entire sample, there were some notable correlations between subjective sleep

disturbance and cognitive performance; (b) PSG measures suggested that MCI subjects expressed

significant less slow-wave sleep (SWS) than healthy older adults and PSG parameters such as the

relative amount of stage 2 sleep and SWS were associated with cognitive performance; (c) both

MCI subjects and healthy older adults had significant post-nap cognitive improvements and such

improvements were associated with PSG parameters such as the amount of stage 2 sleep and k-

complex. These findings might be important steps toward a better understanding of daytime sleep

activities in MCI subjects and a better identification of PSG parameters and potential mechanisms,

which would contribute to future intervention studies and treatment programs.
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1. INTRODUCTION

Mild cognitive impairment (MCI) describes individuals who are exhibiting cognitive impair-

ment in the absence of functional impairment [1]. MCI is often viewed as a translational stage

from normal aging to Alzheimers disease (AD). At this time, MCI is diagnosed based on the cri-

teria from Diagnostic and Statistical Manual of Mental Disorders [2] and/or international working

group of MCI [3]. These criteria stated that MCI mainly involves problems with memory that are

greater than normal age-related changes, while individuals generally preserved activities of daily

living and not clinically demented.

In addition to the abovementioned criteria of MCI, sleep disturbances have been documented

as one of the core symptoms observed in MCI subjects [4]. The prevalence of sleep disturbances

in MCI is estimated to vary between 22% to 59% depending on the diagnostic criteria [5]. In

addition, research has argued that the presence of sleep disturbances has been shown to increase

the likelihood of progression to AD [6, 7].

As sleeping becomes a significant challenge for MCI individuals, the frequency of napping

was consistently found to be increased [8]. Yet, the extent to which naps would impact cogni-

tive functioning is still under debate. There have been discrepancies in the studies examining the

effects of napping in both MCI and normal-aging groups. Some studies support the notion that

napping has restorative functions for cognition and may even slow the progression of AD [9, 10].

On the contrary, research reported that excessive napping was associated with worse nocturnal

sleep quality and an eventual decrease in cognitive functioning [11]. The mixed evidence of both

positive and negative effects of napping on MCI subjects might be partially attributed to limitations

in the measurement of napping. Napping can vary in characteristics such as duration, timing, and

sleep stages, most of which cannot be completely or accurately captured by subjective measures or

reports from caregivers [8]. Little is known about objective napping parameters and their associa-

tions with cognitive performance. Understanding this relationship may provide not only a deeper

understanding of napping behaviors in this population, but it may also offer possibilities for early
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diagnosis and potential treatment with the aim of delaying or preventing the progression of AD.

To this end, the current study proposes to examine sleeping and napping behaviors and how

napping parameters affect cognitive performance in individuals with MCI compared to normal-

aging individuals. This will be accomplished by using PSG system, cognitive tasks, as well as

self-reports, which will provide information about sleeping and napping behaviors in MCI subjects

and might contribute to new insights for potential treatment programs.
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2. LITERATURE REVIEW

2.1 Alzheimer’s Disease (AD)

Alzheimers disease (AD) is a degenerative disorder that is characterized by memory loss

and confusion and impairment of at least one additional cognitive domain [12, 13]. The World

Alzheimer Report 2018 reported that 50 million people worldwide are living with AD, and this

number is estimated to triple to 152 million by 2050 [14]. This implies there will be one new

case of AD every 3 seconds around the world [14]. National estimates of the prevalence of AD

indicated that about 14% of people age 71 and older in the United States have AD [15].

Memory disturbances are the most common symptoms in AD and, as the disease progresses,

subjects always present with worsening executive functioning, compromised language (e.g. nam-

ing or semantic problems), loss of visual orientation, loss of motivation, and eventually, poor

self-care and behavioral issues [16]. Those AD symptoms are placing substantial medical, so-

cial, psychological and financial burdens on individuals, their families and their communities. AD

individuals commonly need assistance with daily instrumental activities such as shopping, and

managing personal finances. In the later stages of AD, they might even need help with basic daily

living activities such as eating, dressing, and toileting [17]. Furthermore, the symptoms of AD

further attributed to their caregivers emotional strain (i.e. stress, depression) [18, 19] and physical

exhaustion, as well as reduced caregiver employment and income, but also increased hospital stay

and even nursing home placement [20]. These AD-related burdens, together with increases in AD

cases, are stressing the U.S. healthcare system [21]. The total cost of Americans with AD was

estimated at US$277 billion in 2018, which included only direct (medical and social care) costs

[21], and does not to mention indirect costs such as unpaid caregiving by family and friends.

2.2 Mild Cognitive Impairment (MCI)

The field of aging and AD is moving toward the early identification of impairment, and the

construct of Mild Cognitive Impairment (MCI) has played a pivotal role in that effort [6]. MCI
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was proposed to describe individuals who are neither cognitively normal nor diagnosed with AD,

but who are exhibiting cognitive impairment in the absence of functional impairment [1, 22]. MCI

is often viewed as a transitional stage from normal aging to AD [23, 24], with an age-related

conversion rates across studies being estimated ranging from 60.5% to 100% to AD in 5 to 10

years without treatment [24]. The prevalence of MCI varies among different age groups: 6.7% for

ages 60-64, 8.4% for ages 65-69, 10.1% for ages 70-74, 14.8% for ages 75-79, and 25.2% for ages

80-84 [25].

The Diagnostic and Statistical Manual of Mental Disorders (DSM-V) defined MCI using the

term age-related cognitive decline, which is objective decline in cognitive function not otherwise

specified [2]. Research studies relied on different sets of diagnostic criteria for MCI, one of the

frequently used criteria is the original clinical criteria proposed by Petersen [23] and was later

adopted by the international working group of MCI [3]. They recommended the following criteria:

(1) Memory complaints, preferably corroborated by an informant; (2) memory impairment docu-

mented according to appropriate reference values (i.e. memory impairment relative to age-matched

and education-matched healthy people); (3) essentially normal performance in nonmemory cogni-

tive domains; (4) generally preserved activities of daily living; (5) not clinically demented [3, 23].

These criteria have been extensively used since they were developed. Most individuals experience

some changes in cognition as they age, however, it is important for clinicians to determine that the

described deficits are beyond what one would expect for normal aging. Moreover, the clinician

must also assess the persons daily activities to be certain that the individual is still performing well

in daily life.

Although the core features observed in MCI are reduced memory functioning, there has been

an increasing awareness of additional neuropsychiatric symptoms, which is a branch of medicine

dealing with nervous system related mental disorders [26]. The neuropsychiatric symptoms include

the most common mood and behavioral symptoms such as depression, anxiety, irritability, apathy,

and agitation, and less frequent symptoms like disinhibition, hallucinations, delusions, and aberrant

motor behaviors [6, 7, 27]. The presence of those neuropsychiatric symptoms has been shown to
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increase the likelihood of progression to AD [6, 7]. In addition, sleep disturbance, though not

formally included as a DSM key diagnostic criterion, has been documented as one of the four core

symptoms of MCI [4]. The prevalence of sleep disturbances in MCI subjects is estimated to vary

between 22% to 59% depending on the diagnostic criteria used [5]. Published studies on MCI

subjects were primarily based on subjective reports (i.e. interviews) by subjects or their caregivers

[28]. Means and colleagues [29] reported that healthy subjects tend to overestimate their sleep

quality. Hence, it is possible that subjective reports might underestimate the prevalence of sleep

disturbances in MCI. For example, in Bombois and colleagues [28] study with 65 MCI subjects,

they found an extremely high prevalence of sleep disturbances (95.4%) with polysomnographic

(PSG) recordings.

Many of the symptoms of MCI are the same as those present in subjects with AD, but to a

lesser extent. Therefore, like all other types of dementia, MCI is associated with worse health-

related quality of life of individuals. With those symptoms, MCI individuals might require help

and support with daily living activities such as transportation, taking medication, or cooking as

well as the psychological symptoms such as depression and apathy. MCI individuals experience

substantial burdens on their lives and the lives of their caregivers. According to interviews and

assessments on MCI subjects, they reported frustration at skill loss, changes in family/social roles,

embarrassment, emotionality, and concerns of being a burden [30]. Furthermore, MCI imposes

substantial and clinically significant psychological and physical burdens on the caregivers [31].

The burdens of caregivers commonly contain social and economic stress, family and job conflicts,

lack of social support, and psychological symptoms such as depression and anxiety [32]. The

caregivers also reported a lack of information, support and practical methods in assisting their

family or friends with MCI [32].

MCI has been studied intensively over the past decades. Clinicians, researchers, patients and

families started to recognize this condition. As the importance of detecting MCI becomes more ac-

cepted, these individuals might benefit more from currently available treatments for AD, especially

for those individuals who are highly likely to progress to AD [33]. Additionally, the investigation
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of MCI might lead to novel treatments that could delay the onset of AD. As estimated by Gau-

thier and colleagues [6], treating MCI may result in short-term economic benefits of US$5,300 per

subject per year. Given the limited success of treatment for AD and emerging evidence for the

association between MCI and AD, an understanding of the features of MCI may be crucial for the

treatment and prevention of AD.

2.3 Problem Summary

In sum, there are indications that further investigation of MCI might provide valuable markers

or significant symptoms in characterizing this preclinical phase of AD. Since sleep disturbance is

already considered an important symptom in the context of aging, AD and MCI subjects, the main

aim of this review will be to summarize the current literature on the evidence of sleep disturbance

in MCI.

As part of this objective, the review will also include evidence of sleep disturbance in AD.

While the behaviors and mechanisms associated with AD are well established, little is known

about the range of behaviors and mechanisms inherent in subjects with MCI. Considering the

relationship between AD and MCI as well as the similarity of behaviors, information regarding

AD will help us understand the potential underlying mechanisms of behaviors of MCI or at least

provide us with valuable directions. Therefore, studies regarding the behaviors of AD will also be

included in the review.

The first part of the review will provide an overview of the sleep architecture and general

functions of sleep after which I will summarize the current evidence on sleep disturbance in both

AD and MCI subjects. Lastly, the focus will be summarizing current theories on the mechanism

relating to sleep disruptions and cognitive decline.

2.4 Basics of sleep

2.4.1 Sleep architecture

Sleep is a physiological process characterized by several cycles consisting of different sleep

stages. Over the years, a large number of studies have focused on defining sleep architecture us-
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ing polysomnography in order to better identify the characteristics and functions of sleep. Normal

human sleep consists of two distinct states: non-rapid eye movement (NREM) and rapid eye move-

ment (REM) sleep. NREM sleep could be further divided into three stages: stage 1, stage 2 and

stage 3 [34, 35]. Stage 3 is often referred to as slow-wave sleep (SWS) as well. In adult humans,

sleep contains about four or five cycles per night from REM sleep to NREM sleep, with each cycle

lasting about 90-120 minutes.

Before a description of sleep architecture, it is important to define terms used to characterize the

electroencephalographic (EEG), which are frequency, amplitude, and morphology. EEG measures

changes in electrical potential on the scalp, which reflect fluctuations resulting from membrane

potentials integrated across neurons of the brain. Frequency refers to rhythmic activity in brain

waves and is measured by Hertz (Hz; in cycles per second). Amplitude refers to the magnitude of

electrical potential changes between peaks and troughs and is measured in microvolts. Morphology

reflects both frequency and amplitude. It defines a particular shape of EEG wave or group of

waves, which will be described later for specific characteristics of sleep such as sleep spindles or

K-complexes.
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Figure 2.1: EEG wave pattern of different sleep stages. Adapted from [36]

Stage 1 accounts for 3%-8% of sleep time, which is composed of mostly alpha activity (8-

13 Hz), theta activity (4-8 Hz), and vertex sharp waves (50-200 ms) toward the end of the stage.

Changing from waking to NREM sleep stage 1, the frequency of brain waves become slower

gradually. It changes from wake EEG (i.e. beta (14-25 Hz) and gamma (25-80 Hz)) with eyes open

to alpha rhythm with eyes closed, and finally to theta rhythm with vertex sharp waves. Along with

slower EEG, electromyographic (EMG) activity decreases as well. Electrooculography (EOG)

demonstrates slow lateral eye movements. Body temperature begins to drop and muscles relax.

Stage 1 sleep is a transitional period from wakefulness to sleep, which can be easily awakened.

Stage 2 sleep often begins after 10-12 min of stage 1 and occupies about 45%-55% of sleep

time. In stage 2, the mean frequency of brain waves further decreases, while the amplitude in-

creases. The main rhythm of stage 2 is theta activity (4-8 Hz). Delta waves (0.5-4 Hz) may

sometimes appear in stage 2 sleep. EMG activity is further decreased compared to wakefulness
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and NREM stage 1. Starting from stage 2 of NREM sleep, EOG does not register eye movements.

NREM stage 2 is characterized by two distinctive EEG morphologies: the sleep spindle and K-

complex. A sleep spindle is described as clusters of spikes with sigma waveform (12-14 Hz),

which lasts more than 0.5 s and has a waxing and waning appearance. Although the mechanism

underlying spindles in the human brain is largely unknown, sleep spindles are often correlated with

cognitive functioning, learning, and memory [37]. Researchers believe that when spindles occur,

the brain disconnects from outside sensory input and begins the process of memory consolidation.

A k-complex is a large negative (upward) wave followed by a large positive (downward) wave, both

lasting at least 0.5s. A k-complex was described to represent a sort of built-in alertness system that

keeps individuals ready to awaken if necessary [38].

Figure 2.2: Sleep spindle and k-complex of sleep stage 2. Adapted from [36]

Stage 3 sleep or slow-wave sleep (SWS) comprises 15%-20% of total sleep time. SWS is

described as moderate amounts of very low-frequency, but high-amplitude activities - delta waves

(0.5-4 Hz). EOG does not register eye movements. EMG activity is largely decreased compared to

NREM stage 2. In SWS, compared to waking, it shows a largely declined heart rate, blood pressure

and respiration rate. Slow-wave sleep is thought to have the primary function of allowing cerebral

restoration brain recover from daily activities and to be involved in maintenance and consolidation

of memory [39].

REM sleep occupies 20%-25% of total sleep. After 60-90 min of NREM sleep, the first REM
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sleep episode occurs. During REM sleep, the brain waves consisted of a mixed activity with slow

alpha (1-2 Hz slower than wake alpha) and theta rhythms (4-8 Hz). REM sleep is characterized by

rapid eye movements in all directions along with a rise in blood pressure, heart rate and respiration

rate compared to other sleep stages, but as noted by previous research, muscle atonia. Despite

those activities, the body paralyzed. The REM sleep stage is linked to vivid dreaming. REM sleep

is also found to facilitate learning and memory and it is mainly associated with the consolidation

of nondeclarative memory, such as riding a bike.

Table 2.1: Characteristics of sleep stages

Sleep Stage EEG Activity Muscle Activity

Stage N1 (3%-8%)
alpha (8-13 Hz) EMG decreases
theta (4-8 Hz) EOG: lateral/slow eye movements
vertex sharp waves (50-200 ms) drop of body temperature

Stage N2 (45%-55%)
theta (4-8 Hz) EMG continues to decrease
sleep spindle (12-14 Hz) no EOG
k-complex (0.5s)

Stage N3 (15%-20%)
delta (0.5-4 Hz) EMG largely decreased

no EOG

Stage R (20%-25%)
slow alpha (1-2 hz) muscle atonia
theta (4-8 Hz) EOG: rapid eye movements

rise in blood pressure, and heart rate
Note: EEG = electroencephalographic; EMG = electromyographic; EOG = electrooculography.
The table describes the characteristics of sleep stages for an average healthy adult. Sleep stages could vary between individuals, especially for older adults.

The NREM-REM sleep cycle occurs about every 90 min and adults have approximately four

to six cycles per night with the ratio of NREM and REM sleep varying in each cycle. Slow-wave

sleep happens more in the first third of the night and REM sleep appears more in the last third

cycles. Researchers have observed individual variability in sleep patterns from both experimental

and clinical settings. When considering normal nighttime sleep, the most studied characteristic

is sleep duration. The discussion on sleep duration was mainly between short sleepers and long

sleepers since the 1970s [40]. It has been reported that, when compared to long sleepers, short

sleepers have a significant reduction in NREM stage 2 and REM sleep while they have similar
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amounts of SWS [41]. Such sleep pattern variability has been attributed to both non-biological

factors (i.e. differences in circumstances and habits) [42] and biological factors, which was even

proved to be genetically related [43].

2.4.2 Functions of sleep

Sleep is an essential physiological process with important restorative functions. Allan Rechtschaf-

fen, a noted pioneer in the field of sleep research, from the University of Chicago Sleep Labora-

tory said that If sleep does not serve an absolutely vital function, then it is the biggest mistake

the evolutionary process has ever made. Research in various populations suggested that sleep dis-

turbance is integral to neuropsychological function and mood. For instance, sleep disturbance or

fragmentation is associated with impaired attention, processing speed, memory, executive func-

tioning, as well as mood changes, fatigue, and decrements in daytime alertness [44]. Moreover, in

older adults, inadequate sleep was found to be related to significant morbidity and mortality [45].

Although sleep consists of a large proportion of human life time and it seems clear that without

enough sleep there will be significant impairment in cognition and mood, the function of sleep

still remains unclear. There were many hypotheses about the role of sleep, such as homeostatic

restoration, thermoregulation, tissue repair, immune control, and memory processing [46]. In the

last decade, an increasing number of research reported a bidirectional and symbiotic association

between sleep and memory processing, especially memory consolidation [46, 47, 48]. Several re-

ports revealed that SWS (0.5-4 Hz), as well as REM sleep, appear to be very important to memory

consolidation [49, 50, 51, 52, 53]. Research with positron emission tomography (PET) scanning

further reported that there was a reemergence of hippocampal activation specifically during SWS

[53, 54]. Besides the role of SWS in memory, studies also demonstrated an association between

sleep spindles in NREM stage 2 and memory processing [55, 56, 57, 58]. Research investigating

the role of sleep on memory has become gradually more complicated and further contribution is

needed to deeper explore the characteristics and mechanisms.
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2.4.3 Measures of sleep

Identification of sleep disturbances requires validated tools that can characterize sleep architec-

tures and detect changes in sleep. Since the late 1960s, Polysomnography (PSG) was used as the

primary tool for recording sleep in the laboratory setting. During a polysomnography recording,

standard electroencephalography (EEG) and other physiology measures (i.e. electrooculography

[EOG], and electromyographic [EMG], electrocardiogram [ECG / EKG]) are recorded. EEG is

the most common objective tool used in sleep research. It is an electrophysiological monitoring

method of recording the brains electrical activity over a period of time. Those measured brainwaves

are divided into bands based on their frequency, which are combined with physiology measures to

categorize sleep into discrete stages. Since 2007, most sleep laboratories adopted terminology and

scoring rules from the American Academy of Sleep Medicine (AASM) manual for scoring sleep

stages and other associated events. Even though PSG is the recognized gold standard measure for

sleep, the experiment can be hard to perform. Subjects might experience difficulty with laboratory

procedures. Moreover, EEG scoring of sleep might be difficult with older adults, especially those

with sleep disturbances, due to diffuse slow activity on EEG during sleep and wakefulness [59].

Therefore, wrist actigraphy is sometimes used as an alternative objective measure to provide quan-

tification of sleep versus wake for 24-h periods. In addition, subjective sleep questionnaires are

always used as additional measures. In subjects with AD and MCI, the Pittsburgh Sleep Quality

Index (PSQI), Epworth Sleepiness Scale (ESS), Sleep Disorders Questionnaire, and the consensus

sleep diary are widely used.

2.5 Theories on how sleep relates to cognition

Over the last few decades, brain research has attempted to define the relationship between

sleep and neural functions especially with memory and existing data most strongly supporting the

beneficial functions of sleep in memory and general neural function [60]. In more recent years,

the theory has been split into three subdomains: (1) a theory that centers on homeostasis, which

demonstrated that sleep reverses the exhaustion and overelaboration of neural networks during
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wakefulness [61]; (2) a theory stating that sleep consolidates memories for long-term storage [47];

(3) a theory that focuses on the restorative function of sleep enhanced removal of waste products

(such as β-amyloid) accumulated during sleep [62].

2.5.1 Homeostasis

The synaptic homeostasis theory proposed that sleep, especially slow-wave sleep, may have

beneficial effects through promoting a homeostatic regulation in synaptic strength [61]. As the

brain learns and adapts to the environment during wakefulness, there are new connections between

neurons and great increases in synaptic strength. However, such increases will result in energet-

ically unsustainable neurons since stronger synapses cost more energy and occupy more space.

Those changes will affect subsequent learning as those synapses cannot be further potentiated.

Thus, the hypothesis states that sleep is associated with synaptic downscaling, which further ties

to the beneficial effects of sleep on performance. It further states that the homeostatic regulation

of slow-wave sleep is related to the amount of synaptic potentiation. Specifically, the higher the

amount of synaptic potentiation during wakefulness, the more slow-wave activity in the subsequent

sleep. It also predicts that inadequate sleep will result in synaptic overload, which could lead to

cognitive and emotional impairments.

2.5.2 Sleep dependent memory consolidation theory

The sleep dependent memory consolidation theory has been supported by a wealth of evidence,

which states that sleep promotes the long-term consolidation of memories. Reviews of literature

consistently demonstrated a robust beneficial effect of sleep on memory consolidation, especially

for procedural memories [48]. The mechanism proposed as underlying effects for memory con-

solidation is hippocampal-dependent processing. During waking performance of tasks and novel

experiences, signature firing patterns of hippocampal and cortical networks occur. Those firing

patterns expressed in wakefulness appears to be replayed during sleep. In other words, there ap-

pears to be a recurrence of hippocampal activation during sleep just like the activation during

wakefulness. It is further hypothesized that the amount of reactivation in the hippocampus was
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proportionally associated with the performance improvement the next day.

2.5.3 Waste-clearance theory

The waste-clearance theory states that the restorative function of sleep might be a consequence

of removing potentially neurotoxic waste products accumulated during wakefulness [62]. The hu-

man brain has such high metabolic rate, and relative fragile neurons to toxic waste products during

waking. Proteins like β-amyloid (Aβ), α-synuclein, and tau are accumulated in the interstitial

space surrounding the brain cells. Those proteins were linked to neurodegenerative diseases like

AD and MCI [63, 64, 65]. However, the brain lacks a conventional lymphatic system like other

organs of the body to clean the waste products. Fortunately, cerebrospinal fluid (CSF; fluid in

the brain and spinal cord) recirculates through the brain and interchanging with interstitial fluid

(ISF; a thin layer of fluid which surrounds the body’s cells) to remove the proteins like Aβ. The

convective exchange of CSF and ISF happens around the cerebral vasculature, in which CSF flood

around arteries and ISF influx around veins. This is called the glymphatic system or glymphatic

clearance pathway. It is further supported by biological evidence that wakefulness is associated

with the accumulation of waste products like Aβ and such glymphatic pathway reduces the clear-

ance of exogenous A by 65% [62] during sleep, which suggests that the movement of CSF and ISF

is substantially contributing to the removal of neurotoxic waste products. Moreover, the cortical

interstitial space is estimated to increase by 60% during sleep, which enhances the rate of clearance

of Aβ and other compounds. This theory aims to explain the question of why sleep is restorative, or

conversely, why a lack of sleep impairs brain function. It further predicts that all kinds of insomnia

can lead to cognitive impairment or even death within months or years [62, 66, 67].

2.5.4 Summary

The theories mentioned above are not necessarily mutually exclusive and subject to ongoing

discussion and elaboration [60]. Those theories were supported by data on the effects of sleep from

healthy adults, yet inconsistencies remain. Researchers could understand the mechanisms of sleep

and further validate them in their own studies.
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2.6 Nocturnal sleep & MCI

2.6.1 Sleep in normal aging

Aging is associated with neural progressive impairment of the functional capacity, including

the circadian cycle [68]. In other words, the neural systems, which regulate and maintain the

sleep-wake cycle, might be impaired as we age [68]. It has been estimated that at least 50% of

older adults complain about their sleep quality, especially on initiating and maintaining sleep [45].

The quality of sleep changes with aging, and excessive daytime sleepiness (EDS) and insomnia are

frequently reported in older adults. Most surveys inquiring about sleep reported that more than one-

third of older adults reported early morning awakening, increased awakenings during nocturnal

sleep and/or difficulty maintaining sleep on a regular basis [69]. The sleep of older adults is also

characterized by changes in sleep architecture include a reduced percentage of slow-wave sleep

(SWS) and rapid eye movement (REM) sleep and spectral power in sleep electroencephalogram

(EEG), as well as a reduction in number and amplitude of sleep spindles and k-complexes [70].

Overall, older adults have reduced sleep time and worse sleep quality, which is typically not due to

less time in bed, but instead due to increased awakenings and/or difficulties of maintaining sleep

[71].

2.6.2 Sleep in AD

People often have more complaints on their sleep quality as they grow older. Sleep disturbances

are even more common in patients with neurodegenerative disorders such as AD. Nocturnal and

daytime sleep disturbances affect up to 44% of AD subjects in the clinic and community-based

samples [72]. Sleep disturbance is even proposed as one of the neuropsychiatric syndromes in

dementia to be included in the DSM-V for AD diagnosis, along with psychosis, depression, and

agitation [5]. AD subjects claimed that they suffer from a number of sleep disturbances includ-

ing insomnia, frequent awakenings during nocturnal sleep, evening agitation, decreased nocturnal

sleep, and increased daytime sleep [16]. Based on the analysis of self-reported questionnaires (i.e.

Pittsburgh Sleep Quality Index [PSQI], Epworth Sleepiness Scale [ESS], Sleep Disorder Question-
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naire) or physician diagnosis (i.e. apnea hypopnea index [AHI] scores), a meta-analysis demon-

strated that sleep disturbance has a predictive role in developing dementia [73]. Specifically, they

found that the risk of developing AD was 1.49-times higher in individuals with sleep disturbances

[73]. The broad-based effect on multiple cognitive functions in AD subjects also confirmed that

poor self-reported sleep quality and sleep complaints (i.e. shorter sleep time) was associated with

the poorer cognitive performance [74].

Other than self-reports, objective measures of sleep disturbance may be more helpful in identi-

fying specific target symptoms and the relationship between sleep disturbance and AD. A number

of studies have been conducted to evaluate sleep characteristics in subjects with AD using tools

such as Polysomnography or actigraphy. AD subjects often have more disrupted nocturnal sleep

(i.e. reduced PSG total sleep time, lower PSG sleep efficiency) than age-matched normal-aging

older adults [59]. A PSG total sleep time (TST) reduction might due to the difficulty of main-

taining sleep (e.g. increased arousal) after sleep onset and increased PSG sleep latency (SL) [59].

Additionally, despite the discrepancies, most studies found decreased PSG slow-wave sleep (SWS)

and reduced sleep spindles and k-complexes [16, 59]. Studies also demonstrated alterations in PSG

REM sleep [59, 75]. While REM sleep duration is decreased, the total number of PSG REM sleep

episodes remain intact [59]. Additionally, researchers also found slower EEG waves (i.e. alpha and

theta rhythm) during REM sleep for AD subjects compared to normal-aging older adults [59, 76].

Subjects with AD often have dramatic sleep architectural abnormalities [45] than age-matched

controls. Signature findings include decreased sleep efficiency and total sleep time, increased

arousal and awakening, a reduction in sleep spindles and k-complexes, and alterations in REM

sleep [16, 45, 59]. Even a number of clinical sleep disorders (i.e. insomnia, hypersomnia, nocturnal

agitation, and abnormal nocturnal behaviors) have been related to subjects with AD. Some studies

even proposed sleep disturbance to be a major risk factor for increasing AD in older healthy adults

[59]. Further studies will need to further establish sleep characteristics in this growing population,

which would contribute to sleep evaluation and management.
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2.6.3 Sleep in MCI

Similar to subjects with AD, MCI individuals are also characterized by an increased preva-

lence of sleep disturbance. The review paper by Beaulieu-Bonneau & Hudon [5] reported that

sleep disturbances have been consistently reported to be one of the most common neuropsychiatric

symptoms of MCI. Among the fifteen studies being reviewed, a similar prevalence was obtained

from clinical samples (prevalence of 17% - 57%) and population-based studies (prevalence of 14%

- 59%). They further summarized that the most commonly reported sleep disturbances were wak-

ing up too early, trouble staying asleep and sleeping too much or increase in naps [5]. In one of

the population-based studies [77], they evaluated 320 subjects with MCI by asking them to rate

the frequency and severity of their neuropsychiatric symptoms. They concluded that sleep dis-

turbance was among the three most frequent clinically significant symptoms (sleep disturbance,

apathy, depression). A longitudinal study by Lobo and colleagues [78] surveyed and followed

4061 healthy older adults (over 55 years old) for two years. The results indicated that the presence

of sleep disturbances was associated with the incidence of MCI and considered to be one of the

risk factors.

Along with the high rates of sleep disturbance reported in MCI with detailed self-report mea-

sures and sleep diaries, objective measures of sleep using polysomnography (PSG) have also been

implemented to explore the features of sleep disturbance in subjects with MCI. Common PSG as-

sessed sleep parameters include sleep latency (SL; latency to persistent sleep), sleep maintenance

(WASO; wake after sleep onset), sleep efficiency (SE = [total sleep time/total recording time]),

total sleep time (TST), the amount of time spent in each sleep stage (Stage 1, 2, SWS, NREM,

and REM), the latency after sleep onset to REM sleep and the percentage of each stage were also

calculated.

Several PSG sleep parameters of MCI subjects were identified by previous studies. Compared

to normal-aged peers, most studies showed that MCI subjects expressed longer PSG sleep latency

[24, 79, 80, 81], and a decrease in their PSG total sleep time [24, 68, 79, 82]. They also experienced

lower PSG sleep efficiency than the normal-aging group [24, 83]. Studies using large community
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samples of older adults also confirmed that lower PSG sleep efficiency [84] and less PSG slow-

wave sleep [24, 82, 85] consistently related to cognitive impairment. Moreover, MCI subjects

were found to have significantly increased PSG REM sleep latency [24, 85, 86] and significantly

shortened PSG REM sleep time [68, 82, 87]. To date, no studies have been conducted on examining

the difference between sleep spindles and k-complexes between MCI and normal-aging peers.

Most studies consistently found sleep disturbances in MCI subjects [24, 68, 85]. The few

studies that did not show significant changes in sleep parameters of MCI mainly focused on to-

tal sleep time, SWS, and REM sleep. To the best of our knowledge, three studies observed no

significant difference in total sleep time between MCI and their normal-aging peers [80, 83, 85].

Another study demonstrated that REML (rapid eye movement sleep latency), percent of rapid eye

movement (REM%), and SWS showed no changes [24].

In sum, previous studies revealed subtle differences in sleep quality between MCI subjects

and their peers. In general, the objective measures validated the findings from subjective reports,

though studies were not always in agreement with what metrics showed impairment. Despite

inconsistent results, most studies reached the same conclusions: compared with normal-aging older

adults, the MCI subjects expressed more SL, less TST and SE, and shorter SWS and longer REML.

The existing articles that demonstrated inconsistent results may not be comprehensive enough [24],

though do call for further exploration of sleep parameters.

2.7 Daytime sleep (napping) & MCI

2.7.1 Daytime sleep & nocturnal sleep in the general older population

The most recent Sleep in America poll indicated that 40% of respondents reported intentionally

napping at least once in the previous week, with an average nap duration of 79 minutes [88].

Additionally, 11% of those respondents took naps on at least five of the past seven days [88]. As

sleeping becomes a significant challenge for older adults (estimated 57%) [89], the frequency of

napping was consistently found to be increased with age [90]. One in four older adults reported

intentionally napping daily [89]. The average nap frequency in older adults is at least once per
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week with an average duration between 23.3 to 45 minutes per day [89].

People vary in the frequency of napping and also the improvements in alertness and cognitive

performance they experienced. The degree of benefit from a nap can be influenced by a number

of factors such as the duration of the nap, the timing of the nap, and the presence of sleep inertia.

Sleep inertia is the delay of thinking and performance abilities upon awakening due to sleep and

is typically found as a result of awakening from SWS [90, 91]. Other individual characteristics

(e.g. age, sex, and experience of sleep loss) and test characteristics (e.g. task difficulty, and test

timing) might also affect the benefit of naps. Moreover, studies found that habitual nappers (i.e.

individuals who naps one or more times per week for 30 min to 2 h for at least 2 years) [92] may

benefit more from napping [90].

Napping has been shown to benefit young adults who generally get sufficient sleep on a nightly

basis. In general, napping may be beneficial in terms of alertness, mood, and cognitive perfor-

mance [90]. As older adults experience more sleep disturbance and have more time to nap after

retirement, it is possible that napping could be even more beneficial for this group. Takahashi [93]

reviewed that older adults with and without sleep disturbances would benefit from appetitive naps.

Several studies confirmed that napping improves cognitive performance for older adults. Studies

demonstrated that a 30-min to 4-hour nap improved participants alertness, concentration, and coor-

dination [90, 94, 95]. Campbell and colleagues [96] reported that napping improved performance

on the Stroop task and a logical reasoning task. Furthermore, Mednick and colleagues [97] found

that a 60-90 minute nap could generate both SWS and REM which would improve learning and

memory performance in a manner similar to nocturnal sleep. However, few studies reported that

napping would result in shorter nocturnal sleep and decreased sleep efficiency [98, 99], which will

further affect well-being and daytime function in such populations. One of the limitations was that

most studies typically rely on survey and interview data to describe the characteristics of napping

and nighttime sleep.
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2.7.2 Daytime sleep in AD

A growing body of studies investigated the association between sleep disturbances and the risk

of AD, however, less attention was paid on napping. Interestingly, within those limited amounts

of studies, both positive and negative effects of napping were found in AD subjects. Aligning

with most napping studies on healthy older adults, some findings suggest that napping might be

effective in improving cognitive performance and decrease fatigue [100]. For example, Owusu

and colleagues [101] demonstrated that moderate-duration naps (31 - 60min) had significant larger

benefits for habitual nappers than non-nappers in an AD sample. In particular, habitual nappers had

significantly improved performance on a delayed word recall task and better self-rated memory.

Additionally, studies also find napping to be helpful in adjusting the sleep-wake biorhythm for

AD individuals. For example, Katagi and Miyai [102] assessed 23 female older adults with mild-

to-moderate AD for eligibility and randomly allocated them into a nap study group or a non-nap

control group. They found that subjects who took a 30-min nap for four weeks showed significantly

increased sleep efficiency and reduced nighttime awakenings compared to the non-nap group. An

observational study compared AD subjects who nap and did not nap and concluded that those

reporting frequent napping 60 min had a decreased speed of decline as measured by Mini-Mental

State Exam Scores [10]. On the other hand, data from nursing homes reported that AD residents

with excessive daytime napping often showed further fragmentation of night sleep quality and

decreased social activities [103]. Woods and colleagues [104] also indicated that excessive daytime

napping (> 2 hrs nap per day and an average of 13 hrs in bed at night) contributes to circadian-

rhythm or sleep-wake cycle disturbances.

The mixed evidence of both positive and negative effects of napping on AD subjects might be

partially attributed to limited measures of napping. Napping can vary in characteristics such as

duration, timing, and sleep stages, which cannot be completely captured by subjective measures or

reports from caregivers. Therefore, certain types of napping may improve cognitive performance

and well-being among AD subjects.
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2.7.3 Daytime sleep in MCI

There is a dearth of research investigating napping behaviors in MCI subjects, especially the

studies using objective measures such as the PSG system. Among those limited studies, some

longitudinal studies found that napping might have a restorative function for MCI subjects. For

example, Asada and colleagues [9] followed 337 subjects with MCI for 5 years to study their

napping habits. The results revealed that habitual (3 or more days per week) napping for up to 60

minutes was associated with an 84% decreased risk for developing AD. Another study investigated

the role of napping in 275 MCI individuals for over 10 years also concluded that napping was

associated with less future cognitive decline [10]. Moreover, Keage and colleagues [10] found

that both moderate (30-60 min) and long (>60 min) naps were protective against cognitive decline

with the naps lasting over an hour showing the strongest positive effects. Schneider and colleagues

[105] measured EEG activity during a 90-min nap on 18 MCI subjects. They reported that subjects

had significantly improved performance in the picture recognition task after the nap. However, the

association between napping and cognitive decline is still under debate. Cross and colleagues [11]

measured 111 MCI subjects napping by actigraphy and sleep diaries over 14 days. They found

that although napping might not affect nocturnal sleep quality, excessive napping (over 2h per day)

might have negative effects on cognitive performance, such as verbal memory and psychomotor

speed tasks. There have always been debates over the restorative function of napping. To the

best of the authors knowledge, no study has conducted a detailed investigation using PSG napping

parameters and their associations with cognitive performance.

2.7.4 Theories on how daytime sleep affects AD & MCI

Besides theories explaining the restorative function of sleep, there are multiple extended mech-

anisms that may help to explain the observed associations between napping and neuropsycholog-

ical function. First, aligning with the theories about the mechanism of sleep, napping might be

a marker of neurodegenerative disease. Based on the waste-clearance theory, sleep was found to

be effective in cleaning waste products including β-amyloid and the disturbance of sleep could
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lead to cognitive impairment [62]. While, excessive napping has been linked to the disturbances

in nighttime sleep and therefore more deposition of β-amyloid [101]. Therefore, high frequent

naps have the potential of resulting in cognitive impairment like AD and MCI. Second, napping,

especially unintended napping, has been characterized as a marker of Excessive Daytime Sleepi-

ness (EDS). It is hypothesized that EDS might be the factor that drives the association between

napping and neuropsychological performance. A number of previous studies have linked EDS

to cognitive decline [106, 107, 108], and individuals that are habitual nappers are more likely to

have EDS [109]. Third, napping was also found to be associated with other medical conditions

including type-II diabetes [110], higher incidence of cardiovascular disease [111], and greater risk

of obesity [112]. Those conditions were highly correlated with cognitive deficits themselves [101].

Thus, napping was hypothesized to affect cognition through those medical conditions. In sum, the

findings highlight napping might be a highly correlated factor of cognitive impairment just like

nocturnal sleep.

2.8 Study purpose

The main purpose of the current proposal is to examine napping behaviors in MCI subjects

and compare them to their normal-aging peers. Napping is common in older adults, especially

MCI subjects who experience more sleep disturbance. Yet, the extent to which naps would im-

pact cognitive functioning, nocturnal sleep and overall well-being is still unclear. There have been

discrepancies in studies examining the effects of napping in both MCI and normal-aging groups.

Some studies support the notion that napping has restorative functions for cognition and may even

slow the progression of AD. On the contrary, other studies reported that excessive napping was

associated with worse nocturnal sleep quality and a decrease in cognitive functioning. The dis-

crepancy in studies might partially due to the differences in measurements. Therefore, the effects

of napping may require further investigation with objective measures such as PSG systems. More-

over, the quality of napping was proposed to be a potential factor that might impact the effects of

napping. According to studies examining MCI subjects, disturbed napping behavior was found in

comparison to their normal-aging peers [24]. Thus, it is worth comparing MCI subjects with their
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normal-aging peers on their napping quality and how that might influence the effects of napping.

The proposed study will utilize 2 experimental groups: nap control and nap MCI. A sleep EEG

analysis will be conducted to define PSG napping parameters for both groups, and the results will

be related to before-and-after nap cognitive performance across groups.

There are three specific aims of the current study. The first aim of the study is to examine

the severity of sleep disturbance in MCI subjects and their normal-aging peers using subjective

reports. More specifically, the study will assess (1a) the differences in subjective sleep quality

between groups; and (1b) how subjective sleep quality relates to baseline cognitive performance

separately for each group. The second aim of the study is to investigate napping parameters using

objective measures and how those parameters differ in MCI subjects and their normal-aging peers.

In particular, the study will assess (2a) the differences in objective napping parameters between

groups; and (2b) how objective daytime sleep parameters relate to baseline cognitive performance

separately for each group. The third aim of the study is to examine whether the effects of napping

would differ in MCI subjects and their normal-aging peers. In particular, the study will assess (3a)

the differences of post-nap cognitive performance changes between groups; and (3b) how cognitive

performance changes relate to objective daytime sleep parameters separately for each group.
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3. METHODS

3.1 Participants

A total sample of 37 older adults (21 MCI, 16 healthy control) meeting inclusion criteria

were recruited from College Station - Bryan area, TX. Subjects were recruited through the sub-

ject database in the Center for Translational Research in Aging and Longevity (CTRAL) at Texas

A&M University and mass emails sent to the university as well. Subjects were matched on sex,

age, and Body Mass Index (BMI). Inclusion criteria for the current study included: (1) healthy

male or female without any clinically diagnosed sleep disorders; (2) fluent English speaker; (3)

individuals are regular napper or at least are able to nap if needed; (4) ability to walk, sit down

and stand up independently; (5) for the subjects with MCI, their Montreal Cognitive Assessment

(MoCA; description see measurements section) test score should be between 19 and 26, while, for

the subjects with normal-aging, their MoCA test score should be equal to or greater than 26; (6)

willingness and ability to comply with the protocol. A priori power analysis for ANOVA designs

indicated that at least 17 subjects are needed in each of the two groups to have 80% power of

detecting a large-sized effect when employing the traditional .05 criteria of statistical significance.

This study was approved by Texas A&M University Institutional Ethics Committee (IRB), and all

subjects gave written informed consent.

3.2 Study design

The current study investigates napping behaviors and cognitive functioning in healthy older

adults with mild cognitive impairment (MCI) and their normal-aging peers. Subjects were blinded

for their study group (i.e., uninformed of group assignment). The contains combinations of between-

subject and within-subject variables. The between-subject variable was symptom group (MCI or

normal-aging older adults), and the within-subject variable was time (before or after napping).
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3.2.1 Procedure

The study included 2 sessions. The first session was called the screening session, in which sub-

jects completed demographic information and all neuropsychological assessments to confirm study

eligibility. Subjects were also given the opportunity to familiarize themselves with the environment

and given the chance to take a practice nap (nap with the PSG system but without collecting any

data). Within the following weeks before their second session, subjects were given a sleep diary

for them to complete over 7 days. One day before the second session, subjects were contacted

to ensure accurate completion of the sleep diary, and ascertain their visit on the following day.

The second session was the study session, in which subjects took a nap with the laboratory sleep

measures and they completed a set of neuropsychological assessments both before and after their

naps.

Once a signed consent form was obtained, the subjects were screened for eligibility based

on the inclusion criteria. Based on the Montreal Cognitive Assessment (MoCA) score, subjects

were assigned into either the MCI group (18 < MoCA < 26) or the normal-aged group (MoCA ≥

26). Bodyweight, height, and vital signs were assessed as well. Also, a set of neuropsychology

assessments were obtained from the subjects. Subjects were asked to sign a medical release form

based on their willingness, which helped determine study eligibility and can be used for later

analysis. Additionally, subjects were given the chance to take a practice or an adaptive nap based

on their willingness. The purpose of the adaptive nap was to familiarize the subjects with the

environment and equipment in order to minimize the effect of the first-night effect (FNE) [113].

People often experience troubled sleep in a novel environment, this is called the first-night effect

(FNE) in human sleep research and has been referred to as a typical sleep disturbance [113]. To

avoid this and for the best practice, most human sleep research would perform an adaptive sleep

before formal experiment proceeds.
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Figure 3.1: Schema of the study procedure

3.3 Measurements

3.3.1 Subjective sleep measures

Pittsburgh Sleep Quality Index (PSQI) is widely used to assess subjective sleep quality. The

19-item PSQI [114] is a self-rated questionnaire that inquiries about the subjects sleep quality for

the past month. There are seven components: sleep duration, sleep latency, sleep disturbance,

sleep efficiency, subjective sleep quality, daytime dysfunction, and use of mediation. A global

score calculated based on those components is used to evaluate subjects sleep quality, with scores

of 6 or more indicate poor sleep quality. The internal consistency of the PSQI is good, with a

Cronbachs alpha value of 0.83 [114]. According to the original manual of the PSQI, Buysse and

colleagues [114] suggested using the global PSQI score to distinguish good and poor sleepers.

However, the previous findings [115, 116] raised the question about whether it is appropriate to

use a single global score to differentiate good from poor sleep quality and further recommended

two or three-factor models to better capture subjects sleep quality.

3.3.2 Objective daytime sleep measures

Laboratory-based Napping Parameter Measures. All napping sessions were take place at

the sleep laboratory in the Center for Translational Research in Aging and Longevity (CTRAL)

at Texas A&M University. During the nap session (up to 120 min), PSG with 30-s epochs will

be recorded for subjects using the Compumedics (Victoria, Australia) system. EEG was recorded
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from 11 scalp sites (FP1, FP2, Fz, F3, F4, C3, Cz, C4, O1, Oz, and O2) being placed according

to the extended 10-20 system. Additionally, 3 chin electromyography (EMG) channels, 2 elec-

trooculogram (EOG) channels for left and right eyes (E1, E2), 2 electrocardiogram (ECG/EKG)

channels, and 2 respiration bands were applied to extend the stability of the measurement.

3.3.3 Cognitive performance measures

Making a distinction between MCI and normal aging can be a challenge as forgetfulness or

having difficulty recalling would also be a part of normal aging. Besides the cognitive screening

of MCI (i.e. The Montreal Cognitive Assessment [MoCA]), neuropsychological testing generally

used to help to verify MCI [117] includes memory (i.e. visual memory), attention (i.e. Trail

Making Task), and executive functions (i.e. Stroop Color-Word Interference Test).

The Montreal Cognitive Assessment (MoCA) is a cognitive screening test designed to assist

for the detection of MCI and early AD. It assesses different cognitive domains: attention and con-

centration, executive functions, memory, language, visuo-constructional skills, conceptual think-

ing, calculations, and orientation [118]. The time to administer the MoCA is approximately 10

minutes. The total possible score is 30 points: a score below 26 is considered MCI, furthermore, a

score below 19 is always considered AD. To better adjust the MoCA score for lower educated in-

dividuals, 2 points will be added to the total score for those with 4-9 years of education and 1 point

for 10-12 years of education [119]. For the current study, the score of MoCA is not for diagnostic

purposes and will not be shared with the subjects. It will only be used to characterize subjects into

study groups. The internal consistency of the MoCA was good, with a Cronbachs alpha of 0.83

[118]. Additionally, the MoCA detected MCI with 90%-96% sensitivity and specificity of 87%

with a 95% confidence interval [118].

Visual Short-Term Memory (VSTM) is a spatial working memory and item-location bind-

ing task [120]. It contains two blocks of practice trials followed by 3 test blocks. Each practice

block contains 10 trials, and each of the test blocks contains 40 trials. A schematic of the task is

shown in the following figure. In each trial, subjects view 1 or 3 fractal objects, each randomly

located on the screen. They are asked to remember both the objects (i.e. color, shape) and their
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locations. A blank screening is then displayed for 1 or 4 seconds duration, followed by a test

array in which two fractals appear along the vertical meridian. Among those two fractals, one of

them is the memory array, which is also called the target fractal whereas the other one is a foil

or distractor. The foil is not an unfamiliar object, but is part of the general pool of fractal images

presented across the experiment. The fractal stimuli were drawn from a library of 60 pictures

(http://sprott.physics.wisc.edu/fractals.htm). Object identity is measured as the proportion of trials

where the correct object is selected. Moreover, gross localization error is computed as the distance

between the center of the target object for its remembered locations and its original location in the

memory array. It is only measured on the trials where an object is correctly identified. Working

memory impairments are commonly found in subjects with AD [121]. The VSTM task was de-

signed by Masud Husains team from the University of Oxford specially for subjects with AD. Their

findings were in line with the role of the medial temporal lobes, especially in the hippocampus.

Such impairment in working memory needs further investigation in MCI subjects.

Figure 3.2: Schema of VSTM task. Adapted from [120]
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Trail Making Test (TMT) is a neuropsychological test for visual attention and task switching

[122]. The test can provide information about visual search speed, scanning, speed of processing,

mental flexibility, as well as executive functioning. The test was programmed in Windows and

subjects will use Windows Surface book and surface pen to complete the task. It consists of two

parts in which the subject is instructed to connect a sequence of 25 consecutive targets as quickly

as possible while still maintaining accuracy. In part A, the targets are all numbers (i.e. 1, 2, 3, etc.)

and the subjects need to connect them in sequential order; while in part B, the targets alternate

between numbers and letters (i.e. 1, A, 2, B, etc.) in which subjects need to connect a number and

then a letter in sequential order. If the subject makes an error, the test administrator corrects them

before the subject moves to the next target. Both completion rate and error rate will be recorded.

Although the main symptom for MCI subjects is memory loss, the presence of processing speed

decline and executive functioning deficits and is widely recognized [123]. The Trail Making Test

is one of the most commonly used tasks for assessing cognitive processing speed and executive

functioning [124] and other studies have applied it in MCI subjects [123, 125].

Stroop color-word test consists of two subtasks [126]. The stimulus material of each of the

subtasks is shown on a white sheet of paper that is landscape oriented. In the first subtask, the

displayed color words (non-capital letters) are printed in the congruent color, for example, the word

yellow printed in yellow ink. The second subtask contains color words printed in an incongruous

ink color (non-capital letters), for example, the word yellow printed in red ink. The subjects are

instructed to name the ink color of the printed words as quickly and as accurately as possible

in both subtasks. There is no time limit to complete the tasks. The complete time and error

rate will be recorded. The administrators do not point out errors made during the test. Perry

and Hodges [127] reviewed attention and executive deficits of subjects with cognitive impairment,

they suggested that those subjects had trouble shifting attention and presented declined abilities for

competing processes. Researchers later followed their findings and further investigated attention

and executive deficits using Stroop tasks [128, 129].
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3.3.4 Bodyweight (BW) and body height (BH) measures

Bodyweight was measured using a beam scale to the nearest 0.1 kg. Body height was measured

with the subject barefoot or wearing socks only and standing, and was determined to the nearest

0.5 cm. Body Mass Index (BMI) was a value calculated based on the weight and height of a person.

It is defined as the body mass (weight; in kilograms) divided by the square of the body height (in

meters), and in units of kg/m2.

3.4 Analysis plan

All cognitive functioning and sleep data were examined for outliers and normality of the dis-

tribution. Subject who had a study variable that is more than 5 standard deviations from the group

mean were excluded from the analyses. Variables with significantly non-normal distributions were

transformed (e.g. square root transform, log transformation) prior to analysis.

3.4.1 Daytime sleep analysis

Sleep architecture evaluation was based on the scoring criteria proposed by the American

Academy of Sleep Medicine (AASM) [34, 35]. PSG daytime sleep parameters were defined based

on the analysis. For instance, sleep stages (i.e. stage 1, stage 2, SWS, REM sleep), sleep spindles,

k-complexes, total napping time, stage latency will be characterized based on AASM criteria.

The analysis of EEG data was based on the features of the sleep stages. The scoring was per-

formed within each epoch (30 sec). Unless features appear of other sleep stages, the epoch was

scored the same stage as previous epoch. Scoring stage W with the following criteria: (1) the ma-

jority of subjects will demonstrate alpha activity; (2) constant eye blinks or rapid eye movements.

Scoring stage N1 with the following criteria: (1) when alpha activity is replaced by low-amplitude

theta activity or mixed frequency activity with alpha and theta activities for more than 50% of the

epoch; (2) the appearance of slow eye movements; (3) vertex sharp wave might also appear in stage

N1, but its not required for an epoch to be scored for stage N1. Scoring stage N2 with the following

criteria: (1) the appearance of k-complex or sleep spindle; (2) if the k-complex or sleep spindle

appears at the first half of the epoch, the current epoch is scored as stage N2; (3) if the k-complex
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or sleep spindle appears at the second half of the epoch, the following epoch is scored as stage N2.

Scoring stage N3 with the following criteria: (1) an epoch is scored as stage N3 if more than 20%

of the epoch consists of slow delta activity. Scoring stage R with the following criteria: (1) low

amplitude theta activity or mixed-frequency activities (alpha, theta) without k-complex or sleep

spindle; (2) low chin EMG movements for the majority of the epoch; (3) if those REM activities

appear in any position of the epoch, the epoch is scored as stage R.

After scoring stages, quantitative analyses were performed using PSG parameters, including

the length of sleep onset/sleep latency, total sleep time, number of arousals, the length of sleep

stages, the percentage of sleep stages, number of k-complex, and number of sleep spindle. Those

parameters were compared between the groups.

Table 3.1: Scoring features for sleep stages

Sleep Stage Features for Scoring

Stage W

1. eye blinks (0.5-2 Hz))
2. beta (14-25 Hz)
3. gamma (25-50 Hz)
4. rapid eye movements
5. normal or high chin muscle tone

Stage N1

1. alpha (8-13 Hz)
2. theta (4-8 Hz)
3. vertex sharp waves (<0.5 seconds)
4. slow eye movements (>500 msec)

Stage N2
1. theta (4-8 Hz)
2. sleep spindles)
3. k-complexes

Stage N3 1. delta (0.5-4 Hz) in 20% of an epoch)

Stage R
1. slow alpha (1-2 Hz))
2. theta (4-8 Hz)
3. rapid eye movements (<500 msec)
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3.4.2 Statistical analysis

Demographic variables were used to compare healthy controls and MCIs in order to show

that those groups do not differ significantly in terms of age, sex, ethnicity, education and BMI.

Categorical data (sex, ethnicity and education) was analyzed using Pearson chi-square (X2) while

continuous data (age and BMI)was analyzed using independent sample t-tests.

For all statistical testing, the statistical significance was set at p < .05. For statistical testing

used to compare group differences, effect size (Cohen’s d, η2p) was calculated. Interpretation of

Cohen’s d refers to small effect size as d = 0.2, medium effect size as d = 0.5, and large effect size

as d = 0.8 [130]. Interpretation of η2p refers to small effect size as η2p = 0.01, medium effect size as

η2p = 0.09, and large effect size as η2p = 0.25 [130]. All analyses were conducted in SPSS [131] and

R [132] .

A one-way Analysis of Covariance (ANCOVA) was conducted to determine a statistically sig-

nificant difference between group on cognitive performance controlling for demographic variables.

Effect sizes for the ANCOVA were calculated using partial η2. The assumptions of ANCOVA are:

(1) covariates should not be highly correlated, which was tested by correlation test; (2) residuals

should be normally distributed, which was tested by Shapiro-Wilks test; (3) homogeneity of vari-

ance, in other words, the variances should be similar for all groups, which was tested by Levene’s

test. All assumptions were checked before conducting ANCOVA. Benjamini-Hochberg method

were applied to adjust for multiple comparisons as needed.

A mixed-effect Analysis of Variance (ANOVA) was applied to compare the mean differences

between groups on their pre- and post-test cognitive performance. Effect sizes for the mixed-

effect ANOVA were calculated using partial η2. The assumptions of ANOVA are: (1) continuous

dependent variables; (2) both within-subject variables and between-subject variables consist of

at least two categories; (3) dependent variables have a normal distribution, which was tested by

Shapiro-Wilks test; (4) homogeneity of variances for each combination of the groups for indepen-

dent variables, which was tested by Levenes test; (5) the variances of the differences must be equal

for all groups, which was tested by Mauchlys test of Sphericity. All assumptions were checked
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before conducting ANOVA.

Further Pearson partial correlation analyses examined the relationship between sleep/napping

parameters and cognitive functioning. Correlation coefficients were used to evaluate the correlation

coefficient to determine the strength of the relationship or the effect size. The assumptions of the

Pearson correlation are level of measurement, normality of variables, linearity, and homoscedas-

ticity. (1) Level of measurement refers to each variable should be continuous. (2) Normality of

variables were tested by Shapiro-Wilk test. Variables were transformed if not normally distributed

before the analysis. (3) Linearity assumes a straight-line relationship between each of the two

variables. (4) Homoscedasticity assumes that data is equally distributed about the regression line.
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4. SUBJECTIVE SLEEP QUALITY IN MCI & HEALTHY OLDER ADULTS

4.1 Introduction

MCI subjects are characterized by increased prevalence (14% - 59%) of sleep disturbances

[5]. Although not formally included as a DSM key diagnostic criteria, sleep disturbance has been

documented as one of the four core symptoms of MCI [4]. Moreover, sleep disturbances were

even considered to be one of the risk factors of developing cognitive impairment [78] and have

been shown to increase the likelihood of progression to AD [6, 7].

For older adults, subjective measures of sleep quality, such as self-report questionnaires, are

one of the most commonly used measurements due to their efficiency and practicability. Prior

community-based studies using subjective sleep measures showed that MCI subjects reported more

sleep disturbances than their normal aging peers [5, 77, 78]. Subjective reports showed that there

were significant changes in MCI subjects sleep quality when compared to their normal-aging peers

[133]. Specifically, MCI subjects experienced a higher fragmentation of sleep, increased awaken-

ings, and increased total sleep time. On the other hand, a number of studies, mainly conducted on

clinical samples found no such difference [134, 135]. Those differences might be due to differ-

ences in the measurements as well as the sample. Therefore, the current study would first validate

the presence of sleep disturbance in our sample.

Over the last two decades, there has been increasing recognition of the integral role of sleep

in cognitive functioning. Sleep disturbance was found to be related to impaired attention, reaction

time, and working memory [47, 136]. For instance, an increasing number of research reported on

the association between sleep disturbance and worsened performance in memory tasks [37, 39, 46].

In particular, the category of spatial working memory, largely dependent on hippocampal function,

was found to be a potentially sensitive measure of detecting memory decline [120]. Furthermore,

Cain and colleagues [137] found significant impairment in Stroop task performance in subjects

with sleep disturbances.
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One of the proposed mechanisms explaining the relation between sleep disturbance and cog-

nitive impairment particularly in MCI subjects, is the accumulation of β-amyloid in the brain. In

particular, the movement of CSF and ISF is substantially contributing to the removal of neurotoxic

waste products such as β-amyloid during sleep. Sleep disturbance might relate to significantly

more β-amyloid burden in memory-related brain regions such as the hippocampus [138]. There-

fore, the mechanism possibly explains why a lack of sleep might impair brain function.

The large variance in the prevalence of sleep disturbance in MCI subjects found between stud-

ies might be due to different diagnostic criteria and different types of measurements. The current

study would contribute to the qualification of sleep disturbance in MCI subjects using one of the

most widely used self-reports, the PSQI. Although studies indicated that the presence of sleep

disturbance was associated with the incidence of cognitive impairment [74, 78], most studies ex-

clusively focused on AD subjects. Thus, there has been a lack of research that examines the

relationship between subjective sleep quality and cognitive functioning in MCI subjects. Such

investigation in comparing MCI subjects and their normal-aging peers might be of particular im-

portance, because knowledge of MCI subjects might prevent the progression of impairment. In

addition, to the best of my knowledge, no study has investigated the association of sleep distur-

bance and spatial working memory tasks in MCI subjects. Therefore, the study will also contribute

to the discussion of the role of sleep specifically on spatial working memory for MCI subjects.

The main purpose of this study is to compare subjective sleep quality between MCI subjects and

their normal-aging peers. I hypothesize that MCI subjects would report more sleep disturbances

than their normal-aging peers. Further, as a secondary aim, I will investigate the relationship be-

tween subjective sleep quality and cognitive functioning in both groups. In particular, I hypothesize

that better subjective sleep quality would relate to better baseline cognitive performance.

4.2 Methods

This study included baseline data from a project which investigated the effects of daytime sleep

in MCI subjects and their normal-aging peers. More information on the full sample, measurements,

and analyses were provided in the general methods section (Section 3).
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4.2.1 Sample

From the initially measured subjects (N = 37), 36 of them had complete data that could be

used for further analysis (1 subject was excluded due to incomplete data on PSQI). All subjects (N

= 36) were recruited from College Station - Bryan area, TX. Subjects were classified into either

MCI or healthy older adults groups based on their MoCA scores. For those 36 subjects included

in analysis, 20 were from the MCI group (average age = 73.57; SD = 6.73) and 16 were from the

healthy group (average age = 68.67; SD = 7.36). The basic demographic characteristics of subjects

were compared across groups in Table 3.

Table 4.1 displayed demographic information for the sample. There were no significant differ-

ences between subject groups in terms of sex and BMI. There were statistically significant differ-

ences between groups in their age (p = 0.049). Therefore, due to the MCI being older, age was

treated as a control variable for further correlation analysis. As expected, there were significant

differences between groups on their MoCA scores (p < 0.001). MCI subjects had significantly

lower MoCA scores than their normal-aging peers, which indicated that they tended to experience

more cognitive impairment.

Table 4.1: Demographic characteristics by subject group

MCI (n = 20) Healthy (n = 16)
Variable n(%) | mean(SD) n(%) | mean(SD) Chi-square | t-test p Effect Size
Sex x2(1) = 3.11 0.080 ϕCramer = 0.50

Female 8 (40%) 12 (75%)
Male 12 (60%) 4 (25%)

Age 73.57 (6.73) 68.67 (7.36) t(34) = -2.03* 0.049 d = 0.69
BMI 26.69 (7.25) 27.64 (8.80) t(34) = 0.36 0.724 d = 0.12
MoCA 22.50 (2.09) 26.88 (1.36) t(34) = 7.23*** <0.001 d = 2.48

Notes: MCI: Mild Cognitive Impairment. BMI: Body Mass Index in units of kg/m2. MoCA: Montreal Cognitive Assessment.
*p<0.05, **p<0.01, ***p<0.001.
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4.2.2 Subjective sleep measures

Subjects subjective sleep quality was assessed by the PSQI. Subjects were asked to report their

sleep quality during the past month with a 4-Likert scale ranging from 0 (Not during the past

month) to 4 (Three or more times a week). Individuals were characterized as having good or poor

sleep quality based on the PSQI score. PSQI measures sleep quality based on 7 components: sleep

duration, sleep efficiency, sleep quality, sleep latency, sleep disturbance, use of medication and

daytime dysfunction. The main outcome variable, the total PSQI score, will be calculated by the

sum of those component scores. Furthermore, previous studies [115, 116] recommended three-

factor models to better capture subjects sleep quality. The current study will calculate PSQI factor

scores (i.e. sleep efficiency, sleep latency, and sleep quality) based on factors weights [116]. More

information about the factors of PSQI is provided in the following figure.

Figure 4.1: PSQI 3-factor model with standardized path coefficients based on Jia et al. Adapted
from [116]

4.2.3 Cognitive performance measures

Memory was measured by the Oxford VSTM task. Spatial working memory and item-location

binding were assessed through a series of trials containing fractal objects [120]. A schematic of
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the task was shown in the following figure. In each trial, subjects viewed 1 or 3 fractal objects,

each randomly located on the screen. They were asked to remember both the objects and the

locations. A blank screen was then displayed for 1 or 4 seconds, followed by a test array in which

two fractals appear. Subjects were then asked to pick out the target object they remembered and

drag the object to its displayed location. The VSTM task contained 4 conditions: 1-item with 1-

sec delay (1item-1s), 1-item with 4-sec delay (1item-4s), 3-item with 1-sec delay (3item-1s), and

3-item with 4-sec delay (3item-4s). The reaction time in identifying and localizing the objects as

well as the accuracy of the responses were recorded.

Figure 4.2: Schema of VSTM task. Adapted from [120]

Executive function was measured by the Trail Making Test (TMT) [122] and Stroop color-word

test [126]. TMT assessed subjects’ visual attention and task switching. The TMT task consisted

of two conditions in which the subjects were instructed to connect a sequence of 25 consecutive

targets as quickly as possible. One condition included targets with only numbers and the other

condition included targets with numbers and letters mixed. The TMT recorded reaction time and
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error rate when they were instructed to trace the targets as quickly as possible. Stroop color-word

test assessed subjects’ ability to inhibit their automatic response (naming the colors instead of the

words). The subjects were instructed to name the color of the printed words as quickly and as

accurately as possible. The Stroop test also recorded reaction time and error rate when they were

instructed to respond as quickly as possible.

4.2.4 Analysis plan

The main analysis examined the group differences in overall sleep quality. To examine such

differences, I conducted a one-way ANCOVA to determine the difference between MCI subjects

and healthy older adults on the PSQI total scores controlling for sex, age, and BMI. Further ex-

ploratory analyses explored the group differences in PSQI factor scores, including perceived sleep

quality, sleep efficiency, and sleep latency. To explore the differences of PSQI factor scores be-

tween groups, I conducted one-way ANCOVA with Benjamini-Hochberg correction. Effect sizes

for ANCOVA were calculated using partial η2.

The secondary analysis explored the relationship between subjective sleep quality and baseline

cognitive performance after controlling for confounding variables (i.e. sex, age, and BMI) for

the entire sample. The exploratory analyses firstly explored the relationship between PSQI total

scores and baseline cognitive performance. Further exploratory analyses examined the relationship

between PSQI factor scores and baseline cognitive performance. Pearson partial correlation tests

were implemented. Correlation coefficients were used to evaluate the correlation coefficient to

determine the strength of the relationship or the effect sizes.

4.3 Results

4.3.1 Subjective sleep quality outcome (PSQI)

Table 4.2 displayed the results of group comparisons on the PSQI total score and factor scores

(i.e. sleep efficiency, sleep latency, and sleep quality) controlling for sex, age, and BMI. The effect

of covariate variables were all non-significant. According to the PSQI total score, poor sleepers

(defined as PSQI total score > 5) constituted 35% of MCI subjects and 56% of healthy controls.
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One-way ANCOVA with Benjamini-Hochberg correction indicated that MCI subjects were not

significantly different from their healthy peers in terms of the PSQI total score and the factor

scores. The groups did not significantly differ in either the overall subjective sleep quality or any

of the factor structures. To further explore the relationship between PSQI total score and MoCA

score, Pearson partial correlation was calculated for the entire sample. The results indicated that

there was no significant correlation between PSQI total score and MoCA score with Pearson partial

correlation r(31) = 0.17, p = 0.322.

Table 4.2: PSQI total and factor scores for healthy controls and MCI subjects

MCI (n = 20) Healthy (n = 16)
Variable mean(SD) mean(SD) F(1,34) p partial η2

PSQI total score 4.95 (2.28) 6.50 (3.63) 0.82 0.373 0.03
Sleep Efficiency (F1) 0.91 (1.00) 1.37 (1.46) 0.44 0.514 0.01
Sleep Latency (F2) 1.07 (0.59) 1.31 (0.71) 0.25 0.621 0.01
Perceived sleep quality (F3) 1.74 (0.76) 2.20 (1.27) 0.60 0.445 0.02

Notes: MCI: Mild Cognitive Impairment. PSQI: Pittsburgh Sleep Quality Index. F1: Factor1, F2: Factor2, F3: Factor3.
Variables that are significantly skewed (Shapiro-test) were log-transformed to normal distribution before conducting t-tests.
Adjusted p-values were calculated based on Benjamini-Hochberg correction.
*p<0.05, **p<0.01, ***p<0.001.

4.3.2 Cognitive performance outcome

Table 4.3 displayed the results of group comparisons on baseline cognitive performance, which

further validate that there were differences in terms of baseline cognitive performance between

groups. For the majority of task conditions, healthy controls showed better performance (i.e. faster

reaction time, higher proportion of correct response) than MCI subjects.

Specifically, (a) for the TMT, in both number and number-letter conditions, healthy controls

had faster reaction time than MCI subjects. (b) for the VSTM task, in all 1-item conditions, healthy

controls had faster identification reaction time and localization reaction time than MCI subjects.

But either identification reaction time or localization reaction time was significantly different for

two groups in 3-item conditions. Besides the 1item-1sec condition, healthy controls had a higher
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proportion of correct response than MCI subjects in all other conditions. (c) for the Stroop task,

healthy controls had significantly faster reaction time than MCI subjects.

Table 4.3: Baseline cognitive performance for healthy controls and MCI subjects

MCI (n = 20) Healthy (n = 16)
Variable Condition mean(SD) mean(SD) t(34) p Cohen’s d
TMT RT number 48.24 (23.79) 34.06 (13.83) 2.27* 0.030 0.73

number-letter 111.86 (69.15) 64.62 (35.48) 2.70* 0.011 0.86
VSTM i-RT 1item-1sec 1.44 (0.56) 1.16 (0.22) 2.11* 0.043 0.66

1item-4sec 2.04 (1.50) 1.33 (0.34) 2.17* 0.039 0.65
3item-1sec 2.05 (0.71) 2.05 (0.39) 0.37 0.711 0.00
3item-4sec 2.33 (0.83) 2.39 (0.67) -0.45 0.711 0.08

VSTM l-RT 1item-1sec 2.80 (0.93) 2.33 (0.43) 2.18* 0.037 0.65
1item-4sec 3.47 (1.74) 2.57 (0.51) 2.18* 0.037 0.70
3item-1sec 3.62 (1.39) 3.35 (0.63) 0.44 0.662 0.25
3item-4sec 3.80 (1.26) 3.72 (0.86) 0.01 0.998 0.07

VSTM PCR 1item-1sec 97.94% (0.04) 99.38% (0.02) -1.60 0.121 0.46
1item-4sec 91.59% (0.09) 97.08% I(0.05) -2.36* 0.025 0.75
3item-1sec 80.79% (0.11) 87.08% (0.06) -2.23* 0.033 0.71
3item-4sec 74.29% (0.09) 82.29% (0.09) -2.69* 0.011 0.89

Stroop RT word-color 115.68 (37.55) 96.43 (23.57) 2.08* 0.045 0.61
Notes: MCI: Mild Cognitive Impairment. PSQI: Pittsburgh Sleep Quality Index. TMT: Trail Making Task. VSTM: Visual Short-
Term Memory. RT: Reaction Time. i-RT: identification Reaction Time. l-RT: localization Reaction Time. PCR: Proportion of
Correct Response.
Variables that are significantly skewed (Shapiro-test) were log-transformed to normal distribution before conducting t-tests.
Adjusted p-values were calculated based on Benjamini-Hochberg correction.
*p<0.05, **p<0.01, ***p<0.001.

4.3.3 Correlation between subjective sleep quality and baseline cognitive performance

To further explore the relationship between subjective sleep quality and baseline cognitive

performance, Pearson partial correlations were calculated for the entire sample. The relationship

between subjective sleep quality and baseline cognitive performance varies between tasks. Table

4.4 displayed the results of the Pearson partial correlations between subjective sleep quality and

baseline cognitive performance.

For the TMT task, results showed that the factor sleep efficiency significantly correlated with

TMT reaction time (number-letter condition) after controlling age, BMI and MoCA score (Pearson
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partial correlation r(31) = 0.36, p = 0.039). It suggested that subjects with better sleep efficiency

tended to have faster reaction time in TMT.

For the Oxford VSTM task, results showed that for both 3-item conditions, proportion of cor-

rect response was significantly related to PSQI total score, factor sleep latency and factor sleep

quality. Specifically, for the 3-item with 1-second delay condition, the analyses indicated that after

controlling for age, BMI and MoCA score, higher proportions of correct response significantly

correlated with better overall PSQI measured sleep quality (Pearson partial correlation r(31) = -

0.40, p = 0.022), shorter sleep latency (Pearson partial correlation r(31) = -0.35, p = 0.049), and

better perceived sleep quality (Pearson partial correlation r(31) = -0.34, p = 0.049). For the 3-item

4-second delay condition, higher proportions of correct response was significantly correlated with

better overall PSQI measured sleep quality (Pearson partial correlation r(31) = -0.62, p < 0.001),

shorter sleep latency (Pearson partial correlation r(31) = -0.45, p = 0.008), and better perceived

sleep quality (Pearson partial correlation r(31) = -0.71, p < 0.001).

The analysis results showed no significant correlations between Stroop reaction time and the

PSQI total or factor scores.

Table 4.4: Partial correlations between PSQI total/factor scores and baseline cognitive performance

Variable Condition PSQI total score Sleep efficiency Sleep latency Perceived sleep quality
TMT RT Number 0.27 0.29 0.07 0.09

Number-Letter 0.25 0.36* 0.05 -0.01
VSTM PCR 1item-1sec -0.30 -0.25 -0.29 -0.13

1item-4sec -0.17 -0.11 -0.15 -0.18
3item-1sec -0.40* -0.20 -0.35* -0.34*
3item-4sec -0.62*** -0.25 -0.45** -0.71***

Stroop RT word-color -0.01 -0.08 -0.03 -0.03
Notes: PSQI: Pittsburgh Sleep Quality Index. MCI: Mild Cognitive Impairment. TMT: Trail Making Task. VSTM: Visual Short-Term Memory.
RT: Reaction Time. PCR: Proportion of Correct Response.
Variables that are significantly skewed (Shapiro-test) were log-transformed to normal distribution before conducting t-tests.
Partial correlations are controlled for age, BMI and MoCA.
*p<0.05, **p<0.01, ***p<0.001.
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4.4 Discussion

In this study, the results demonstrated that the healthy group consisted of more poor sleepers

(defined as PSQI total score > 5) than the MCI group. In contrast with our hypothesis, our findings

suggested that MCI subjects were not statistically significantly different from their normal-aging

peers in terms of their self-reported sleep quality.

One possible reason for the difference in our findings is that self-report measures on sleep

quality showed great variabilities for subjects, especially on older adults with cognitive impair-

ment. Most studies that found MCI subjects reported more sleep disturbances than their normal-

aging peers utilized large community-based studies or longitudinal population studies [77, 78].

Therefore, it is possible that the small sample size of our study is not able to generalize the report

variabilities. On the other hand, our data showed similar results to clinical studies with small sam-

ple sizes [134, 135]. One of the studies further stated that objective measures such as PSG might

be a more reliable measure for evaluating sleep disturbances especially in MCI subjects [135].

Additionally, the differences in self-report may be in part due to the experience that subjects

choose to emphasize. Clinical studies reported subjects varying a lot when reporting their sleep

behaviors during their visit. For example, subjects might be largely affected by their most recent

night’s sleep, or they will report more general impressions on their sleep quality of the past week.

This might especially be true for MCI subjects considering the inaccuracies in recalling the de-

tails of their sleep [139]. Thus, measuring sleep quality over a time period and using additional

caregiver reports could minimize the effect of the variability in future studies.

Another possible reason for the difference in our study might be related to subtypes of MCI.

Studies further comparing MCI subtypes, amnestic MCI (aMCI) and non-amnestic MCI (naMCI)

showed the differences between levels of sleep disturbances. The results indicated that aMCI

subjects experienced more disturbed sleep than naMCI subjects [134]. Therefore, the differences

in sleep disturbances of MCI subjects might be related to differences in the underlying pathology

and disease trajectory for those MCI subtypes [134]. Therefore, additional clinical interviews and

diagnoses that help further identifying MCI subtypes are needed to verify these results.
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Other findings concern the relationship we observed between subjective sleep quality and base-

line cognitive performance. The present study showed that in MCI subjects and their normal-aging

peers, overall better sleep quality, shorter sleep latency and better subjective perception of sleep

quality were significantly correlated with higher accuracy in more complicated task conditions (3

items) of the VSTM task. Furthermore, better sleep efficiency was found to be significantly cor-

related with faster reaction time in the number-letter condition of TMT task. These results were

similar to previous studies examining the relationship between sleep disturbances and cognition

[16, 44, 53].

While several studies have found consistent results regarding sleep disturbances and impaired

cognitive performance in normal-aging adults and AD subjects, few have focused on MCI pop-

ulations. In addition, most previous studies used relatively simple tasks such as word recall or

recognition to assess cognitive performance, while in the current study we used a more intensive

memory task that targeted not only short-term memory but also spatial memory. The results sug-

gested that the impairment in spatial working memory might be related to sleep disturbances for

both MCI subjects and their normal-aging peers.

Our study also found that low sleep efficiency might lead to impairments in executive tasks

such as TMT, which was in agreement with previous findings [140, 141]. On the other hand,

subjective perceptions of sleep quality and sleep latency were more associated with accuracy in

the memory performance. The role of sleep disturbances in cognition still needs more exploration,

especially with older adults. The results of the current study suggested that it is worth viewing

sleep disturbances with different factors as those factors might be linked to different perspectives

of cognition.

There are several strengths of the present study. First, we used a well-validated sleep ques-

tionnaire in the United States population which is also reliable in capturing sleep disturbances in

older adults [116, 142]. Second, we tried to capture sleep disturbances not only using the global

score but also measuring different factors [116]. Last but not least, we conducted a battery of neu-

ropsychological tasks including an intensive memory task. However, several limitations should
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also be noted. First, the interpretation of our results is limited by the small sample size of the

present study, and further studies with larger sample size are needed to verify the results. Sec-

ond, although we tried to match subjects in terms of their age, sex and BMI, there might still be

other unmeasured confounding factors that affect sleep disturbances, such as sleep environment

[143], and pain, anxiety and other medical conditions [144]. Third, further clinical measures and

diagnoses are needed to better categorize and identify potential subtypes of MCI subjects since

such characteristics might affect the degree of sleep disturbances. Last, the self-report measure

on sleep quality might be affected by individual biases. This is particularly noteworthy since we

have MCI subjects who potentially interpret sleep disturbances in a different manner. Adding care-

giver reports as well as objective measures would definitely benefit in investigating the relationship

between sleep disturbances and cognition.

In summary, the main findings showed that there were no significant differences in subjective

sleep measures between groups. Building on such findings, the study suggested that objective

sleep measures might be potentially more reliable to MCI individuals. Therefore, future studies

using objective sleep measures should be applied to further examine sleep disturbances in MCI.

The present study has also found a few notable relations between sleep disturbances and cognitive

performance in MCI subjects and their normal-aging peers. Those relationships indicated that dis-

tinct sleep factors might be associated with cognitive performance. Further studies should explore

key sleep factors that might relate to cognitive impairment for MCI subjects using more detailed

psychological assessments. Since sleep disturbance is such a common neuropsychiatric symptom

related to cognitive impairment, further investigation of sleep characteristics might be able to better

explain the relationships and contribute to potential early diagnosis or intervention.
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5. OBJECTIVE NAPPING QUALITY IN MCI & HEALTHY OLDER ADULTS

5.1 Introduction

As sleeping becomes a significant challenge for older adults, including both MCI and healthy

older adults, the frequency of napping was consistently found to be increased [90]. In general, one

in four older adults reported intentionally napping daily [89]. The average nap frequency in older

adults is at least once per week with an average duration between 23.3 to 45.0 minutes per day

[89].

There is a dearth of research investigating napping quality in MCI subjects, especially studies

using objective measures such as the PSG system. Available research directly comparing MCI and

AD subjects pointed out that there was no significant difference between the two groups in terms

of the PSG parameters [83]. For these reasons, we will also review research in AD subjects as

a reference. Previous studies reported that AD subjects experience significantly worse napping

quality when compared to their normal-aging peers [100, 101]. In particular, when compared

to healthy older adults, AD subjects expressed longer PSG sleep latency, decreased total sleep

duration, and lower PSG sleep efficiency. It is likely that MCI subjects would experience worsened

napping quality compared to healthy controls just like AD subjects. Therefore, the current study

will explore the objective napping quality in MCI subjects and their normal-aging peers.

A growing body of studies investigated the association between sleep disturbance and cognitive

performance, however, less attention was paid on napping, especially for MCI subjects. It is known

that sleep disturbance affects reaction time, attention, mood, cognitive performance and motor

functions for both MCI subjects and their normal-aging peers [47, 136]. Moreover, napping was

found to produce similar sleep patterns just like nocturnal sleep [97]. In other words, naps can

have a similar impact on cognitive performance as nocturnal sleep due to the fact that they are

generating similar patterns of SWS and REM sleep [97].

The waste-clearance theory states that the restorative function of sleep might be a consequence
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of removing potentially neurotoxic waste products accumulated during wakefulness [62]. This

theory aims to explain why a lack of sleep impairs brain function. It further predicts that sleep

disturbances might lead to cognitive impairment [62, 66, 67]. Aligning with the waste-clearance

theory of sleep, napping was also proposed to be effective in cleaning waste products including

β-amyloid [101]. Thus, disturbed napping might lead to cognitive impairment just like nocturnal

sleep. In other words, napping might also be a highly correlated factor of cognitive impairment.

In addition to the biological mechanisms, age-related changes in sleep parameters have also

been reported, which suggested that the reduction of SWS was associated with sleep disturbances

[113, 101]. Those studies further supported the notion that SWS might be essential for the consol-

idation of hippocampal-dependent memory [50]. During SWS, similar firing patterns in wakeful-

ness appeared to be replayed to enhance the consolidation of tasks and experiences learned during

wakefulness [50]. Therefore, the declines in SWS appear to parallel with levels of cognitive de-

cline. As napping was found to generate similar patterns of SWS as nocturnal sleep, it might be the

case that napping in older adults might also relate to the reduction of SWS and further exacerbate

cognitive impairment.

Research on napping in older adults (both MCI and healthy older adults) has been quite limited

and data has typically been collected through surveys and interviews. Those measures, however,

might not be able to fully capture the characteristics of napping. For example, self-reports might be

largely affected by the subjects most recent sleep. This might especially be true for MCI subjects

considering the inaccuracies in recalling the details of their sleep [134]. To date, no study has

investigated the association between objective napping quality and cognitive performance in MCI

subjects. Thus, there is a gap in our knowledge of napping quality in MCI subjects in comparison to

their normal-aging peers. As MCI subjects were found to have similar sleep disturbances observed

in AD [85], further research offers the possibility for early diagnosis and potential treatment with

the aim of delaying or preventing the progression of AD.

The main purpose of this study is to compare the amount of SWS between MCI subjects and

their normal-aging peers. I hypothesize that MCI subjects would experience less SWS than their
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normal-aging peers. Further exploratory analysis would compare other napping parameters (i.e.

stage1%, stage2%, REM%, sleep spindle, k-complex) between MCI subjects and healthy controls.

As a secondary aim, I will investigate the relationship between objective napping quality and cog-

nitive functioning in both groups. In particular, I hypothesize that better objective napping quality

would relate to better baseline cognitive performance.

5.2 Methods

This study included objective daytime sleep measurements data and baseline cognitive mea-

surement data from a project which investigated the effects of daytime sleep in MCI subjects and

their normal-aging peers. More information was provided in the general methods section (Section

3).

5.2.1 Sample

Out of the initially measured subjects (N = 37), 36 of them had complete data that could be

used for further analysis (1 subject was excluded due to incomplete data from PSG recording). All

subjects (N = 36) were recruited from College Station - Bryan area, TX. Subjects were classified

into either MCI or healthy older adults groups based on their MoCA scores. For those 36 subjects

included in analysis, 20 were from the MCI group (average age = 73.73; SD = 6.12) and 16 were

from the healthy group (average age = 68.67; SD = 6.99). The basic demographic characteristics

of subjects were compared across groups.

Table 5.1 displayed demographic information for the sample. There were no significant differ-

ences between subject groups in terms of sex and BMI. There were significant differences between

groups in their age (p = 0.045). Therefore, due to the MCI being older, age was treated as a control

variable for further correlation analysis. As expected, there were significant differences between

groups on their MoCA scores (p < 0.001). MCI subjects had significantly lower MoCA scores than

their normal-aging peers, which indicated that they tended to experience more cognitive impair-

ment.
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Table 5.1: Demographic characteristics by subject group

MCI (n = 20) Healthy (n = 16)
Variable n(%) | mean(SD) n(%) | mean(SD) Chi-square | t-test p Effect Size
Sex x2(1) = 3.11 0.080 ϕCramer = 0.50

Female 8 (40%) 12 (75%)
Male 12 (60%) 4 (25%)

Age 73.73 (6.12) 68.67 (6.99) t(34) = -2.21* 0.045 d = 0.71
BMI 27.07 (7.46) 27.64 (8.80) t(34) = 0.21 0.962 d = 0.07
MoCA 22.70 (2.13) 26.88 (1.36) t(34) = 7.13*** <0.001 d = 2.34

Notes: MCI: Mild Cognitive Impairment. BMI: Body Mass Index in units of kg/m2. MoCA: Montreal Cognitive Assessment.
*p<0.05, **p<0.01, ***p<0.001.

5.2.2 Objective napping measures

PSG with 30s epochs will be recorded for subjects using the Compumedics (Victoria, Aus-

tralia) system during a napping session (up to 120 min). EEG will be recorded from 11 scale sites

(Fp1, Fp2, Fz, F3, F4, C3, Cz, C4, O1, Oz, and O2) being placed according to the 10-20 system.

Additionally, 3 chin EMG channels, 2 EOG channels, 2 ECG/EKG channels, and 2 respiration

bands will be applied to extend the stability of the measurement.

5.2.3 Cognitive performance measures

Memory was measured by the Oxford VSTM task. Spatial working memory and item-location

binding were assessed through a series of trials containing fractal objects [120]. A schematic of the

task was shown in the following figure. In each trial, subjects viewed 1 or 3 fractal objects, each

randomly located on the screen. They were asked to remember both objects and the locations. A

blank screen was then displayed for 1 or 4 seconds, followed by a test array in which two fractals

appear. Subjects were then asked to pick out the target object they remembered and drag the object

to its displayed location. The VSTM task contained 4 conditions: 1-item with 1-sec delay (1item-

1s), 1-item with 4-sec delay (1item-4s), 3-item with 1-sec delay (3item-1s), and 3-item with 4-sec

delay (3item-4s). Subjects’ reaction time in identifying and localizing the objects as well as the

accuracy of the responses were recorded.
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Figure 5.1: Schema of VSTM task. Adapted from [120]

Executive function was measured by the Trail Making Test (TMT) [122] and Stroop color-word

test [126]. TMT assessed subjects’ visual attention and task switching. The TMT task consisted

of two conditions in which the subjects were instructed to connect a sequence of 25 consecutive

targets as quickly as possible. One condition included targets with only numbers and the other

condition included targets with numbers and letters mixed. The TMT recorded subjects’ reaction

time and error rate when they were instructed to trace the targets as quickly as possible. Stroop

color-word test assessed subjects’ ability to inhibit their automatic response (naming the colors

instead of the words). The subjects were instructed to name the color of the printed words as

quickly and as accurately as possible. The Stroop test also recorded subjects’ reaction time and

error rate when they were instructed to respond as quickly as possible.

5.2.4 Analysis plan

The main analysis examined the group differences in SWS. I conducted a one-way ANCOVA

to determine the difference between MCI subjects and healthy older adults on the SWS activity

controlling for sex, age, and BMI. Further exploratory analyses explored the group differences in
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additional PSG measured napping parameters including PSG napping duration, PSG percentage

of sleep stages, and the number of sleep spindles and k-complexes per minute in sleep stage 2.

To examine those parameters of napping quality, I conducted one-way ANCOVA with Benjamini-

Hochberg correction to compare specific differences between groups controlling for sex, age, and

BMI. Effect sizes for ANCOVA were calculated using partial η2.

The secondary analyses focused on examining the relationship between PSG napping quality

and baseline cognitive performance (i.e. spatial working memory, TMT, and Stroop test) after con-

trolling for age, BMI and MoCA scores for the entire sample. The Pearson correlation tests were

conducted for PSG napping parameters and baseline performance scores. Correlation coefficients

were used to evaluate the correlation coefficient to determine the strength of the relationship or the

effect sizes.

5.3 Results

5.3.1 Objective napping quality outcome (PSG parameters)

The results showed that MCI subjects had significantly lower percentages of SWS (F(1, 34) =

5.73, p = 0.023) compared with healthy controls with a medium effect size (partial η2 = 0.15).

Figure 5.2: Percentage of SWS in MCI subjects and healthy controls
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Table 5.2 displayed the comparison of PSG measures between MCI subjects and their normal-

aging peers controlling for sex, age, and BMI. The effect of covariate variables were all non-

significant. The ANCOVA with Benjamini-Hochberg correction yielded no significant group dif-

ferences in PSG parameters. However, the results yielded potential differences in those PSG mea-

sures when comparing MCI subjects to their normal-aging peers. For instance, MCI subjects

potentially experienced higher percentages of stage 1 sleep than healthy controls (F(1,34) = 3.49,

p = 0.071, adjusted = 0.144) with a medium effect size (partial η2 = 0.10). Additionally, MCI

subjects potentially expressed less sleep spindles per minute in stage 2 sleep than healthy controls

(F(1,34) = 4.73, p = 0.037, adjusted = 0.144) with a medium effect size (partial η2 = 0.13).

Table 5.2: PSG parameters in healthy controls and MCI subjects

MCI (n = 20) Healthy (n = 16)
Variable n(%) | mean(SD) n(%) | mean(SD) F(1,34) p Adjusted p partial η2

SWS (%) 23.55% (0.17) 38.02% (0.21) 5.73 0.023 – 0.15
TST (min) 107.72 (31.00) 116.31 (41.28) 1.67 0.206 0.309 0.05
Stage 1 (%) 34.75% (0.19) 23.13% (0.21) 3.49 0.071 0.144 0.10
Stage 2 (%) 24.88% (0.12) 28.51% (0.15) 0.97 0.332 0.398 0.03
REM (%) 11.94% (0.14) 6.74% (0.09) 0.118 0.734 0.734 0.00
# of k-complex/min 1.06 (0.39) 1.23 (0.35) 3.47 0.072 0.144 0.10
# of spindle/min 0.90 (0.31) 1.16 (0.38) 4.73 0.037 0.144 0.13

Notes: PSG: Polysomnography. MCI: Mild Cognitive Impairment. TST: Total Sleep Time. SWS: Slow-Wave Sleep. REM: Rapid Eye
Movement.
Variables that are significantly skewed (Shapiro-test) were log-transformed to normal distribution before conducting t-tests.
*p<0.05, **p<0.01, ***p<0.001.

5.3.2 Correlation between objective napping quality and baseline cognitive performance

To examine the relationship between objective napping quality and baseline cognitive perfor-

mance, Pearson partial correlations were calculated for the entire sample. The relationship be-

tween objective napping quality and baseline cognitive performance varies between tasks. Table

5.3 displayed the results of Pearson partial correlations between objective napping parameters and

baseline cognitive performance.
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For both TMT and Stroop tasks, the analysis results showed no significant correlations between

task reaction time and objective napping parameters.

For the Oxford VSTM task, results showed that for 1-item conditions, both identification re-

action time and localization reaction time significantly related to TST (min), percentage of sleep

stage 2 and SWS. Specifically, the analysis indicated that after controlling for age, BMI and MoCA

score, longer TST (Pearson partial correlation r(31) = -0.37, p = 0.035) and higher percentage of

sleep stage 2 (Pearson partial correlation r(31) = -0.33, p = 0.059) significantly related to faster

identification reaction time for the 1 item with 4-second delay condition. After controlling for age,

BMI, and MoCA score, longer TST also significantly related to faster localization reaction time

for the 1 item with 4-second condition (Pearson partial correlation r(31) = -0.36, p = 0.043). In

addition, the proportion of correct responses for 3-item conditions were found to be correlated with

the percentage of sleep stage 1 and the percentage of SWS. In particular, the analysis indicated that

after controlling for age, BMI and MoCA score, a higher percentage of sleep stage 1 significantly

correlated with lower proportions of correct responses for the 3item-1second condition (Pearson

partial correlation r(31) = -0.34, p = 0.050). A higher percentage of SWS significantly correlated

with a higher proportion of correct responses for the 3item-1second condition (Pearson partial cor-

relation r(31) = 0.36, p = 0.040). A higher percentage of sleep stage 1 significantly correlated with

a lower proportion of correct responses for the 3item-4second condition (Pearson partial correla-

tion r(31) = -0.37, p = 0.032). Additionally, a higher percentage of SWS significantly correlated

with a higher proportion of correct responses for the 3item-4second condition (Pearson partial

correlation r(31) = 0.44, p = 0.010).
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Table 5.3: Partial correlations between PSG parameters and baseline cognitive performance

Variable Condition TST Stage1 (%) Stage2 (%) SWS (%)
TMT RT Number -0.03 0.08 0.07 0.10

Number-Letter -0.13 0.07 0.26 -0.07
VSTM i-RT 1item-1sec -0.05 -0.01 -0.22 -0.31

1item-4sec -0.37* -0.08 -0.33* -0.22
3item-1sec -0.13 -0.10 -0.07 -0.27
3item-4sec 0.02 -0.06 -0.03 -0.30

VSTM l-RT 1item-1sec -0.09 -0.07 0.14 -0.31
1item-4sec -0.36* -0.14 -0.30 -0.13
3item-1sec -0.13 -0.22 0.14 -0.30
3item-4sec 0.03 -0.19 0.08 -0.30

VSTM PCR 1item-1sec 0.10 -0.18 0.07 -0.01
1item-4sec -0.02 -0.10 0.03 -0.02
3item-1sec 0.17 -0.34* -0.04 0.36*
3item-4sec 0.06 -0.37* -0.20 0.44**

Stroop RT word-color -0.07 0.26 -0.09 0.06
Notes: PSG: Polysomnography. TST: Total Sleep Time. SWS: Slow-Wave Sleep.
TMT: Trail Making Task. VSTM: Visual Short-Term Memory.
RT: Reaction Time. i-RT: identification Reaction Time. l-RT: localization Reaction Time. PCR: Proportion
of Correct Response.
Variables that are significantly skewed (Shapiro-test) were log-transformed to normal distribution before
conducting t-tests.
*p<0.05, **p<0.01, ***p<0.001.

5.4 Discussion

The main goal of the present study was to investigate whether sleep patterns, especially SWS,

were different in MCI subjects and their normal-aging peers. The results demonstrated that MCI

subjects experienced significantly lower percentages of SWS when compared to healthy controls.

Such results were consistent with previous studies in MCI nocturnal sleep [24, 82, 85] and AD

napping [113, 101] and with claims that the cognitive impairment in MCI subjects might be linked

with the loss of SWS [145].

Given the importance of SWS in memory consolidation [47], a related question that has been

under investigation was whether the SWS declines in older adults may account for the memory

declines. Previous studies showed that the declines in SWS appear to be parallel with the cognitive

declines during nocturnal sleep [146]. The current study further supported that the positive rela-

tionship between the percentage of SWS and memory in MCI samples was also maintained during
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napping. In other words, the cognitive impairments in MCI subjects compared to their normal-

aging peers might be partially due to the SWS declines during their naps or the inefficient sleep

architecture of a nap is an accurate reflection of underlying issues in their sleep more generally.

The findings of declined SWS in MCI subjects suggested that further research is needed to ex-

amine the differences in SWS between MCI subjects and the healthy controls and the underlying

mechanisms.

Further exploratory analyses indicated that even in light sleep stages, MCI subjects were poten-

tially experiencing disturbed sleep. Such sleep disturbances included higher percentage of stage1

sleep and lower number of sleep spindles per minute in stage 2 sleep. Even though such differences

were not statistically significant, the results might still contribute to the discussion that disturbed

sleep might be linked with cognitive impairments in MCI subjects.

The present results found that MCI subjects expressed higher percentages of stage1 sleep than

the healthy controls, which agreed with previous studies that reported on MCI nocturnal sleep

patterns [24, 82, 85]. Apparently, it was not the percentage of stage1 sleep that solely explained the

relationship between sleep disturbances and cognitive impairment. The combination of increases

in stage1 sleep and decreases in SWS was powerful in explaining the potential association between

sleep disturbances and cognitive impairments.

Our data revealed a decrease in the number of sleep spindles in stage 2 sleep in MCI subjects

when compared to their normal-aging peers. Researchers often correlated sleep spindles with

cognitive functioning and memory [37]. Previous studies believe that when spindles occur, the

brain disconnects from outside sensory input and begins the process of memory consolidation [37].

Schabus and colleagues combined EEG and functional MRI measures and further demonstrated

that sleep spindles recruited various cortical areas, including the hippocampus [147]. Therefore, it

is very likely that spindles play an important role in memory consolidation. This result was also

particularly interesting because recent studies showed that the hippocampus is one of the earliest

brain regions that is affected in AD [148, 149]. Thus, the deduction in spindles might contribute to

explain the relationship between sleep disturbances and memory declines in MCI and AD subjects.
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The secondary analyses focused on examining the relationship between PSG napping param-

eters and baseline cognitive performance. The present study found that for the VSTM 1item-

4second condition, higher percentages of stage 2 sleep and longer TST were associated with faster

identification reaction time. Longer TST was also related to faster localization reaction time. Fur-

thermore, higher percentages of SWS related to a higher proportion of correct response in 3item

conditions. While, higher percentages of stage1 sleep was associated with a lower proportion of

correct response.

It has been known that NREM sleep, primarily SWS, was beneficial for hippocampus-dependent

memory consolidation [150, 151]. Previous studies further reported SWS to be positively associ-

ated with spatial memory performance [151, 152]. Consistent with previous findings we found

that higher percentages of SWS were associated with better performance in the spatial memory

task. Both animal [153] and human [154] studies indicated that spatial memory would be largely

impaired following hippocampal dysfunctions. Additionally, MCI subjects were found to experi-

ence similar patterns of hippocampal dysfunction like AD subjects [155]. Therefore, the present

findings supported the view that SWS might play a specific role in spatial memory as well.

The present findings demonstrated that the percentage of stage 2 sleep was positively associ-

ated with reaction time on the memory task. Smith & MacNeill [156] reported that disturbed stage

2 sleep was associated with impaired cognitive processing speed in college students. Thus, the

current results indicated that disturbances in sleep stage 2 might relate to impairments in cogni-

tive processing speed for older adults as well. Important characteristics for stage 2 sleep are sleep

spindle and k-complex, and the functions of stage 2 sleep were always discussed under those pa-

rameters. Due to the limitation of the sample size, the current study was not able to identify the

relationship between sleep spindle or k-complex with cognitive processing speed. Therefore, fur-

ther studies are needed to explore the relationship between stage 2 sleep and cognitive processing

speed (i.e. for a spatial memory task) using sleep spindle and k-complexes.

There were several strengths of the present study. First, we tried to capture napping parameters

and the relationship between those parameters and cognitive performance using the gold standard
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PSG system. Second, we were one of the few studies comparing PSG parameters in MCI subjects

with their normal-aging peers. Last but not least, we conducted a battery of neuropsychological

tasks including an intensive memory task. However, several limitations should also be noted. First,

although the subjects were pre-screened for sleep disorders, the screening was based on self-report

and medical history but not on clinical interviews and diagnosis. Therefore, it is possible that older

adults, especially the subjects with higher BMI, would potentially experience sleep disorders such

as sleep apnea. Such sleep disorders were associated with SWS declines and other disturbances of

sleep. Therefore, further clinical diagnosis or interviews might be helpful in categorizing the sub-

jects and a better understanding of the relationship between sleep and cognitive decline. Another

limitation is in regard to the minimal information available on PSG parameters. The present study

followed the AASM scoring rules in analyzing PSG parameters and determining sleep stages. Fur-

ther studies using more advanced analysis such as power analysis would contribute to examine

SWS fragmentation (i.e. amplitude of SWS) in relation to cognitive impairment. Last, the inter-

pretation of our results is limited by the small sample size of the present study, and further studies

with larger sample size are needed to verify the results.

In summary, PSG parameters, and in particular measures of SWS, were consistently found

to be reduced in MCI subjects. These results indicated that sleep patterns might be disrupted

in parallel with cognitive impairment. Furthermore, the present findings indicated that a higher

percentage of SWS resulted in better performance in the spatial memory task. In combination with

prior brain imaging studies, our data further provides support that disturbed sleep, especially SWS,

might be an indication for the hippocampal dysfunction in early cognitive impairment stages. We

are hopeful the current findings would contribute to the early diagnosis of MCI, and will ultimately

provide useful links to AD biomarkers.
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6. IMPROVING COGNITIVE PERFORMANCE BEFORE AND AFTER NAPPING IN MCI

& HEALTHY OLDER ADULTS

6.1 Introduction

The post-nap improvements in alertness, mood, and cognitive performance have been well es-

tablished in healthy adults [90]. For instance, naps from 5 minutes to 2 hours have shown to be

beneficial to cognition [157]. A short nap (10-30 minutes) showed almost immediate benefits and

can last up to 3 hours for the following psychomotor tasks [158]. Moreover, other researchers

also demonstrated that in addition to the improvements in reaction speed and accuracy in cogni-

tive tasks, subjects also experienced improved subjective feelings such as increased alertness and

decreased fatigue [159].

Even for older adults or adults with MCI, the majority of studies found napping has immediate

benefits in improving cognitive performance. For instance, results showed that MCI subjects had

improved performance in the post-nap recognition tasks compared to their pre-nap performance

[10]. Schneider and colleagues measured a 90-min nap for MCI subjects and observed significant

improvements in the memory and psychomotor speed tasks after their naps [105]. Nevertheless, the

role of napping in cognitive improvements was still under debate. Cross and colleagues compared

MCI subjects performance before and after napping, they found excessive napping (over 2 hours

per day) might have negative effects on post-nap reaction speeds for MCI subjects [11].

To the best of my knowledge, no study has examined whether the immediate cognitive changes

in MCI subjects and healthy older adults relate to objective napping parameters. However, previous

studies reported a positive correlation between nocturnal sleep quality and cognitive improvements.

For instance, Kim and colleagues [82] found that healthy older adults had greater post-sleep im-

provements in the visual memory task and delayed verbal recall tasks than MCI subjects. They

further concluded that better sleep quality in healthy older adults might be associated with greater

improvements in cognition.
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There are multiple possible explanations for the role of napping in such immediate effects on

cognitive performance. First, aligning with the theories about the mechanism of sleep, napping has

been found to result in helping cleaning β-myloid just like nocturnal sleep. Therefore, it would

be beneficial in improving cognitive functions. On the other hand, excessive daytime napping

has been linked to more disturbances in nocturnal sleep and such disturbed sleep could result in

more deposition of β-amyloid, which will lead to further cognitive impairments. Thus, excessive

napping might be associated with impaired cognitive functioning. Second, excessive napping was

found to be associated with medical conditions such as type-II diabetes [110], higher incidence

of cardiovascular disease [111], and greater risk of obesity [112]. Those medical conditions were

highly correlated with impaired cognitive functioning [101]. Thus, excessive napping was hypoth-

esized to affect cognition through those medical conditions.

One of the limitations, as well as a possible explanation of the inconsistency between previous

studies, was that studies typically relied on subjective reports (i.e. survey, interview) when mea-

suring napping quality. That might limit the power of describing the characteristics of napping.

The degree of benefits from a nap might be influenced by characteristics of napping such as du-

ration of the nap and sleep stages generated by the nap. Such characteristics would only be fully

captured using objective measures like a PSG system. To the best of the authors knowledge, for

MCI subjects, no study has conducted a detailed examination of the relationship between changes

in cognitive performance and napping quality using PSG parameters. Further investigation could

help explain the effects of napping in MCI subjects, as well as provide possible intervention ideas

for preventing the progression of AD.

The main purpose of this study is to compare the changes in cognitive performance between

MCI subjects and their normal-aging peers. I hypothesize that MCI subjects would have less im-

provements in cognitive tasks than their normal-aging peers. As a secondary aim, I will further

examine the relationship between objective napping quality and changes in cognitive performance.

In particular, I hypothesize that better objective napping quality would relate to larger improve-

ments in post-nap cognitive performance. Although the study was not designed to directly test
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the effects of napping, looking at such correlations would help to explore potential links between

PSG napping parameters and cognitive improvements.

6.2 Methods

This study included objective daytime sleep measurement data and both pre- and post- cog-

nitive measurements data from a project which investigated the effects of daytime sleep in MCI

subjects and their normal-aging peers. More information will be provided in the general methods

section (Section 3).

6.2.1 Sample

Out of the initially measured subjects (N = 37), 36 of them had complete data that could be

used for further analysis (1 subject was excluded due to incomplete data from PSG recording). All

subjects (N = 36) were recruited from College Station - Bryan area, TX. Subjects were classified

into either MCI or healthy older adults groups based on their MoCA scores. For those 36 subjects

included in analysis, 20 were from the MCI group (average age = 73.73; SD = 6.12) and 16 were

from the healthy group (average age = 68.67; SD = 6.99). The basic demographic characteristics

of subjects were compared across groups.

Table 6.1 displayed demographic information for the sample. There were no significant differ-

ences between subject groups in terms of sex and BMI. There were significant differences between

groups in their age (p = 0.045). Therefore, due to the MCI being older, age was treated as a control

variable for further correlation analysis. As expected, there were significant differences between

groups on their MoCA scores (p < 0.001). MCI subjects had significantly lower MoCA scores than

their normal-aging peers, which indicated that they tended to experience more cognitive impair-

ment.
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Table 6.1: Demographic characteristics by subject group

MCI (n = 20) Healthy (n = 16)
Variable n(%) | mean(SD) n(%) | mean(SD) Chi-square | t-test p Effect Size
Sex x2(1) = 3.11 0.080 ϕCramer = 0.50

Female 8 (40%) 12 (75%)
Male 12 (60%) 4 (25%)

Age 73.73 (6.12) 68.67 (6.99) t(34) = -2.21* 0.045 d = 0.71
BMI 27.07 (7.46) 27.64 (8.80) t(34) = 0.21 0.962 d = 0.07
MoCA 22.70 (2.13) 26.88 (1.36) t(34) = 7.13*** <0.001 d = 2.34

Notes: MCI: Mild Cognitive Impairment. BMI: Body Mass Index in units of kg/m2. MoCA: Montreal Cognitive Assessment.
*p<0.05, **p<0.01, ***p<0.001.

6.2.2 Objective napping measures

PSG with 30s epochs will be recorded for subjects using the Compumedics (Victoria, Aus-

tralia) system during a napping session (up to 120 min). EEG will be recorded from 11 scale sites

(Fp1, Fp2, Fz, F3, F4, C3, Cz, C4, O1, Oz, and O2) being placed according to the 10-20 system.

Additionally, 3 chin EMG channels, 2 EOG channels, 2 ECG/EKG channels, and 2 respiration

bands will be applied to extend the stability of the measurement.

6.2.3 Cognitive performance measures

Memory was measured by the Oxford VSTM task. Spatial working memory and item-location

binding were assessed through a series of trials containing fractal objects [120]. A schematic of the

task was shown in the following figure. In each trial, subjects viewed 1 or 3 fractal objects, each

randomly located on the screen. They were asked to remember both objects and the locations. A

blank screen was then displayed for 1 or 4 seconds, followed by a test array in which two fractals

appear. Subjects were then asked to pick out the target object they remembered and drag the object

to its displayed location. The VSTM task contained 4 conditions: 1-item with 1-sec delay (1item-

1s), 1-item with 4-sec delay (1item-4s), 3-item with 1-sec delay (3item-1s), and 3-item with 4-sec

delay (3item-4s). Subjects’ reaction time in identifying and localizing the objects as well as the

accuracy of the responses were recorded.
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Figure 6.1: Schema of VSTM task. Adapted from [120]

Executive function was measured by the Trail Making Test (TMT) [122] and Stroop color-word

test [126]. TMT assessed subjects’ visual attention and task switching. The TMT task consisted

of two conditions in which the subjects were instructed to connect a sequence of 25 consecutive

targets as quickly as possible. One condition included targets with only numbers and the other

condition included targets with numbers and letters mixed. The TMT recorded subjects’ reaction

time and error rate when they were instructed to trace the targets as quickly as possible. Stroop

color-word test assessed subjects’ ability to inhibit their automatic response (naming the colors

instead of the words). The subjects were instructed to name the color of the printed words as

quickly and as accurately as possible. The Stroop test also recorded subjects’ reaction time and

error rate when they were instructed to respond as quickly as possible.

6.2.4 Analysis plan

The main analyses focused on examining the changes in cognitive performance. For both

groups, the changes of cognitive performance were tested by mixed-effect Analysis of Variance

(ANOVA) for three tasks separately with the group as a between-subject variable and time and

62



task condition as within-subject variables. In particular, for the TMT task, I conducted a three-

way mixed-effect ANOVA to compare the main and interaction effects of time, task condition, and

group on reaction time. For the TMT task, time included two levels (pre-test, and post-test), condi-

tion included two levels (number condition, and number-letter condition), and group included two

levels (MCI group and healthy group). For the VSTM task, I conducted a three-way mixed-effect

ANOVA to compare the main and interaction effects of time, task condition, and group on reaction

time and proportion of correct response. For the VSTM task, time included two levels (pre-test,

and post-test), condition included four levels (1item-1sec condition, 1item-4sec condition, 3item-

1sec condition, and 3item-4sec condition), and group included two levels (MCI group and healthy

group). For the Stroop task, I conducted a two-way mixed effect ANOVA to compare the main and

interaction effects of time and group on reaction time. For the Stroop task, time included two levels

(pre-test and post-test), and group included two levels (MCI group and healthy group). Effect sizes

for ANOVA will be calculated using partial η2.

The secondary analyses examined the relationship between PSG napping parameters and changes

in cognitive performance (post-test score minus pre-test score) after controlling for age, BMI and

MoCA scores. The Pearson correlation tests were implemented for PSG napping parameters and

changes in those three cognitive performance tasks separately. Correlation coefficients were used

to evaluate the correlation coefficient to determine the strength of the relationship or the effect

sizes.

6.3 Results

6.3.1 Changes of cognitive performance

A three-way mixed-effect ANOVA was used to examine the main effects and interactions of

three independent variables (time, task condition, and subject group) on TMT reaction time. Table

6.2 and Table 6.3 displayed the descriptive statistics and the results of ANOVA and Figure 6.2

displayed the pre- and post-test changes of TMT reaction time for MCI subjects and their normal-

aging peers. The main effect for group was significant, indicating that MCI subjects had a slower
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reaction time than their normal-aging peers (p = 0.012). The main effect for time was significant,

indicating that subjects had significantly faster reaction time in post-test than pre-test (p = 0.004).

The main effect for condition was also significant, indicating that subjects had significantly faster

reaction time in the number-only condition than the number-letter condition (p < 0.001). The in-

teraction effect for group and time was significant (p = 0.031). The following Tukey post hoc

analysis showed that subjects performed significantly better in the post-test than the pre-test, and

this effect was stronger for MCI subjects. The interaction effect for time and condition was signif-

icant (p = 0.048). The following Tukey post hoc analysis showed that subjects performed better in

the post-test than the pre-test, and this effect was stronger for the number-letter condition than the

number-only condition.

Table 6.2: Descriptive statistics for TMT reaction time by condition and group

MCI (n = 20) Healthy (n = 16)
Variable mean(SD) mean(SD)
Number-Only

Pre-test 48.90 (23.79) 34.10 (13.83)
Post-test 34.80 (10.35) 27.80 (6.89)

Number-Letter
Pre-test 113.70 (69.15) 64.60 (35.48)
Post-test 80.50 (47.57) 51.90 (20.06)
Notes: TMT: Trail Making Task. MCI: Mild Cognitive Impairment.

Table 6.3: Three-way ANOVA of TMT reaction time by time, condition, and group

Source SS MS F p η2p
Group 3.63 3.63 F(1, 34) = 2.02 0.165 0.06
Time 2.63 2.63 F(1, 34) = 9.26*** 0.004 0.21
Condition 48.82 16.27 F(1, 34) = 37.73*** <0.001 0.53
Group * Time 16.46 16.46 F(1, 34) = 5.80 0.031 0.12
Group * Condition 2.83 0.94 F(1, 34) = 2.19 0.094 0.06
Time * Condition 21.22 21.22 F(1, 34) = 4.22* 0.048 0.11

Notes: ANOVA: Analysis of Variance. TMT: Trial Making Task.
SS: Sum of Squares. MS: Mean Square.
*p<0.05, **p<0.01, ***p<0.001.
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Figure 6.2: Pre- and post-test TMT reaction time by condition & subject group

A three-way mixed-effect ANOVA was used to examine the main effects and interactions of

three independent variables (time, task condition, and subject group) on VSTM identification reac-

tion time. Table 6.4 and Table 6.5 displayed the descriptive statistics and the results of ANOVA and

Figure 6.3 displayed the pre- and post-test changes of VSTM identification reaction time for MCI

subjects and their normal-aging peers. The main effect for time was significant, indicating that

subjects had significantly faster identification reaction time in post-test than pre-test (p = 0.004).

The main effect for condition was also significant, indicating that subjects had significantly faster

identification reaction time in 1-item conditions than 3-item conditions (p < 0.001).
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Table 6.4: Descriptive statistics for VSTM identification reaction time by condition and group

MCI (n = 20) Healthy (n = 16)
Variable mean(SD) mean(SD)
1item-1sec

Pre-test 1.46 (0.56) 1.16 (0.22)
Post-test 1.26 (0.46) 1.07 (0.21)

1item-4sec
Pre-test 2.09 (1.50) 1.33 (0.34)
Post-test 1.52 (0.57) 1.19 (0.23)

3item-1sec
Pre-test 2.10 (0.71) 2.05 (0.39)
Post-test 1.98 (0.68) 1.96 (0.40)

3item-4sec
Pre-test 2.38 (0.83) 2.39 (0.67)
Post-test 2.33 (1.16) 2.15 (0.57)
Notes: VSTM: Visual Short-Term Memory. MCI: Mild Cog-
nitive Impairment.

Table 6.5: Three-way ANOVA of VSTM identification reaction time by time, condition, and group

Source SS MS F p η2p
Group 3.63 3.63 F(1, 34) = 2.02 0.165 0.06
Time 2.63 2.63 F(1, 34) = 9.26** 0.004 0.21
Condition 48.82 16.27 F(3, 102) = 39.93*** <0.001 0.53
Group * Condition 2.83 0.94 F(3, 102) = 2.19 0.094 0.06
Time * Condition 0.85 0.28 F(3, 102) = 1.35 0.261 0.04
Time * Group 0.16 0.16 F(1, 34) = 0.58 0.452 0.02

Notes: ANOVA: Analysis of Variance. VSTM: Visual Short-Term Memory.
SS: Sum of Squares. MS: Mean Square.
*p<0.05, **p<0.01, ***p<0.001.
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Figure 6.3: Pre- and post-test VSTM identification reaction time by condition & subject group

A three-way mixed-effect ANOVA was used to examine the main effects and interactions of

three independent variables (time, task condition, and subject group) on VSTM localization reac-

tion time. Table 6.6 and Table 6.7 displayed the descriptive statistics and the results of ANOVA

and Figure 6.4 displayed the pre- and post-test changes of VSTM localization reaction time for

MCI subjects and their normal-aging peers. The main effect for time was significant, indicating

that subjects had significantly faster localization reaction time in post-test than pre-test (p = 0.004).

The main effect for condition was also significant, indicating that subjects had significantly faster

identification reaction time in 1-item conditions than 3-item conditions (p < 0.001).
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Table 6.6: Descriptive statistics for VSTM localization reaction time by condition and group

MCI (n = 20) Healthy (n = 16)
Variable mean(SD) mean(SD)
1item-1sec

Pre-test 2.84 (0.93) 2.33 (0.43)
Post-test 2.53 (0.72) 2.20 (0.39)

1item-4sec
Pre-test 3.53 (1.74) 2.57 (0.51)
Post-test 2.86 (0.83) 2.37 (0.41)

3item-1sec
Pre-test 3.70 (1.39) 3.53 (0.63)
Post-test 3.38 (1.05) 3.18 (0.60)

3item-4sec
Pre-test 3.89 (1.26) 3.72 (0.86)
Post-test 3.85 (1.70) 3.39 (0.80)
Notes: VSTM: Visual Short-Term Memory. MCI: Mild Cog-
nitive Impairment.

Table 6.7: Three-way ANOVA of VSTM localization reaction time by time, condition, and group

Source SS MS F p η2p
Group 13.44 13.44 F(1, 34) = 2.66 0.112 0.07
Time 5.54 5.54 F(1, 34) = 9.27** 0.004 0.21
Condition 65.55 21.85 F(3, 102) = 36.99*** <0.001 0.52
Group * Condition 2.83 0.94 F(3, 102) = 2.19 0.094 0.06
Time * Condition 0.87 0.29 F(3, 102) = 1.19 0.316 0.03
Time * Group 0.29 0.29 F(1, 34) = 0.49 0.489 0.01

Notes: ANOVA: Analysis of Variance. VSTM: Visual Short-Term Memory.
SS: Sum of Squares. MS: Mean Square.
*p<0.05, **p<0.01, ***p<0.001.
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Figure 6.4: Pre- and post-test VSTM localization reaction time by condition & subject group

A three-way mixed-effect ANOVA was used to examine the main effects and interactions of

three independent variables (time, task condition, and subject group) on the VSTM proportion of

correct response. Table 6.8 and Table 6.9 displayed the descriptive statistics and the results of

ANOVA and Figure 6.5 displayed the pre- and post-test changes of TMT reaction time for MCI

subjects and their normal-aging peers. The main effect for group was significant, indicating that

MCI subjects had a significantly lower proportion of correct response than their normal-aging peers

(p = 0.009). The main effect for time was significant, indicating that subjects had significantly

improved proportion of correct response in post-test than pre-test (p = 0.019). The main effect

for condition was also significant, indicating that subjects had significantly higher proportion of

correct response in 1-item conditions than 3-item conditions (p < 0.001). The interaction effect

for time and condition was significant (p = 0.050). The following Tukey post hoc analysis showed

that subjects performed better in the post-test than the pre-test, and this effect was stronger for the

3-item conditions than the 1-item conditions.
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Table 6.8: Descriptive statistics for VSTM proportion of correct response by condition and group

MCI (n = 20) Healthy (n = 16)
Variable mean(SD) mean(SD)
1item-1sec

Pre-test 97.94% (0.04) 99.38% (0.02)
Post-test 97.14% (0.04) 99.38% (0.02)

1item-4sec
Pre-test 91.59% (0.09) 97.08% (0.05)
Post-test 92.70% (0.09) 97.08% (0.03)

3item-1sec
Pre-test 80.79% (0.11) 87.08% (0.06)
Post-test 83.33% (0.12) 90.42% (0.07)

3item-4sec
Pre-test 74.29% (0.09) 82.29% (0.09)
Post-test 77.14% (0.09) 84.79% (0.08)
Notes: VSTM: Visual Short-Term Memory. MCI: Mild Cogni-
tive Impairment.

Table 6.9: Three-way ANOVA of VSTM proportion of correct response by time, condition, and
group

Source SS MS F p η2p
Group 0.17 0.17 F(1, 34) = 7.80 0.009 0.19
Time 0.02 0.02 F(1, 34) = 6.04** 0.019 0.15
Condition 1.58 0.53 F(3, 102) = 117.77*** <0.001 0.78
Group * Condition 0.03 0.00 F(3, 102) = 2.22 0.090 0.06
Time * Condition 0.02 0.01 F(3, 102) = 2.69* 0.050 0.07
Time * Group 0.00 0.00 F(1, 34) = 0.01 0.921 0.00

Notes: ANOVA: Analysis of Variance. VSTM: Visual Short-Term Memory.
SS: Sum of Squares. MS: Mean Square.
*p<0.05, **p<0.01, ***p<0.001.
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Figure 6.5: Pre- and post-test VSTM proportion of correct response by condition & subject group

A two-way mixed-effect ANOVA was used to examine the main effects and interactions of two

independent variables (time, and subject group) on Stroop reaction time. Table 6.10 and Table

6.11 displayed the descriptive statistics and the results of ANOVA and Figure 6.6 displayed the

pre- and post-test changes of TMT reaction time for MCI subjects and their normal-aging peers.

The main effect for group was significant, indicating that MCI subjects had significantly slower

reaction time than their normal-aging peers (p = 0.017). The main effect for time was marginally

significant, indicating that subjects had faster reaction time in post-test than pre-test (p = 0.080).

Table 6.10: Descriptive statistics for Stroop reaction time by group

MCI (n = 20) Healthy (n = 16)
Variable mean(SD) mean(SD)
Stroop

Pre-test 118.10 (37.55) 96.40 (23.57)
Post-test 112.40 (20.59) 91.50 (21.09)
Notes: MCI: Mild Cognitive Impairment.
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Table 6.11: Two-way ANOVA of Stroop reaction time by time, and group

Source SS MS F p η2p
Group 8086.28 8086.28 F(1, 34) = 6.30* 0.017 0.16
Time 521.97 521.97 F(1, 34) = 3.25 0.080 0.09
Time * Group 2.60 2.60 F(1, 34) = 0.02 0.899 0.00

Notes: ANOVA: Analysis of Variance.
SS: Sum of Squares. MS: Mean Square.
*p<0.05, **p<0.01, ***p<0.001.

Figure 6.6: Pre- and post-test Stroop reaction time by subject group

6.3.2 Correlation between objective napping quality and changes in cognitive performance

To explore the relationship between objective napping quality and improvements of cognitive

performance, Pearson partial correlations were calculated for the entire sample. The relationship

between objective napping quality and improvements of cognitive performance varied between

tasks.

For the TMT task, the analysis results showed there was a marginally significant correlation

between the number of k-complex per minute and TMT reaction time with number targets (Pearson

partial correlation r(31) = 0.30, p = 0.089).

For the Oxford VSTM task, results showed that for the 1item-4sec condition, both identifi-

cation reaction time and localization reaction time were marginally significantly associated with
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the percentage of sleep stage 2. Specifically, the analysis indicated that after controlling for age,

BMI and MoCA score, faster identification reaction time for the 1item-4sec condition significantly

correlated with higher percentages of sleep stage 2 (Pearson partial correlation r(31) = 0.29, p =

0.099). After controlling for age, BMI, and MoCA score, faster localization reaction time for the

1item-4sec condition marginally significantly correlated with higher percentages of sleep stage 2

(Pearson partial correlation r(31) = 0.32, p = 0.065).

For the Stroop task, the analysis results showed there were no significant correlations between

objective napping quality and the improvements in reaction time.

Table 6.12: Partial correlations between PSG parameters and changes in cognitive performance

Variable Condition Stage1 (%) Stage2 (%) SWS (%) k-complex/min
TMT RT Number 0.20 -0.09 0.03 0.30
VSTM i-RT 1item-1sec 0.01 0.22 0.27 -0.14

1item-4sec -0.05 0.29 -0.23 0.02
VSTM l-RT 1item-1sec 0.04 0.06 0.28 -0.07

1item-4sec -0.12 0.32 -0.22 0.04
VSTM PCR 1item-1sec -0.03 0.06 0.03 -0.04

1item-4sec -0.23 -0.07 0.09 0.23
Notes: PSG: Polysomnography. SWS: Slow-Wave Sleep.
TMT: Trail Making Task. VSTM: Visual Short-Term Memory.
RT: Reaction Time. i-RT: identification Reaction Time. l-RT: localization Reaction Time. PCR: Proportion of
Correct Response.
Variables that are significantly skewed (Shapiro-test) were log-transformed to normal distribution before conduct-
ing t-tests.
*p<0.05, **p<0.01, ***p<0.001.

6.4 Discussion

In the present study, the results demonstrated that both MCI subjects and healthy older adults

had better performance in the post-nap tests than the pre-nap tests. Furthermore, our findings

showed that both groups showed improved vigilance levels after their naps in the following TMT

and Stroop tasks, as well as improvements in higher cognitively demanding tasks like the spatial

working memory task. However, in contrast with our hypothesis, our findings suggested that MCI

subjects did not express less improvements than the healthy older adults.
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In the TMT task, both groups had faster reaction time in the post-test than the pre-test, while

no differences were found in the error rate. This is not surprising since accuracy was heavily

emphasized in the task instruction and errors were normally rare in the TMT task [113]. The

improvements might relate to napping as previous studies demonstrated reaction time for attention

or visual searching tasks like TMT were positively affected by napping [113]. However, as the

current study was not specifically designed to test the direct effects of napping, further examination

is needed to make such interpretations. On the other hand, the improvements in reaction time

might be due to practice effects [122]. Thus, repeated measurements might explain the subjects

improvements. Furthermore, in contrast with our hypothesis, results showed that the improvements

were stronger in MCI subjects than healthy older adults. It is possible that there is a potential

ceiling effect for some healthy older adults as TMT is an easily learned task. Some healthy older

adults already had a relatively short reaction time at the pre-nap test. Therefore, there was not a

large degree of improvement in their post-nap performance when compared to the MCI subjects.

In the VSTM task, both groups had faster identification and localization reaction time, as well

as a higher proportion of correct response in the post-test than the pre-test. Our study aligned with

previous studies demonstrating that subjects had improved performance in the post-nap spatial

memory task. The present study found enhanced performance in the post-test, while other studies

suggesting not all performance components were equally improved. For instance, Nguyen and

colleagues found that subjects had improved accuracy in the post-test, but no differences in reaction

time [160]. Such discrepancies might be explained by the methodological differences. Particularly,

it might be because of the different study samples we used. As we had MCI subjects, they might

have different cognitive performance as well as different patterns of improvements. Moreover, it

might be due to the application of an fMRI paradigm in the other studies, which limited the test

trial difficulty and the task duration. In contrast, participants in our test were engaged in some

high-demanding trials as well as a relatively long task duration. Thus, the current VSTM task

may be more sensitive and reliable in detecting performance changes. Since we had a relatively

complicated memory task, it is less likely that the improvements were due to practice effects. In
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addition, previous nocturnal sleep studies found that spatial memory was really sensitive to changes

in sleep [161]. For instance, the previous study reported that subjects had significantly improved

post-sleep spatial memory performance and such improvements were positively associated with

sleep quality [160, 162]. Thus, it is likely that improvements in the spatial memory task were due

to napping. But because of the limitation of the current design, we cannot conclude that. Further

examinations are needed to examine whether it is the effect of napping.

The present data showed that both groups had a faster reaction time in their post-nap Stroop

task than their pre-nap test, while the error rate was not changed. This was similar to previous

sleep studies which suggested that there were post-sleep improvements in the Stroop task [96].

Similar to our findings, they found that reaction time was improved but not the error rate. Cain et

al. [137] further suggested that the improvements might not be on all components of the task. The

Stroop task consists of both executive components (i.e. resistance to proactive interference) and

non-executive components (i.e. reaction time). One or more components might improve, while

others might not. That might be the reason that the reaction time was improved, but the error rate

was not changed in the post-nap test. Thus, when we examine post-nap cognitive improvements,

it might be important to view the task components separately.

Since the study was not designed to directly test the effects of napping, the group comparison

cannot really conclude the cognitive improvements were because of napping instead of differences

in practice effects due to the repeated administration of the task. However, further exploratory

analyses on the relationship between PSG parameters and cognitive improvements might provide

support for the hypothesis that those post-nap improvements might be associated with napping

parameters and better napping quality might relate to larger improvements.

The present results showed that stage 2 activities were marginally significantly associated with

the improvements in both TMT task and VSTM task. This was consistent with previous studies that

reported relationships between changes in memory performance and the amount of percentage in

NREM sleep [163]. Lau et al. [163] further demonstrated that the amount of stage 2 sleep during

napping and performance improvements showed a positive trend but no significant relationship.
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Additionally, nocturnal sleep studies reported the amount of stage 2 sleep positively correlated

with improvements in following memory performance [164]. Our findings suggested there was a

positive trend in the amount of stage 2 sleep during napping and spatial memory improvements.

Our results also added to the previous findings and suggested that k-complexes might be another

important parameter which would affect the improvements.

Multiple sleep stages have been linked to encoding and retrieval performance on memory tasks.

While, different sleep stages were proposed to be more associated with different types of memory.

For instance, SWS was consistently linked to episodic memory [165, 166]. REM sleep was found

to play an important role in emotional memory [167, 168]. Both Stage 2 sleep and REM sleep

have been linked to procedural memory [169]. The mechanisms of how sleep contributes to the

following memory performance was still unclear. Based on our findings in this preliminary study,

we found that Stage 2 sleep might relate to the improvements in the post-nap spatial memory

task. Since we were using subjects with cognitive impairments and healthy older adults, their

PSG parameters as well as their napping quality (e.g. quality of SWS) might be largely different

from other samples. Therefore, even though it demonstrated a positive trend, the results were not

conclusive evidence about Stage 2 sleep and the performance improvements. Together, it suggested

that further research is needed on how specific sleep parameters relate to cognitive improvements.

In addition to the correlational analyses, previous studies provided more evidence that cogni-

tive performance could be positively affected by the napping. For instance, the majority of studies

found that napping was associated with improved performance in the working memory task [105],

reaction time [100], and Stroop performance [150] tasks in MCI subjects. The results of the corre-

lational analyses together with the previous studies suggested that it might be possible that napping

might have a restorative function on cognition and better napping quality might be associated with

greater improvements. Further examination with PSG measures is needed to compare the effects

of napping between MCI subjects and healthy older adults.

There were several strengths of the present study. First, we investigated napping parameters

using the gold standard PSG system in MCI subjects. Second, we were one of the few studies
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that compared post-nap cognitive improvements between MCI subjects and healthy older adults.

Last but not least, to the best of my knowledge, we were the first study to specifically examine the

post-nap improvements using a spatial memory task in MCI subjects and relate such improvements

to PSG parameters.

However, there were some limitations of the present study that should be noted. First, a primary

limitation of the current study is the small sample size. Hence, although the findings suggested

interesting correlations between PSG parameters and cognitive improvements, we must be very

cautious when interpreting the results. Second, since the main aim of the study was to compare

post-nap improvements in MCI subjects and their normal-aging peers, we did not test a control

sample of subjects without any napping sessions or an active control condition. The correlation

analyses, however, tended to suggest there was a potential association between specific PSG pa-

rameters and the improvements in cognition. Therefore, further investigation is needed to further

determine the features of different parameters with more subjects and study groups. Third, the

present study was correlational, thus, it was unable to evaluate potential causation of the reported

relationships. Last but not least, tasks like TMT might be sensitive to practice. Especially for

healthy older adults, they might be able to learn the task immediately. Further studies with less

prior practice might be a more accurate reflection of the improvements.

Taken together, the present study contributed to a growing body of literature on exploring post-

nap cognitive improvements in MCI subjects and their normal-aging peers. The results demon-

strated that both groups had improved performance after their napping and those improvements

varied between tasks as well as task components. Further correlational exploration indicated that

such improvements might be potentially related to the amount of stage 2 sleep and k-complex

during napping. Such cognitive improvements, together with the observed relationship between

PSG parameters and the improvements, may lead to contributions in intervention studies or even

treatment plans in the future.
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7. GENERAL DISCUSSION

The present thesis found no differences in subjective sleep quality, but significant differences of

objective daytime sleep quality in subjects with Mild Cognitive Impairment (MCI) when compared

to healthy older adults. Both subjective sleep quality and objective napping quality were positively

associated with baseline cognitive performance. MCI subjects showed lower percentages of slow-

wave sleep (SWS), less sleep spindles during stage 2 sleep, and higher percentages of stage 1

sleep than the healthy controls. Further exploratory analysis of the relationship between daytime

sleep quality and cognitive functioning indicated that the amount of SWS positively correlated with

baseline cognitive performance, while the amount of stage 1 and stage 2 sleep negatively related to

baseline cognitive performance for MCI subjects and their normal-aging peers. In addition, there

were significant cognitive improvements for both MCI subjects and healthy controls after their

napping. Such improvements were correlated with stage 2 activities.

7.1 Group differences: subjective and objective measures

When compared MCI subjects to the healthy controls, there was no significant difference be-

tween subjective sleep measures. Additionally, it was confirmed that MCI subjects and healthy

controls differed in objective daytime sleep parameters. Specifically, MCI subjects expressed less

SWS, less sleep spindles, but more stage 1 sleep. Consistent with other clinical studies, MCI

subjects showed more disturbed daytime sleep than their normal-aging peers [145]. The present

findings further supported that subjective reports may be less reliable than objective measures, es-

pecially for subjects with cognitive impairments. In addition, the results indicated that disturbed

daytime sleep might be another important indicator for cognitive impairment.

7.2 Baseline cognitive performance & (daytime) sleep: correlation findings

Further, the results showed that both subjective sleep quality and objective daytime sleep qual-

ity positively related to baseline cognitive performance in MCI subjects and healthy older adults.

From the subjective sleep quality aspect, subjects with better sleep quality tend to have better per-
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formance. From the objective daytime sleep quality aspect, PSG parameters specifically related

to the performance of the VSTM spatial memory task. Subjects with more stage 1 sleep had poor

performance, while subjects with more SWS had better performance. This aligned with the sleep-

dependent memory consolidation, which stated the importance of SWS in memory [47]. In sum,

these data provided subjective and objective evidence that disturbed sleep and daytime sleep may

be related to cognitive impairments.

7.3 The role of daytime sleep in cognition

An important observation of the present study was that both MCI subjects and the healthy older

adults had significantly improved cognitive performance after their napping. Additionally, those

improvements were related to stage 2 activities. The relationships between improved cognitive

performance and the amount of NREM sleep were reported previously [163]. Previous findings

found the improvements were significantly correlated with SWS and they also reported a positive

trend in the amount of stage 2 sleep and cognitive changes [163]. The waste-clearance theory of-

fered a framework that may potentially explain the improved cognitive performance after napping

in MCI subjects and healthy older adults. The waste-clearance stated that the convective exchange

of cerebrospinal fluid (CSF) and interstitial fluid (ISF) was largely increased during sleep. The

present results further supported that napping might play the same role as nocturnal sleep since

they are generating similar PSG parameters. In other words, cognitive improvements might be due

to the cleaning function of daytime sleep. Moreover, subjects with better napping quality might be

able to clean more waste products, therefore, expressed larger improvements. Further identifica-

tion of the PSG parameters indicated that stage 2 activities might be important when performing

the cleaning function during napping.

7.4 Limitations

First, the interpretation of the present findings is limited by the small sample size, and further

studies with larger sample size are needed to verify the results. Second, the present study lacks

clinical diagnoses and interview assessments of MCI subjects. This was a limitation that was hard
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to resolve for practical reasons. To ensure that our results were relevant to real clinical practice,

the study was conducted in partnership with the Center for Translational Research in Aging and

Longevity (CTRAL), where we could ensure more standard clinical operations and measures with

older adults. In addition, we applied one of the most commonly used clinical assessments (i.e.

MoCA) for MCI, which was also well-validated by other clinical studies. Third, as the subjects

were older adults, even the healthy older adults might have some comorbidities related to cognitive

performance. Thus, further research on comorbidities of older adults, especially MCI subjects,

would be helpful in order to control the possible effects of comorbidities might have on cognition.

Last but not least, as the primary interest was to look at the cognitive improvements in response

to daytime sleep rather than using daytime sleep as a treatment. Thus, the pre-tests of subjects

functioned as their own control to compare with the post-tests and implications with respect to

cognitive improvement should be taken more as suggestive rather than conclusive.

7.5 Significance, implications, and future directions

The present thesis may be valuable in several ways. First, research attempting to examine the

relationship between daytime sleep and cognition with MCI samples is challenging and therefore

rarely conducted. For practical reasons, research often measured daytime sleep with only sub-

jective reports. Daytime sleep patterns with brain activities were largely understudied. However,

subjective measures themselves may require a lot more validation, especially for subjects with cog-

nitive impairments. Second, examining correlations between PSG parameters and cognition may

lead to unique insights. As daytime sleep was found to be a complex concept to capture, behavioral

research or subjective reports cannot measure the underlying mechanisms. Research with noctur-

nal sleep had made progress linking nocturnal PSG parameters to cognitive functioning, however,

daytime sleep parameters were still at the beginning stage. Third, studying the underlying neural

activities would lead to a better understanding of potential mechanisms and contribute to future

intervention studies.

Although knowledge of the relationship of daytime sleep and cognitive functioning is still

limited, further identification of PSG parameters and understanding underlying mechanisms can
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provide significant advantages in the long run. Daytime sleep PSG parameters, in relation to

cognitive impairment, can guide future research in new directions as well as lay the groundwork

for effective interventions by clinicians and health professionals.
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8. CONCLUSIONS

To the best of my knowledge, this is one of the few studies to date that investigated the ob-

jective daytime sleep parameters in MCI subjects and healthy older adults, and further examined

the relationship between such parameters and cognitive functioning. The study supported the idea

that cognitive impairments in MCI subjects might relate to disturbed daytime sleep quality. The

objective PSG parameters found in the present study (i.e. SWS, stage 2 sleep) may provide neural

indicators related to cognitive impairment. Therefore, it may further help provide a more com-

prehensive understanding of daytime sleep behaviors in MCI subjects and contribute to future

treatment programs.

82



REFERENCES

[1] B. Rosenberg, M. Mielke, B. Appleby, E. Oh, M. Leoutsakos, and G. Lyketsos, “Neuropsy-

chiatric symptoms in mci subtypes: the importance of executive dysfunction,” International

journal of geriatric psychiatry, vol. 26, no. 4, pp. 364–372, 2011.

[2] F. Edition, Diagnostic and statistical manual of mental disorders. Arlington: American

Psychiatric Publishing, 2013.

[3] B. Winblad, K. Palmer, M. Kivipelto, V. Jelic, L. Fratiglioni, O. Wahlund, A. Nordberg,

L. Bäckman, M. Albert, O. Almkvist, and H. Arai, “Mild cognitive impairmentbeyond con-

troversies, towards a consensus: report of the international working group on mild cognitive

impairment,” Journal of internal medicine, vol. 256, no. 3, pp. 240–246, 2004.

[4] C. da Silva, “Sleep disturbances and mild cognitive impairment: A review,” Sleep science,

vol. 8, no. 1, pp. 36–41, 2015.

[5] S. Beaulieu-Bonneau and C. Hudon, “Sleep disturbances in older adults with mild cognitive

impairment,” International Psychogeriatrics, vol. 21, no. 4, pp. 654–666, 2009.

[6] S. Gauthier, B. Reisberg, M. Zaudig, R. Petersen, K. Ritchie, K. Broich, S. Belleville,

H. Brodaty, D. Bennett, H. Cherkow, and J. Cummings, “Mild cognitive impairment,” The

lancet, vol. 367, no. 9518, pp. 1262–1270, 2006.

[7] L. Apostolova and J. Cummings, “Neuropsychiatric manifestations in mild cognitive im-

pairment: a systematic review of the literature,” Dementia and geriatric cognitive disorders,

vol. 25, no. 2, pp. 115–126, 2008.

[8] M. Ce and C. Ka, “Benefits of napping in healthy adults: impact of nap length, time of day,

age, and experience with napping,” Journal of sleep research, vol. 18, no. 2, pp. 272–281,

2009.

83



[9] T. Asada, Y. M., M. Z., Masatake Uno, and K. Takahashi, “Associations between retrospec-

tively recalled napping behavior and later development of alzheimer’s disease: Association

with apoe genotypes,” Sleep, vol. 23, no. 5, p. 1, 2000.

[10] H. Keage, S. Banks, K. Yang, K. Morgan, C. Brayne, and F. Matthews, “What sleep charac-

teristics predict cognitive decline in the elderly?,” Sleep medicine, vol. 13, no. 7, pp. 886–

892, 2012.

[11] N. Cross, Z. Terpening, N. Rogers, S. Duffy, I. Hickie, S. Lewis, and S. Naismith, “Napping

in older people ‘at risk’ of ad: relationships with depression, cognition, medical burden and

sleep quality,” Journal of sleep research, vol. 24, no. 5, pp. 494–502, 2015.

[12] G. McKhann, D. Drachman, M. Folstein, R. Katzman, D. Price, and E. Stadlan, “Clinical

diagnosis of alzheimer’s disease: Report of the nincdsadrda work group under the auspices

of department of health and human services task force on alzheimer’s disease,” Neurology,

vol. 34, no. 7, pp. 939–939, 1984.

[13] D. Segal, “Diagnostic and statistical manual of mental disorders (dsmivtr),” The Corsini

Encyclopedia of Psychology, pp. 1–3, 2010.

[14] C. Patterson, “World alzheimer report 2018: the state of the art of ad research: new fron-

tiers.,” Alzheimers Disease International (ADI), 2018. London, UK.

[15] A. Association, “2018 alzheimer’s disease facts and figures,” Alzheimer’s & Dementia,

vol. 14, no. 3, pp. 367–429, 2018.

[16] V. Porter, W. Buxton, and A. Avidan, “Sleep, cognition and dementia,” Current psychiatry

reports, vol. 17, no. 12, p. 97, 2015.

[17] A. Wimo, L. Jönsson, J. Bond, M. Prince, B. Winblad, and A. International, “The worldwide

economic impact of dementia 2010,” Alzheimer’s & Dementia, vol. 9, no. 1, pp. 1–11, 2013.

[18] Y. Geda, L. Schneider, L. Gitlin, D. Miller, G. Smith, J. Bell, J. Evans, M. Lee, A. Porsteins-

son, K. Lancotôt, and P. Rosenberg, “Neuropsychiatric symptoms in alzheimer’s disease:

84



past progress and anticipation of the future,” Alzheimer’s & dementia, vol. 9, no. 5, pp. 602–

608, 2013.

[19] R. Brookmeyer, E. Johnson, K. Ziegler-Graham, and H. Arrighi, “Forecasting the global

burden of alzheimer’s disease,” Alzheimer’s & dementia, vol. 3, no. 3, pp. 186–191, 2007.

[20] K. Sink, K. Holden, and K. Yaffe, “Pharmacological treatment of neuropsychiatric symp-

toms of ad: a review of the evidence,” Jama, vol. 293, no. 5, pp. 596–608, 2005.

[21] “Preidt..” The high costs of Alzheimers. (WebMD), 3 2018.

[22] B. Reisberg, S. Ferris, M. de Leon, E. Franssen, A. Kluger, P. Mir, J. Borenstein, A. George,

E. Shulman, G. Steinberg, and J. Cohen, “Stagespecific behavioral, cognitive, and in vivo

changes in community residing subjects with ageassociated memory impairment and pri-

mary degenerative dementia of the alzheimer type,” Drug Development Research, vol. 15,

no. 2-3, pp. 101–114, 1988.

[23] R. Petersen, G. Smith, S. Waring, R. Ivnik, E. Tangalos, and E. Kokmen, “Mild cognitive

impairment: clinical characterization and outcome,” Archives of neurology, vol. 56, no. 3,

pp. 303–308, 1999.

[24] M. Hu, P. Zhang, C. Li, Y. Tan, G. Li, D. Xu, and L. Chen, “Sleep disturbance in mild

cognitive impairment: a systematic review of objective measures,” Neurological Sciences,

vol. 38, no. 8, pp. 1363–1371, 2017.

[25] R. Petersen, O. Lopez, M. Armstrong, T. Getchius, M. Ganguli, D. Gloss, G. Gronseth,

D. Marson, T. Pringsheim, G. Day, and M. Sager, “Practice guideline update summary:

Mild cognitive impairment: Report of the guideline development, dissemination, and im-

plementation subcommittee of the american academy of neurology,” Neurology, vol. 90,

no. 3, pp. 126–135, 2018.

[26] R. Petersen, “Mild cognitive impairment as a diagnostic entity,” Journal of internal

medicine, vol. 256, no. 3, pp. 183–194, 2004.

85



[27] R. Monastero, F. Mangialasche, C. Camarda, S. Ercolani, and R. Camarda, “A systematic

review of neuropsychiatric symptoms in mild cognitive impairment,” Journal of Alzheimer’s

disease, vol. 18, no. 1, pp. 11–30, 2009.

[28] S. Bombois, P. Derambure, F. Pasquier, and C. Monaca, “Sleep disorders in aging and de-

mentia,” The journal of nutrition, health & aging, vol. 14, no. 3, pp. 212–217, 2010.

[29] M. Means, J. Edinger, D. Glenn, and A. Fins, “Accuracy of sleep perceptions among insom-

nia sufferers and normal sleepers,” Sleep medicine, vol. 4, no. 4, pp. 285–296, 2003.

[30] L. Frank, A. Lloyd, J. Flynn, L. Kleinman, L. Matza, M. Margolis, L. Bowman, and R. Bul-

lock, “Impact of cognitive impairment on mild dementia patients and mild cognitive impair-

ment patients and their informants,” International Psychogeriatrics, vol. 18, no. 1, pp. 151–

162, 2006.

[31] M. Paradise, D. McCade, I. Hickie, K. Diamond, S. Lewis, and S. Naismith, “Caregiver

burden in mild cognitive impairment,” Aging & mental health, vol. 19, no. 1, pp. 72–78,

2015.

[32] K. Seeher, L. Low, S. Reppermund, and H. Brodaty, “Predictors and outcomes for caregivers

of people with mild cognitive impairment: a systematic literature review,” Alzheimer’s &

Dementia, vol. 9, no. 3, pp. 346–355, 2013.

[33] C. DeCarli, “Mild cognitive impairment: prevalence, prognosis, aetiology, and treatment.,”

The Lancet Neurology, vol. 2, no. 1, pp. 15–21, 2003.

[34] R. Berry, R. Brooks, C. Gamaldo, S. Harding, C. Marcus, and B. Vaughn, “The aasm manual

for the scoring of sleep and associated events,” Rules, Terminology and Technical Specifica-

tions, Darien, Illinois, American Academy of Sleep Medicine, vol. 176, 2012.

[35] R. Berry, R. Brooks, C. Gamaldo, S. Harding, R. Lloyd, S. Quan, T. M., and V. B., “Aasm

scoring manual updates for 2017 (version 2.4).,” Journal of Clinical Sleep Medicine, vol. 13,

no. 5, pp. 665–666, 2017.

[36] R. M. Spielman, “Stages of sleep.”

86



[37] B. Clawson, J. Durkin, and S. Aton, “Form and function of sleep spindles across the lifes-

pan,” Neural plasticity, vol. 2016, 2016.

[38] U. Voss, “Changes in eeg pre and post awakening,” International review of neurobiology,

vol. 93, pp. 23–56, 2010.

[39] T. Roth, “Slow wave sleep: does it matter?,” Journal of clinical sleep medicine: JCSM:

official publication of the American Academy of Sleep Medicine, vol. 5, no. 2, p. S4, 2009.

[40] H. Van Dongen, K. Vitellaro, and D. Dinges, “Individual differences in adult human sleep

and wakefulness: Leitmotif for a research agenda.,” Sleep, vol. 28, no. 4, pp. 479–498, 2005.

[41] M. Carskadon, “Guidelines for the multiple sleep latency test (mslt): a standard measure of

sleepiness.,” Sleep, vol. 9, no. 4, pp. 519–524, 1986.

[42] M. Bonnet and D. Arand, “Situational insomnia: consistency, predictors, and outcomes.,”

Sleep, vol. 26, no. 8, pp. 1029–1036, 2003.

[43] S. Archer, D. Robilliard, D. Skene, M. Smits, A. Williams, J. Arendt, and M. von Schantz,

“A length polymorphism in the circadian clock gene per3 is linked to delayed sleep phase

syndrome and extreme diurnal preference.,” Sleep, vol. 26, no. 4, pp. 413–415, 2003.

[44] S. Naismith, N. Rogers, I. Hickie, J. Mackenzie, L. Norrie, and S. Lewis, “Sleep well,

think well: sleep-wake disturbance in mild cognitive impairment.,” Journal of Geriatric

Psychiatry and Neurology, vol. 23, no. 2, pp. 123–130, 2010.

[45] K. Crowley, “Sleep and sleep disorders in older adults.,” Neuropsychology review, vol. 21,

no. 1, pp. 41–53, 2011.

[46] M. Walker, “Cognitive consequences of sleep and sleep loss.,” Sleep Medicine, vol. 9,

pp. S29–S34, 2008.

[47] R. Stickgold, “Sleep-dependent memory consolidation,” Nature, vol. 437, no. 7063, p. 1272,

2005.

87



[48] M. Walker and R. Stickgold, “Sleep, memory, and plasticity,” Annu. Rev. Psychol, vol. 57,

pp. 139–166, 2006.

[49] M. Wilson and B. McNaughton, “Reactivation of hippocampal ensemble memories during

sleep.,” Science, vol. 265, no. 5172, pp. 676–679, 1994.

[50] A. Dave and D. Margoliash, “Song replay during sleep and computational rules for sensori-

motor vocal learning.,” Science, vol. 290, no. 5492, pp. 812–816, 2000.

[51] J. Siegel, “The rem sleep-memory consolidation hypothesis.,” Science, vol. 294, no. 5544,

pp. 1058–1063, 2001.

[52] S. Gais and J. Born, “Low acetylcholine during slow-wave sleep is critical for declarative

memory consolidation.,” Proceedings of the National Academy of Sciences, vol. 101, no. 7,

pp. 2140–2144, 2004.

[53] M. Walker, “The role of sleep in cognition and emotion,” Annals of the New York Academy

of Sciences, vol. 1156, no. 1, pp. 168–197, 2009.

[54] P. Peigneux, S. Laureys, S. Fuchs, F. Collette, F. Perrin, J. Reggers, C. Philips, C. Degueldre,

G. Del Fiore, J. Aerts, and A. Luxen, “Are spatial memories strengthened in the human

hippocampus during slow wave sleep?,” Neuron, vol. 44, no. 3, pp. 535–545, 2004.

[55] T. Sejnowski and A. Destexhe, “Why do we sleep?,” Brain research, vol. 886, no. 1-2,

pp. 208–223, 2000.

[56] C. Smith, J. Aubrey, and K. Peters, “Different roles for rem and stage 2 sleep in motor

learning: A proposed model.,” Psychologica Belgica, vol. 44, pp. 81–104, 2004.

[57] M. NIshida and M. Walker, “Daytime naps, motor memory consolidation and regionally

specific sleep spindles.,” PloS one, vol. 2, no. 4, p. e341, 2007.

[58] S. Fogel and C. Smith, “The function of the sleep spindle: a physiological index of in-

telligence and a mechanism for sleep-dependent memory consolidation.,” Neuroscience &

Biobehavioral Reviews, vol. 35, no. 5, pp. 1154–1165, 2011.

88



[59] L. Peter-Derex, P. Yammine, H. Bastuji, and B. Croisile, “Sleep and alzheimer’s disease.,”

Sleep medicine reviews, vol. 19, pp. 29–38, 2015.

[60] B. Watson and G. Buzsáki, “Sleep, memory & brain rhythms.,” Daedalus, vol. 144, no. 1,

pp. 67–82, 2015.

[61] G. Tononi and C. Cirelli, “Sleep and synaptic homeostasis: a hypothesis.,” Brain research

bulletin, vol. 62, no. 2, pp. 143–150, 2003.

[62] L. Xie, H. Kang, Q. Xu, M. Chen, Y. Liao, M. Thiyagarajan, J. O’Donnell, D. Christensen,

C. Nicholson, J. Iliff, and T. Takano, “Sleep drives metabolite clearance from the adult

brain,” Science, vol. 342, no. 6156, pp. 373–377, 2013.

[63] J. Cirrito, K. Yamada, M. Finn, R. Sloviter, K. Bales, P. May, D. Schoepp, S. Paul, S. Men-

nerick, and D. Holtzman, “Synaptic activity regulates interstitial fluid amyloid- levels in

vivo,” Neuron, vol. 48, no. 6, pp. 913–922, 2005.

[64] K. Yamada, J. Cirrito, F. Stewart, H. Jiang, M. Finn, B. Holmes, L. Binder, E. Mandelkow,

M. Diamond, V. Lee, and D. Holtzman, “In vivo microdialysis reveals age-dependent de-

crease of brain interstitial fluid tau levels in p301s human tau transgenic mice,” Journal of

Neuroscience, vol. 31, no. 37, pp. 13110–13117, 2011.

[65] M. Larson, M. Sherman, S. Greimel, M. Kuskowski, J. Schneider, D. Bennett, and S. Lesné,

“Soluble -synuclein is a novel modulator of alzheimer’s disease pathophysiology.,” Journal

of Neuroscience, vol. 32, no. 30, pp. 10253–10266, 2012.

[66] C. Henstridge, B. Hyman, and T. Spires-Jones, “Beyond the neuron–cellular interactions

early in alzheimer disease pathogenesis.,” Nature Reviews Neuroscience, vol. 20, no. 2,

pp. 94–108, 2019.

[67] J. Holth, S. Fritschi, C. Wang, N. Pedersen, J. Cirrito, T. Mahan, M. Finn, M. Manis, J. Geer-

ling, P. Fuller, and B. Lucey, “The sleep-wake cycle regulates brain interstitial fluid tau in

mice and csf tau in humans,” Science, vol. 363, no. 6429, pp. 880–884, 2019.

89



[68] Z. Hita-Yañez, M. Atienza, E. Gil-Neciga, and J. L. Cantero, “Disturbed sleep patterns in

elders with mild cognitive impairment: The role of memory decline and apoe 4 genotype.,”

Current Alzheimer Research, vol. 9, no. 3, pp. 290–297, 2012.

[69] J. Duffy, K. Zitting, and E. Chinoy, “Aging and circadian rhythms.,” Sleep medicine clinics,

vol. 10, no. 4, pp. 423–434, 2015.

[70] E. Pace-Schott and R. Spencer, “Sleep-dependent memory consolidation in healthy aging

and mild cognitive impairment,” Sleep, Neuronal Plasticity and Brain Function, pp. 307–

330, 2014.

[71] L. Kurdziel, J. Mantua, and R. Spencer, “Novel word learning in older adults: A role for

sleep?,” Brain and language, vol. 167, pp. 106–113, 2017.

[72] G. Cipriani, C. Lucetti, S. Danti, and A. Nuti, “Sleep disturbances and dementia.,” Psy-

chogeriatrics, vol. 15, no. 1, pp. 65–74, 2015.

[73] L. Shi, S. Chen, M. Ma, Y. Bao, Y. Han, Y. Wang, M. Vitiello, and L. Lu, “Sleep disturbances

increase the risk of dementia: a systematic review and meta-analysis,” Sleep medicine re-

view, vol. 40, pp. 4–16, 2018.

[74] J. Lo, J. Groeger, G. Cheng, D. Dijk, and M. Chee, “Self-reported sleep duration and cogni-

tive performance in older adults: a systematic review and meta-analysis.,” Sleep medicine,

vol. 17, pp. 87–98, 2016.

[75] D. Petit, J. Gagnon, M. Fantini, L. Ferini-Strambi, and J. Montplaisir, “Sleep and quantita-

tive eeg in neurodegenerative disorders,” Journal of psychosomatic research, vol. 56, no. 5,

pp. 487–496, 2004.

[76] F. Hassainia, D. Petit, T. Nielsen, S. Gauthier, and J. Montplaisir, “Quantitative eeg and

statistical mapping of wakefulness and rem sleep in the evaluation of mild to moderate

alzheimer’s disease.,” European neurology, vol. 37, no. 4, pp. 219–224, 1997.

90



[77] C. Lyketsos, O. Lopez, B. Jones, A. Fitzpatrick, J. Breitner, and S. DeKosky, “Prevalence

of neuropsychiatric symptoms in dementia and mild cognitive impairment: results from the

cardiovascular health study.,” Jama, vol. 288, no. 12, pp. 1475–1483, 2002.

[78] A. Lobo, R. LóPez-Antón, C. De-La-CÁmara, M. Quintanilla, A. Campayo, P. Saz, and

Z. Workgroup, “Non-cognitive psychopathological symptoms associated with incident mild

cognitive impairment and dementia, alzheimers type.,” Neurotoxicity research, vol. 14,

no. 2-3, pp. 263–272, 2008.

[79] M. Lou, Y. Lu, Z. Zhang, J. Gan, F. Lou, Y. Wu, and X. Chen, “Evaluation on whole night

polysomnography in aged patients with mild cognitive impairment.,” Chinese journal of

new drugs and clinical remedies, vol. 27, no. 2, p. 109, 2008.

[80] C. Westerberg, E. Lundgren, S. Florczak, M. Mesulam, S. Weintraub, P. Zee, and K. Paller,

“Sleep influences the severity of memory disruption in amnestic mild cognitive impairment:

results from sleep self-assessment and continuous activity monitoring.,” Alzheimer disease

and associated disorders, vol. 24, no. 4, p. 325, 2010.

[81] E. Hita-Yañez, M. Atienza, and J. Cantero, “Polysomnographic and subjective sleep markers

of mild cognitive impairment.,” Sleep, vol. 36, no. 9, pp. 1327–1334, 2013.

[82] S. Kim, J. Lee, D. Lee, J. Jhoo, and J. Woo, “Neurocognitive dysfunction associated with

sleep quality and sleep apnea in patients with mild cognitive impairment.,” The American

Journal of Geriatric Psychiatry, vol. 19, no. 4, pp. 374–381, 2011.

[83] J. Yu, I. Tseng, R. Yuan, J. Sheu, H. Liu, and C. Hu, “Low sleep efficiency in patients with

cognitive impairment.,” Acta Neurol Taiwan, vol. 18, no. 2, pp. 91–97, 2009.

[84] T. Blackwell, K. Yaffe, S. Ancoli-Israel, J. Schneider, J. Cauley, T. Hillier, H. Fink, and

K. Stone, “Poor sleep is associated with impaired cognitive function in older women: the

study of osteoporotic fractures,” The Journals of Gerontology Series A: Biological Sciences

and Medical Sciences, vol. 61, no. 4, pp. 405–410, 2006.

91



[85] S. Naismith, I. Hickie, Z. Terpening, S. Rajaratnam, J. Hodges, S. Bolitho, L. Rogers,

and S. Lewis, “Circadian misalignment and sleep disruption in mild cognitive impairment,”

Journal of Alzheimer’s Disease, vol. 38, no. 4, pp. 857–866, 2014.

[86] X. Zhang, X. Sun, J. Wang, L. Tang, and A. Xie, “Prevalence of rapid eye movement sleep

behavior disorder (rbd) in parkinsons disease: a meta and meta-regression analysis.,” Neu-

rological Sciences, vol. 38, no. 1, pp. 163–170, 2017.

[87] M. Maestri, L. Carnicelli, G. Tognoni, D. Coscio, G. E., L. F., Volpi, N. Economou,

P. Ktonas, R. Ferri, U. Bonuccelli, and E. Bonanni, “Non-rapid eye movement sleep insta-

bility in mild cognitive impairment: a pilot study,” Sleep medicine, vol. 16, no. 9, pp. 1139–

1145, 2015.

[88] N. S. (2019, “2019 sleep in america pool.” March 2019.

[89] N. Dautovich, C. McCrae, and M. Rowe, “Subjective and objective napping and sleep in

older adults: are evening naps "bad" for nighttime sleep?,” Journal of the American Geri-

atrics Society, vol. 56, no. 9, pp. 1681–1686, 2008.

[90] C. Milner and K. Cote, “Benefits of napping in healthy adults: impact of nap length, time of

day, age, and experience with napping.,” Journal of sleep research, vol. 18, no. 2, pp. 272–

281, 2009.

[91] D. Dinges, “Sleep inertia,” Encyclopedia of Sleep and Dreaming, pp. 553–554, 1993.

[92] J. Taub, “Napping behavior, activation and sleep function.,” Waking & Sleeping.

[93] M. Takahashi, “The role of prescribed napping in sleep medicine.,” Sleep medicine reviews,

vol. 7, no. 3, pp. 227–235, 2003.

[94] C. Creighton, “Effects of afternoon rest on the performance of geriatric patients in a rehabil-

itation hospital: a pilot study.,” American Journal of Occupational Therapy, vol. 49, no. 8,

pp. 775–779, 1995.

92



[95] G. Ficca, J. Axelsson, D. Mollicone, V. Muto, and M. Vitiello, “Naps, cognition and perfor-

mance,” Sleep medicine reviews, vol. 14, no. 4, pp. 249–258, 2010.

[96] S. Campbell, P. Murphy, and T. Stauble, “Effects of a nap on nighttime sleep and wak-

ing function in older subjects,” Journal of the American Geriatrics Society, vol. 53, no. 1,

pp. 48–53, 2005.

[97] S. Mednick, K. Nakayama, and R. Stickgold, “Sleep-dependent learning: a nap is as good

as a night.,” Nature neuroscience, vol. 6, no. 7, p. 697, 2003.

[98] T. Monk, D. Buysse, J. Carrier, B. Billy, and L. Rose, “Effects of afternoon siesta naps on

sleep, alertness, performance, and circadian rhythms in the elderly.,” Sleep, vol. 24, no. 6,

pp. 680–687, 2001.

[99] I. Yoon, D. Kripke, S. Youngstedt, and J. Elliott, “Actigraphy suggests agerelated differences

in napping and nocturnal sleep.,” Journal of sleep research, vol. 12, no. 2, pp. 87–93, 2003.

[100] M. Tamaki, A. Shirota, M. Hayashi, and T. Hori, “Restorative effects of a short afternoon

nap (< 30 min) in the elderly on subjective mood, performance and eeg activity.,” Sleep Res

Online, vol. 3, no. 3, pp. 131–139, 2000.

[101] J. Owusu, A. Wennberg, C. Holingue, M. Tzuang, K. Abeson, and A. Spira, “Napping

characteristics and cognitive performance in older adults.,” International journal of geriatric

psychiatry, vol. 34, no. 1, pp. 87–96, 2019.

[102] A. Katagi and N. Miyai, “Effects of short-term nap and light physical exercise on sleep

among elderly patients with mild-to-moderate ad in communal living group homes. nihon

eiseigaku zasshi.,” Japanese journal of hygiene, vol. 73, no. 3, pp. 365–372, 2018.

[103] K. Richards, C. Beck, P. O’Sullivan, and V. Shue, “Effect of individualized social activity

on sleep in nursing home residents with dementia.,” Journal of the American Geriatrics

Society, vol. 53, no. 9, pp. 1501–1517, 2005.

93



[104] D. Woords, H. Kim, and M. Yefimova, “To nap or not to nap: excessive daytime napping is

associated with elevated evening cortisol in nursing home residents with dementia,” Biolog-

ical research for nursing, vol. 15, no. 2, pp. 185–190, 2013.

[105] J. Schneider, N. Külzow, S. Passmann, D. Antonenko, S. Tamm, and A. Flöel, “Improved

memory consolidation by slow oscillatory brain stimulation during an afternoon nap in older

adults.,” Alzheimer’s & Dementia: The Journal of the Alzheimer’s Association, vol. 11,

no. 7, pp. 345–346, 2015.

[106] D. Foley, A. Monjan, K. Masaki, W. Ross, R. Havlik, L. White, and L. Launer, “Daytime

sleepiness is associated with 3year incident dementia and cognitive decline in older japane-

seamerican men.,” Journal of the American Geriatrics Society, vol. 49, no. 12, pp. 1628–

1632, 2001.

[107] G. Merlino, A. Piani, G. Gigli, I. Cancelli, A. Rinaldi, A. Baroselli, A. Serafini, B. Zanchet-

tin, and M. Valente, “Daytime sleepiness is associated with dementia and cognitive decline

in older italian adults: a population-based study,” Sleep medicine, vol. 11, no. 4, pp. 372–

377, 2010.

[108] I. Jaussent, J. Bouyer, M. Ancelin, C. Berr, A. Foubert-Samier, K. Ritchie, M. Ohayon,

A. Besset, and Y. Dauvilliers, “Excessive sleepiness is predictive of cognitive decline in the

elderly,” Sleep, vol. 35, no. 9, pp. 1201–1207, 2012.

[109] D. Foley, M. Vitiello, D. Bliwise, S. Ancoli-Israel, A. Monjan, and J. Walsh, “Frequent

napping is associated with excessive daytime sleepiness, depression, pain, and nocturia in

older adults: findings from the national sleep foundation ‘2003 sleep in america’poll.,” The

American journal of geriatric psychiatry, vol. 15, no. 4, pp. 344–350, 2007.

[110] H. Lam, J. K., T. C., A. G., Z. T., S. W., Taheri, P. Adab, T. Lam, and K. Cheng, “Napping

is associated with increased risk of type 2 diabetes: the guangzhou biobank cohort study.,”

Sleep, vol. 33, no. 3, pp. 402–407, 2010.

94



[111] L. Yang, H. Yang, M. He, A. Pan, X. Li, X. Min, C. Zhang, C. Xu, X. Zhu, J. Yuan, and

S. Wei, “Longer sleep duration and midday napping are associated with a higher risk of

chd incidence in middle-aged and older chinese: the dongfeng-tongji cohort study,” Sleep,

vol. 39, no. 3, pp. 645–652, 2016.

[112] S. Patel, A. Hayes, T. Blackwell, D. Evans, S. Ancoli-Israel, Y. Wing, and K. Stone, “The

association between sleep patterns and obesity in older adults.,” International journal of

obesity, vol. 38, no. 9, p. 1159, 2014.

[113] M. Tamaki, H. Nittono, M. Hayashi, and T. Hori, “Examination of the first-night effect

during the sleep-onset period,” Sleep, vol. 28, no. 2, pp. 195–202, 2005.

[114] D. Buysse, C. Reynolds, T. Monk, S. Berman, and D. Kupfer, “The pittsburgh sleep quality

index: a new instrument for psychiatric practice and research.,” Psychiatry research, vol. 28,

no. 2, pp. 193–213, 1989.

[115] J. Cole, S. Motivala, D. Buysse, M. Oxman, M. Levin, and M. Irwin, “Validation of a 3-

factor scoring model for the pittsburgh sleep quality index in older adults.,” Sleep, vol. 29,

no. 1, pp. 112–116, 2006.

[116] Y. Jia, S. Chen, N. Deutz, S. Bukkapatnam, and S. Woltering, “Examining the structure

validity of the pittsburgh sleep quality index.,” Sleep and Biological Rhythms, vol. 17, no. 2,

pp. 209–221, 2019.

[117] S. Ghosh, D. Libon, and C. Lippa, “Mild cognitive impairment: a brief review and suggested

clinical algorithm.,” American Journal of Alzheimer’s Disease & Other Dementias, vol. 29,

no. 4, pp. 293–302, 2014.

[118] Z. Nasreddine, N. Phillips, V. Bédirian, S. Charbonneau, V. Whitehead, I. Collin, J. Cum-

mings, and H. Chertkow, “The montreal cognitive assessment, moca: a brief screening tool

for mild cognitive impairment,” Journal of the American Geriatrics Society, vol. 53, no. 4,

pp. 695–699, 2005.

95



[119] M. Malek-Ahmadi, J. Powell, C. Belden, K. OConnor, L. Evans, D. Coon, and W. Nieri,

“Age-and education-adjusted normative data for the montreal cognitive assessment (moca)

in older adults age 7099.,” Aging, Neuropsychology, and Cognition, vol. 22, no. 6, pp. 755–

761, 2015.

[120] Y. Liang, Y. Pertzov, J. Nicholas, S. Henley, S. Crutch, F. Woodward, K. Leung, N. Fox,

and M. Husain, “Visual short-term memory binding deficit in familial alzheimer’s disease,”

cortex, vol. 78, pp. 150–164, 2016.

[121] N. Zokaei and M. Husain, Working memory in Alzheimers disease and Parkinsons disease.

2019.

[122] T. Tombaugh, “Trail making test a and b: normative data stratified by age and education.,”

Archives of clinical neuropsychology, vol. 19, no. 2, pp. 203–214, 2004.

[123] S. Terada, S. Sato, S. Nagao, C. Ikeda, A. Shindo, S. Hayashi, E. Oshima, O. Yokota, and

Y. Uchitomi, “Trail making test b and brain perfusion imaging in mild cognitive impair-

ment and mild alzheimer’s disease,” Psychiatry Research: Neuroimaging, vol. 213, no. 3,

pp. 249–255, 2013.

[124] I. Sánchez-Cubillo, J. Perianez, D. Adrover-Roig, J. Rodriguez-Sanchez, M. Rios-Lago,

J. Tirapu, and F. Barcelo, “Construct validity of the trail making test: role of task-switching,

working memory, inhibition/interference control, and visuomotor abilities.,” Journal of the

International Neuropsychological Society, vol. 15, no. 3, pp. 438–450, 2009.

[125] L. Müller, A. Guhn, J. Zeller, S. Biehl, T. Dresler, T. Hahn, A. Fallgatter, T. Polak, J. Deck-

ert, and M. Herrmann, “Neural correlates of a standardized version of the trail making test in

young and elderly adults: a functional near-infrared spectroscopy study,” Neuropsychologia,

vol. 56, pp. 271–279, 2014.

[126] J. Stroop, “Studies of interference in serial verbal reactions,” Journal of experimental psy-

chology, vol. 18, no. 6, p. 643, 1935.

96



[127] R. Perry and J. Hodges, “Attention and executive deficits in alzheimer’s disease: A critical

review.,” Brain, vol. 122, no. 3, pp. 383–404, 1999.

[128] H. Amieva, S. Lafont, I. Rouch-Leroyer, C. Rainville, J. Dartigues, J. Orgogozo, and C. Fab-

rigoule, “Evidencing inhibitory deficits in alzheimer’s disease through interference effects

and shifting disabilities in the stroop test.,” Archives of Clinical Neuropsychology, vol. 19,

no. 6, pp. 791–803, 2004.

[129] S. Bélanger, S. Belleville, and S. Gauthier, “Inhibition impairments in alzheimer’s disease,

mild cognitive impairment and healthy aging: Effect of congruency proportion in a stroop

task.,” Neuropsychologia, vol. 48, no. 2, pp. 581–590, 2010.

[130] J. Cohen, Statistical power analysis for the social sciences. 2000.

[131] I. Corp, IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM: Corp, 2013.

[132] R. C. Team. R: A language and environment for statistical computing, 2013.

[133] J. Floyd, Sleep and aging. 2002.

[134] T. L. Hayes, T. Riley, N. Mattek, M. Pavel, and K. JA., “Sleep habits in mild cognitive

impairment,” Alzheimer disease and associated disordersApr;, vol. 28, p. 145, 4 2014.

[135] G. Wilson, Z. Terpening, K. Wong, R. Grunstein, L. Norrie, S. J. Lewis, and N. SL., “Screen-

ing for sleep apnoea in mild cognitive impairment: the utility of the multivariable apnoea

prediction index,” Sleep disorders, 2014.

[136] L. Marshall and J. Born, “The contribution of sleep to hippocampus-dependent memory

consolidation,” Trends in cognitive sciences, vol. 11, no. 10, pp. 442–450, 2007.

[137] S. Cain, E. Silva, A. Chang, J. Ronda, and J. Duffy, “One night of sleep deprivation affects

reaction time, but not interference or facilitation in a stroop task.,” Brain and cognition,

vol. 76, no. 1, pp. 37–42, 2011.

[138] T. Prince and T. Abel, “The impact of sleep loss on hippocampal function.,” Learning &

Memory, vol. 20, no. 10, pp. 558–569, 2013.

97



[139] A. McKinnon, Z. Terpening, I. B. Hickie, J. Batchelor, R. Grunstein, S. J. Lewis, and N. S. P.

and, “and predictors of poor sleep quality in mild cognitive impairment,” Journal of geriatric

psychiatry and neurologySep;, vol. 27, no. 3, pp. 204–11, 2014.

[140] K. A. Wilckens, S. G. Woo, A. R. Kirk, K. I. Erickson, and M. E. Wheeler, “Role of sleep

continuity and total sleep time in executive function across theadult lifespan,” sychol Aging,

vol. 29, pp. 658–665, 2014.

[141] J. P. K. Bernstein, M. Calamia, and J. N. Keller, “Multiple self-reportedsleep measures are

differentially associated with cognitive performance incommunity-dwelling nondemented

elderly,” europsychology, vol. 32, pp. 220–229, 2018.

[142] S. A. Beaudreau, A. P. Spira, A. Stewart, E. J. Kezirian, L. Y. Lui, K. Ensrud, S. Redline,

S. Ancoli-Israel, and K. Stone, “Validation of the pittsburgh sleep quality index and the

epworth sleepiness scale in older black and white women,” Sleep medicine, vol. 13, no. 1,

pp. 36–42, 2012.

[143] S. Wilcox, G. A. Brenes, D. Levine, M. A. Sevick, S. A. Shumaker, and T. Craven, “Fac-

tors related to sleep disturbance in older adults experiencing knee pain or knee pain with

radiographic evidence of knee osteoarthritis,” Journal of the American Geriatrics Society,

vol. 48, no. 10, pp. 1241–1251, 2000.

[144] J. Ellis, S. E. Hampson, and M. Cropley, “Sleep hygiene or compensatory sleep practices: an

examination of behaviours affecting sleep in older adults,” Psychology, health & medicine,

vol. 7, no. 2, pp. 156–161, 2002.

[145] M. K. Scullin, “Sleep, memory, and aging: the link between slow-wave sleep and episodic

memory changes from younger to older adults,” Psychology and aging, vol. 28, no. 1, p. 105,

2013.

[146] D. C. Park, G. Lautenschlager, T. Hedden, N. S. Davidson, A. D. Smith, and P. K. Smith,

“Models of visuospatial and verbal memory across the adult life span,” Psychology and

aging, vol. 17, no. 2, p. 299, 2002.

98



[147] M. Schabus, T. T. Dang-Vu, G. Albouy, E. Balteau, M. Boly, J. Carrier, A. Darsaud,

C. Degueldre, M. Desseilles, S. Gais, and C. Phillips, “Hemodynamic cerebral correlates of

sleep spindles during human non-rapid eye movement sleep,” Proceedings of the National

Academy of SciencesAug, vol. 7, no. 104, p. 32, 2007.

[148] J. C. Baron, G. Chetelat, B. Desgranges, G. Perchey, B. Landeau, V. De La Sayette, and

F. Eustache, “In vivo mapping of gray matter loss with voxel-based morphometry in mild

alzheimer’s disease,” Neuroimage, vol. 14, no. 2, pp. 298–309, 2001.

[149] H. Braak and E. Braak, “Neuropathological stageing of alzheimer-related changes,” Acta

neuropathologica, vol. 82, no. 4, pp. 239–259, 1991.

[150] M. Tucker, Y. Hirota, E. Wamsley, H. Lau, A. Chaklader, and W. Fishbein, “A daytime nap

containing solely non-rem sleep enhances declarative but not procedural memory.,” Neuro-

biology of learning and memory, vol. 86, no. 2, pp. 241–247, 2006.

[151] E. J. Wamsley, M. Tucker, J. D. Payne, J. A. Benavides, and R. Stickgold, “Dreaming of a

learning task is associated with enhanced sleep-dependent memory consolidation,” Current

Biology, vol. 20, no. 9, pp. 850–855, 2010.

[152] W. Plihal and J. Born, “Effects of early and late nocturnal sleep on priming and spatial

memory,” Psychophysiology, vol. 36, no. 5, pp. 571–582, 1999.

[153] M. G. Packard, R. Hirsh, and N. M. White, “Differential effects of fornix and caudate nu-

cleus lesions on two radial maze tasks: evidence for multiple memory systems,” Journal of

Neuroscience, vol. 9, no. 5, pp. 1465–1472, 1989.

[154] L. Weiskrantz, “Neuroanatomy of memory and amnesia: a case for multiple memory sys-

tems,” Human Neurobiology, 1987.

[155] F. Bai, D. R. Watson, and Z. Zhang, “Hippocampal dysfunction in amnestic-type mild cog-

nitive impairment: implications for predicting alzheimers risk,” Future Neurology, vol. 4,

no. 5, pp. 649–662, 2009.

99



[156] C. Smith and C. MacNeill, “Impaired motor memory for a pursuit rotor task following stage

2 sleep loss in college students,” Journal of sleep research, vol. 3, no. 4, pp. 206–213, 1994.

[157] C. A. Kushida, Sleep deprivation: clinical issues, pharmacology, and sleep loss effects.

CRC Press, 2004.

[158] A. Brooks and L. A. Lack, “brief afternoon nap following nocturnal sleep restriction: which

nap duration is most recuperative?,” SleepJun, vol. 1, no. 29, p. 6, 2006.

[159] N. Lovato and L. Lack, “The effects of napping on cognitive functioning,” in InProgress in

brain research, pp. 155–166, Elsevier, 2010.

[160] N. D. Nguyen, M. A. Tucker, R. Stickgold, and E. J. Wamsley, “Overnight sleep enhances

hippocampus-dependent aspects of spatial memory,” Sleep, vol. 36, no. 7, pp. 1051–1057,

2013.

[161] Z. Guan, X. Peng, and J. Fang, “Sleep deprivation impairs spatial memory and decreases

extracellular signal-regulated kinase phosphorylation in the hippocampus,” Brain research,

vol. 1018, no. 1, pp. 38–47, 2004.

[162] D. Tempesta, M. Mazza, G. Iaria, L. De Gennaro, and M. Ferrara, “A specific deficit in

spatial memory acquisition in posttraumatic stress disorder and the role of sleep in its con-

solidation,” Hippocampus, vol. 22, no. 5, pp. 1154–1163, 2012.

[163] H. Lau, M. A. Tucker, and W. Fishbein, “Daytime napping: Effects on human direct as-

sociative and relational memory,” Neurobiology of learning and memory, vol. 93, no. 4,

pp. 554–560, 2010.

[164] E. J. Wamsley, M. A. Tucker, J. D. Payne, and R. Stickgold, “A brief nap is beneficial for

human route-learning: The role of navigation experience and eeg spectral power,” Learning

& Memory, vol. 17, no. 7, pp. 332–336, 2010.

[165] C. N. Oyanedel, A. Sawangjit, J. Born, and M. Inostroza, “Sleep-dependent consolidation

patterns reveal insights into episodic memory structure,” Neurobiology of learning and mem-

ory, vol. 160, pp. 67–72, 2019.

100



[166] E. Hokett and A. Duarte, “Age and race-related differences in sleep discontinuity linked to

associative memory performance and its neural underpinnings,” Frontiers in Human Neuro-

science, vol. 13, 2019.

[167] M. P. Walker and E. van Der Helm, “Overnight therapy? the role of sleep in emotional brain

processing,” Psychological bulletin, vol. 135, no. 5, p. 731, 2009.

[168] K. A. Bennion, J. D. Payne, and E. A. Kensinger, “Selective effects of sleep on emotional

memory: What mechanisms are responsible?,” Translational Issues in Psychological Sci-

ence, vol. 1, no. 1, p. 79, 2015.

[169] E. Solomonova, S. Dubé, C. Blanchette-Carrière, D. Sandra, A. Samson-Richer, M. Carr,

T. Paquette, and N. T., “Different patterns of sleep-dependent procedural memory consoli-

dation in vipassana meditation practitioners and non-meditating controls,” Frontiers in Psy-

chology, vol. 10, p. 3014, 2020.

101



APPENDIX A

SAMPLE FOR PITTSBURGH SLEEP QUALITY INDEX (PSQI)

102



APPENDIX B

SAMPLE FOR TRIAL MAKING TASK (TMT)

103



104



105



106


	ABSTRACT
	ACKNOWLEDGMENTS
	CONTRIBUTORS AND FUNDING SOURCES
	NOMENCLATURE
	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF TABLES
	Introduction
	literature review
	Alzheimer's Disease (AD)
	Mild Cognitive Impairment (MCI)
	Problem Summary
	Basics of sleep
	Sleep architecture
	Functions of sleep
	Measures of sleep

	Theories on how sleep relates to cognition
	Homeostasis
	Sleep dependent memory consolidation theory
	Waste-clearance theory
	Summary

	Nocturnal sleep & MCI
	Sleep in normal aging
	Sleep in AD
	Sleep in MCI

	Daytime sleep (napping) & MCI
	Daytime sleep & nocturnal sleep in the general older population
	Daytime sleep in AD
	Daytime sleep in MCI
	Theories on how daytime sleep affects AD & MCI

	Study purpose

	METHODS
	Participants
	Study design
	Procedure

	Measurements
	Subjective sleep measures
	Objective daytime sleep measures
	Cognitive performance measures
	Bodyweight (BW) and body height (BH) measures

	Analysis plan
	Daytime sleep analysis
	Statistical analysis


	SUBJECTIVE SLEEP QUALITY IN MCI & HEALTHY OLDER ADULTS
	Introduction
	Methods
	Sample
	Subjective sleep measures
	Cognitive performance measures
	Analysis plan

	Results
	Subjective sleep quality outcome (PSQI)
	Cognitive performance outcome
	Correlation between subjective sleep quality and baseline cognitive performance

	Discussion

	OBJECTIVE NAPPING QUALITY IN MCI & HEALTHY OLDER ADULTS
	Introduction
	Methods
	Sample
	Objective napping measures
	Cognitive performance measures
	Analysis plan

	Results
	Objective napping quality outcome (PSG parameters)
	Correlation between objective napping quality and baseline cognitive performance

	Discussion

	IMPROVING COGNITIVE PERFORMANCE BEFORE AND AFTER NAPPING IN MCI & HEALTHY OLDER ADULTS
	Introduction
	Methods
	Sample
	Objective napping measures
	Cognitive performance measures
	Analysis plan

	Results
	Changes of cognitive performance
	Correlation between objective napping quality and changes in cognitive performance

	Discussion

	GENERAL DISCUSSION
	Group differences: subjective and objective measures
	Baseline cognitive performance & (daytime) sleep: correlation findings
	The role of daytime sleep in cognition
	Limitations
	Significance, implications, and future directions

	CONCLUSIONS
	REFERENCES
	APPENDIX Sample for Pittsburgh Sleep Quality Index (PSQI)
	APPENDIX Sample for Trial Making Task (TMT)

