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Sleep researchers and theorists alike have speculated for many years that one of the 

primary purposes of sleep is to provide a period of rest for the brain that is essential for 

maintaining optimal cognitive functioning. Although many have attempted to systematically 

examine this relationship, the literature is plagued by inconsistent and contradictory findings. 

The current study examined the sleep-cognition relationship in a sample of community-dwelling 

older adults with insomnia. 

Forty-eight older adults with insomnia (Mean Age = 69.91 years, SD = 7.24) concurrently 

wore wrist actigraphy while completing sleep diaries and a measure of perceptual speed and 

reasoning for fourteen consecutive days. Descriptive analysis revealed that individuals exhibited 

a substantial amount, between 48% and 189%, of variability in sleep and cognition within-person 

as compared to between-person. Correlational analysis revealed that more variable sleep is 

associated with poorer reasoning and better perceptual speed.  

Multilevel modeling (MLM) indicated that days with longer than average sleep onset are 

associated with better than average reasoning, as is spending, on average, greater time resting in 

the morning. However, days when an individual, who usually spends long periods to fall asleep, 

takes even longer to fall asleep are associated with poorer reasoning. Spending above-average 
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amount of time awake in the middle of the night is associated with below-average perceptual 

speed. However, days when an individual, who usually spends long periods resting in the 

morning, rests for even longer in the morning are associated with better processing speed. 

Results lend support to the sleep-cognition relationship. These findings illustrate the utility 

of studying intraindividual variability in sleep. There is a daily relationship between sleep, or 

better stated – wake, parameters and cognitive performance in older adults with insomnia. 
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CHAPTER 1 
INTRODUCTION 

The current study seeks to examine the intraindividual variability (i.e., within-person 

variability) of objectively and subjectively measured sleep and cognitive performance in older 

adults with insomnia. Specifically, this study will address questions concerning the amount of 

within-person variability in sleep and cognition, how this variability might be related across the 

two domains and how it is related to average performance/behavior, and how changes in daily 

sleep might relate to changes in daily cognitive performance.  

There is a large amount of research illustrating that normal aging is associated with 

decreases in sleep and decreases in cognitive ability. Given the known decreases in sleep and 

cognitive performance associated with increased age, it is logical to think that these two 

phenomena might be related. In fact, many studies have proven this to be an accurate assumption 

by means of sleep depriving individuals and then testing their cognitive capabilities. However, 

the ecological validity of such studies is low because individuals do not tend to actively keep 

themselves awake for such extended periods of time. And, though generally decrements in 

functioning are observed following deprivation, some studies have found no such results. An 

interesting interpretation of these mixed results is that people vary in their susceptibility to sleep 

loss (i.e., there are interindividual differences in intraindividual processes).  

A current line of research, and analysis, within the developmental and cognitive aging 

fields is the study of intraindividual variability in cognitive functioning. Results from this context 

have indicated that within-person variability is both a normal homeostatic “hum” and large 

inconsistency can be indicative of impaired neuronal functioning and that variability tends to 

increase with advancing age. Furthermore, statistical advances associated with the study of 

intraindividual variability allows for the testing of between-person, within-person 
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differences/associations, and between-person differences on within-person processes. If 

individuals with impaired neural functioning exhibit high within-person variability and sleep loss 

is expected to cause decreased cognitive performance through its effects on the prefrontal cortex 

then the application of intraindividual variability methodology to the study of the sleep-cognition 

relationship in older insomniacs is warranted and should prove fruitful.  

The current study should expand the knowledge domain in the fields of sleep research and 

cognitive aging while bridging two fields that are very complimentary yet consistently distant 

from one another. It is hypothesized that sleep and cognition will both display considerable 

amounts of within-person variability, that variability will be related across constructs, and that 

daily changes in sleep will coincide with daily changes in cognitive performance.  

These hypotheses have implications for our current understanding of the purpose of sleep, 

of the effects of sleep loss, and causes of age-related cognitive decline. Possible implications 

could be sleep-based treatments to deal with one possible source of age associated cognitive 

decline, the need to assess sleep when conducting cognitive assessment, and the need to assess 

cognition multiple times to get an accurate indication of true level.  

The following chapters provide a comprehensive overview of the relevant sleep and 

cognitive literature. This will be followed by the specific aims, hypotheses, and analysis of each 

part of the study. Results will then be presented and discussed. 
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CHAPTER 2 
REVIEW OF THE LITERATURE 

Older Adults 

There are currently over 36 million adults living in the United States over the age of 65. 

This number is expected to exceed 64 million in the next 40 years and it has been estimated that 

the number of individuals between the age of 65 and 85 will grow by approximately 113% 

between 2000 and 2050 while the number of individuals over 85 years old will experience 388% 

growth in the same 50 years (U.S. Census Bureau, 2004). With this rapidly increasing population 

it is essential for psychologists to expand our knowledge of the various factors affecting the 

aging process.  

Sleep in Older Adults 

“Normal” Sleep 

The patterns, durations, frequencies, and correlates of sleep in older adults are all well 

studied phenomenon. In general, as an individual increases in age their sleep becomes lighter, 

shorter and more fragmented than when they were younger (Morgan, 2000). It has been found 

that older adults experience more frequent shifts from one sleep stage to another, more frequent 

intrasleep arousals (Bosselli, Parrino, Smerieri, & Terzano, 1998), and more, and longer, periods 

of alpha activity during sleep (Webb, 1982) than do their younger counterparts.  

There is currently considerable debate about whether or not rapid-eye-movement (REM) 

sleep decreases with age (Bliwise, 1993). However, it is generally agreed upon that one of the 

most prominent changes in sleep architecture associated with the aging process is the steady and 

drastic decrease in the amount of time spent in deep, slow-wave-sleep (Stages 3 and 4) (SWS; 

Prinz et al., 1982). The decrease in the amount of time spent in SWS in late-life means that older 

adults spend much more time in the light, non-restorative sleep Stages 1 and 2. These changes 
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have led to the sleep of older adults being characterized as “structurally lighter” than that of 

younger adults. In fact, it has been found that older adults awaken more easily from sleep than do 

younger adults (Zepelin, McDonald, & Zammit, 1984).  

Whether or not these age related changes in sleep are part of the “normal” aging process or 

if they are the behavioral manifestations of an underlying pathology is debatable. A recent meta-

analysis of the age-related sleep changes confirm that increased age is associated with increased 

wake time after sleep onset and sleep onset latency and decreased total sleep time at medium to 

high levels (Floyd, Medler, Ager, & Janisse, 2000). In general, the functions of sleep have not 

yet been agreed upon but it is the consensus of the majority of sleep researchers that the above 

described changes in sleep reflect “normal ontogenetic change” (Morgan, 2000).  

Insomnia 

Insomnia, on the other hand, is among the most prevalent disorders of late-life. The 

Diagnostic and Statistical Manual of Mental Disorders 4th Edition (DSM-IV) defines insomnia 

as the difficulty initiating or maintaining sleep, or non-restorative sleep, for at least one month 

that causes significant distress (American Psychiatric Association, 1994). The prevalence of 

insomnia in older adults is not agreed upon. However, it is known that the prevalence does 

increase with increasing age (Ohayon, 1996). In an epidemiological community-based sample of 

over 5,000 older adults estimates of the prevalence of insomnia were 65% (Newman, Enright, 

Manolio, Haponik, & Wahl, 1997) indicating the widespread nature of the disorder. Furthermore, 

insomnia in older adults tends to be a chronic condition with the average span of the disorder 

lasting 12 years (McCrae et al., 2003).  

Insomnia in late-life is not a solitary event; it is accompanied by many unwanted 

consequences and correlates. Individuals with insomnia have been shown to experience quality 

of life hindrances equivalent to the experience of congestive heart failure patients (Katz & 
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McHorney, 2002). Other studies have reported deficits in cognitive and psychomotor 

functioning, including memory, concentration, attention, reasoning, problem solving, and 

reaction time (Harrison & Horne, 2000; Roth & Roehrs, 2003). 

Additionally, insomnia has serious negative effects on mental health and social 

functioning.  Insomnia is often co-morbid with psychiatric, mood and anxiety disorders. 

Estimates suggest that 30% to 50% of individuals with insomnia also have an accompanying 

psychiatric disorder (Benca, 2001; Morgan, 1996). Insomnia has been associated with the 

occurrence of coronary heart disease (Schwartz et al., 1999) and obesity (Vorona et al., 2005). 

The negative impact of insomnia does not stop at significant personal hardship. Insomnia 

has significant national economic consequences. Insomnia has been associated with a significant 

increase in absenteeism due to health problems (twice as likely to miss work), lost productivity at 

work, increased rates of health care utilization (after controlling for age, sex, and medical and 

psychiatric disease) and automobile accidents (insomnia increases the risk of traffic accidents, 

accidents at home, and public accidents by 200% to 300%, and work-related accidents by 150%) 

(Benca, 2001; Hublin & Partinen, 2002; Katz & McHorney, 2002; Neubauer, 2004; Roth & 

Roehrs, 2003;).  The total economic burden of insomnia has been estimated to be between a 

staggering $77 and $100 billion per year (Hublin & Partinen, 2002; Stoller, 1994; Walsh & 

Engelhardt, 1999). 

Sleep and Cognition 

The link between sleep and cognition has long been theorized and studied. Although this 

relationship seems rather intuitive there is a lack of consensus regarding the effects of sleep loss 

on cognitive functions. For reasons of experimental control most studies of the sleep-cognition 

relationship use a sleep deprivation paradigm. In this paradigm, participants are usually 
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cognitively tested prior to deprivation, kept awake in a laboratory for an extended period of time, 

and then tested again. 

In a recent review of the sleep deprivation – cognition literature, Harrison and Horne 

(2000) summarize the extant mixed findings regarding the cognitive consequences of laboratory 

induced sleep loss as being “unclear from the literature whether tasks associated with cognitive 

speed, psychomotor skills, auditory and visual attention, and short-term attention are sensitive to 

1 night of sleep deprivation for any other reason than their monotony and lack of novelty”. This 

view is shared by scientists who argue the sleep loss has no specific physiological or behavioral 

manifestations but operates through a global reduction in arousal (Wilkinson, 1992). Support for 

this view has been drawn from studies illustrating difficult and important assessments, such as 

IQ test, are resilient to 36 hours or more of sleep deprivation (Horne, 1988).  

There are, however, a growing number of neuropsychological and imaging studies that 

have illustrated the prefrontal region of the cerebral cortex is particularly sensitive to sleep loss 

and that the executive functions (i.e., working memory, attention, and processing speed) are 

dependent on processes that occur in this brain region, suggesting that these functions are the 

most susceptible to sleep loss (Drummond et al., 2000). Yet, many sleep researchers adhere to 

the stance that divergent skills, as opposed to convergent skills, are the ones most affected by 

sleep loss (Harrison & Horne, 2000). And early reviewers of the sleep deprivation – cognition 

relationship suggested a negative impact of sleep loss on reaction times and vigilance (Krueger, 

1989).   

Recent evidence from more physiologically based research suggests sleep provides an 

exclusive form of recovery for the cerebral cortex, especially the prefrontal cortex (Horne, 1993). 

The prefrontal cortex, which has been shown to be vital for optimal cognitive functioning, has 
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been shown to recover from strains placed on it during wakefulness during sleep. This can be 

seen in its high voltage and slowest brainwaves, compared to other brain regions, while in 

NREM sleep (Muzur, Pace-Schott, & Hobson, 2002). The prefrontal cortex is thought to be the 

hardest working region of the brain and it is therefore believed that it is also the region of the 

brain that needs the most recovery during sleep. Hence, the prefrontal cortex and its associated 

functions are believed to be the most susceptible to the loss of sleep (Durmer & Dinges, 2005). 

In fact, marked changes in activation of the prefrontal cortex have been observed following 30-

35 hours of sleep deprivation (Drummond, 2000), as were detriments in performance on a known 

and agreed upon task of executive functioning, the Tower of London Test (Horne, 1988).  

In a related, but different, approach Pilcher and Huffcutt (1996) performed a meta-analysis 

on the effects of sleep deprivation on cognitive performance. The results of their analysis, which 

included a combined sample of over 1,900, pointed to the intriguing finding that not all sleep 

deprivation is created equal. They found that partial sleep deprivation, getting less than 5 hours 

of sleep a night, resulted in the largest decrease in cognitive performance; more so than did 

short-term total sleep deprivation, less than 45 hours of sleep deprivation, and long-term total 

sleep deprivation, more than 45 hours of sleep loss. The effect size for partial sleep deprivation 

and cognitive performance was considerably large (d = -3.01). Interestingly, the authors also 

reported large effect sizes for the relationship between partial sleep deprivation and simple and 

complex cognitive tasks (Pilcher & Huffcutt, 1996).  

Recent researches now suggest that total sleep deprivation has a more profound effect on 

cognitive functioning than partial sleep deprivation (Van Dongen, Maislin, Mullington, & 

Dinges, 2003). With regard to chronic partial sleep deprivation, which most realistically mimics 

‘real’ sleep, the effects on cognitive performance have been mixed. Repeated days of sleep 
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restriction to between 3 and 6 hours of sleep per night have been experimentally shown to 

negatively affect cognitive speed, working memory, and attention (Belenky et al., 2003; Dinges 

et al., 1997; Drake et al., 2001; Van Dongen et al., 2003). Interestingly, it has been shown that 

the cumulative effect of 14 days of sleep restriction to 4 hours per night was cognitively 

(attention, working memory, cognitive throughput) equivalent to 2 nights of total sleep 

deprivation and 14 days of restriction to 6 hours per night was equivalent to 1 night of total sleep 

deprivation (Durmer & Dinges, 2005). The cognitive deficits observed in chronic sleep 

restriction do not accumulate in an additive fashion (i.e., a total of 20 hours awake in sleep 

restriction over 4 days does not equal 20 hours straight of sleep deprivation). This has been 

interpreted as adaptation in sleep restriction (Drake et al., 2001) where individuals learn to deal 

with the effects of sleep loss. 

There is a growing amount of evidence that points to the role of sleep for memory 

consolidation. REM sleep is suspected to influence procedural learning and emotional memories 

(Gais & Born, 2004; Wagner, Gais, & Born, 2001) while NREM sleep has been implicated in 

declarative memory processes. Sleep may also facilitate the realization of underlying rules or 

insight gaining (Wagner, Gais, Haider, Verleger, & Born, 2004). Sleep has been shown to be 

essential for memory consolidation after learning has occurred (Walker & Stickgold, 2004) and 

more recently the need for sleep prior to the acquisition of information has been demonstrated. 

Subjects who experienced 35 hours of sleep deprivation prior to exposure to new information 

had significantly worse recall of that information than did normal control sleepers (Yoo, Hu, 

Gujar, Jolesz, & Walker, 2007). Sleep appears to be important for the consolidation of previously 

learned information and for the acquisition of new information. See Hobson & Pace-Schott 

(2002) for a review of the neural systems associated with sleep and learning.  
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Both the authors of the review (Harrison & Horne, 2000) and the meta-analysis (Pilcher & 

Huffcutt, 1996) point to the need for more research on the sleep and cognition relationship in 

older adults.  

Sleep and Cognition in Older Adults  

The two studies that have examined the effects of sleep deprivation on cognitive 

performance in older adults found worse cognitive performance following sleep deprivation in 

older adults than in younger adults (Webb, 1985; Web & Levy, 1982). In a sample of over 2,500 

older women with osteoporosis poor objective sleep was found to be associated with impaired 

overall cognitive functioning, measured by the MMSE, and decreased processing speed, 

measured by time to complete Trails B (Blackwell et al., 2006). Similarly, in a sample of nearly 

2,000 older community-dwelling women, those who sleep less and had more difficulty initiating 

and maintaining sleep performed cognitively worse than those whose sleep could be 

characterized as ‘good’ (Tworoger, Lee, Schernhammer, & Grodstein, 2006). In a sample of over 

6,000 older men, insomnia symptoms were found to be independent predictors of three year 

cognitive decline - independent of demographic, behavioral, and health factors (Cricco, 

Simonsick, & Foley, 2001). 

 Although much research has been conducted on the relationship between sleep and 

cognitive performance, the same can not be said for studying this relationship in older adults 

with insomnia. The few studies that have been completed on this sample indicate that there is a 

sleep – cognition relationship in older adults with insomnia. For example, it has been found that 

older adults with insomnia have a deficiency in slow-wave-sleep that is related to processing 

speed but that this same slow-wave-sleep – processing speed relationship is not present in normal 

sleeping older adults (Crenshaw & Edinger, 1999). In a study comparing good sleeping older 

adults to medicated and un-medicated older insomniacs on the relationship between objective 
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and subjective sleep and cognitive performance found that older insomniacs on and off 

benzodiazepines performed worse on measures of attention and concentration (Vignola, 

Lamoureax, Bastien, & Morin, 2000). In a follow-up study, it was found that the direction and 

strength of the various sleep parameters relationship to cognitive performance differed by group. 

In general, as sleep worsened in the good sleepers, cognitive performance decreased. However, 

mixed findings were reported for both medicated and un-medicated insomniacs. As some sleep 

parameters increased so did cognitive performance while other relationships were unexpectedly 

found in the opposite direction (e.g., as subjective total wake time increased so did memory) 

(Bastein et al., 2003). 

Intraindividual Variability (IIV) 

For behavioral scientists to fully and effectively represent processes and change within 

individuals over time, the employment of intraindivdual variability methodology has been 

termed “absolutely essential” (Nesselroade, 2002). Intraindividual variability (IIV) is any change 

in performance over a short period of time. In this sense, it can be viewed as an individual’s 

fluctuation around their mean. Intraindividual variability can be conceptualized as an 

individual’s mean standard deviation; that is, their average inconsistency or consistency around 

their usual performance. 

The study of inraindividual variability, or within-person variability, is vitally important for 

several reasons. First, it allows variance components to be decomposed into their respective 

within-person and between-person parts (Kreft, de Leeuw, & Aiken, 1995). This is essential 

because only when it is know how much variability is located within and between individuals 

can one attempt to explain that variability. Another key reason to study intraindividual variability 

is in the interpretation of the results. The ecological fallacy refers to applying results obtained at 

the group-level to individuals and the atomistic fallacy is applying results obtained within an 
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individual to groups (Tabachnik & Fidell, 2007). The study of intraindividual variability allows 

researchers to comment on processes occurring both within individuals and between groups.  

Variability in Sleep 

Experts have commented on the relevance of individual variability in sleep patterns for 

broadening our understanding of sleep (Espie, 1991; Pallesen, Nordhus, & Kvale, 1998).  

Although IIV has received some attention in the sleep literature, the majority of research has 

focused on characterizing variability in the sleep patterns of good and poor sleepers.  

Specifically, researchers have demonstrated that individuals with insomnia tend to exhibit highly 

variable sleep patterns (Coates et al., 1981; Edinger et al., 1997; Edinger, Marsh, Mccall, Erwin, 

& Lininger, 1991; Frankel, Coursey, Buchbinder, & Snyder, 1976; Hauri & Wisbey, 1992; 

Vallieres, Ivers, Bastien, Beaulieu-Bonneau, & Morin, 2005) while normal sleepers tend to 

exhibit less variable sleep patterns (Edinger et al., 1997; McCrae et al., 2005; McCrae, Wilson, 

& Lichstein, 2003).  

In examining the relationship between bedtime and total sleep time (TST) and time in bed 

(TIB), it was found the approximately 50% of the total variability in these two variables (TST 

and TIB) were found within older healthy sleepers (Monk et al., 2006). However, these 

researchers did not attempt to systematically explain within and between-person variability 

separately. Recent research examining within-group variability in disordered sleepers 

(insomniacs, narcoleptics and individuals with treated and untreated obstructive sleep apnea) has 

shown that persons with sleep apnea and narcolepsy have more variable daytime functioning and 

poorer cognitive functioning (concentration and attention) than control good sleepers and 

insomniacs perform worse cognitively but have more consistent performance across a ten hour 

testing session (Schneider, Fulda, & Schulz, 2004). In a 14 day diary study of 30 younger adults, 

it was found that variability in “cognitive symptoms” was predicted by sleep latency onset, and 
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quality (Totterdell, Reynolds, Parkinson, & Briner, 1994). Once again, the prediction over the 

course of days was not separated into within and between-person components.  

Several studies of the effects of sleep loss on cognitive performance have examined 

sources of variance in various neurobehavioral functions (Olofsen, Dinges, & Van Dongen, 

2004; Van Dongen, Maislin, & Dinges, 2004). It was found that well over 50% of the variance in 

digit-symbol (ICC = .82) and psychomotor vigilance (ICC = .69) was a product of “stable 

interindividual differences” in vulnerability to sleep loss (Van Dongen et al, 2004). Neither study 

made an attempt to systematically explain the within-person variations observed. 

Variability in Cognition 

The extent literature examining within-person variability is vast and growing rapidly. 

There are, however, many inconsistencies within the literature. For example, Salthouse, 

Nesselroade, and Berish (2006) examined the intraindividual variability in thirteen cognitive 

tasks in 113 individuals, over three occasions, between the ages of 18 and 97 years old. They 

found that within-person variability was approximately 50% the size of between-person 

variability estimates, that increased within-person variability was related to decreased 

performance, and that within-person variability estimates were not related across constructs 

(Salthouse, Nesselroade, & Berish, 2006). However, in a similar study Nesselroade and 

Salthouse (2004) examined the within-person variability in perceptual-motor performance in 204 

individuals between the ages of 20 and 91 years old, also over three occasions. Findings from 

this study indicate that intraindividual variability is substantial (~50% of interindividual 

variability), variability is trait-like (i.e., operates consistently within people over time), increased 

variability is associated with poorer cognitive functioning, and increased age is associated with 

increased within-person variability (Nesselroade & Salthouse, 2004).  
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Within-person variability in reaction time has been found to be indicative of neurological 

dysfunction. Results of a study examining intraindividual variability indicate that adults with 

mild dementia show more day-to-day variability than either adults with arthritis or healthy 

adults. Furthermore, across groups, individuals who were more variable on one task were more 

variable on other tasks and more likely to performance worse than their less variable 

counterparts. Strikingly, within-person variability was found to be the single-most important 

predictor of group membership (Hultsch, MacDonald, Hunter, Levy-Bencheton, & Strauss, 

2000). Hultsch, MacDonald, and Dixon (2002) reported that in an sample of nearly 800 older 

adults increased age was associated with increased within-person variability and poorer 

performance on several measures of cognitive ability (perceptual speed, working memory, 

episodic memory, and crystallized ability). They also report that variability estimates were 

unique predictors of cognitive functioning independent of mean-level performance (Hultsch, 

MacDonald, & Dixon, 2002).  

The majority of the studies examining the association between increased age and within-

person variability are cross-sectional. In a six year longitudinal study of cognitive performance in 

healthy older adults that measured performance every two years, several findings of interest were 

reported. First, increasing age was associated with increased intraindividual variability in 

reaction time. Second, within-person inconsistency in reaction time at measure 1 was predictive 

of subsequent cognitive (reasoning, working memory, processing speed, and episodic memory) 

decline. Third, variability increased within individuals longitudinally. Fourth, at measurement 

occasions when individuals were more variable they also performed worse on the cognitive 

measures (MacDonald, Hultsch, & Dixon, 2003).  
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In the study assessing intraindividual in cognitive performance in older adults over the 

greatest number of measurement occasions (120), it was found that within-person variability was 

related across cognitive domains (i.e., people are consistently inconsistent) and that increased 

variability was associated with increased overall performance in reasoning, memory, and 

processing speed (Allaire & Marsiske, 2005). The authors, as well as other, propose that 

variability can serve as an adaptive function and does not always have to be an indication of 

deterioration (Li, Aggen, Nesselroade, & Baltes, 2001; Siegler, 1994). 

In a further advancement of the literature and in an attempt to capture within-person 

variability in reaction times in a naturalistic setting, Salthouse and Berish (2005) provided older 

adults with hand held computers that randomly prompted reaction time tests over several days. 

Results from this study indicate that within-person variability is as large (and sometimes larger) 

than between-person variability but that mean-level performance on reaction time tasks are better 

predictors of cognitive performance (Salthouse & Berish, 2005). However, in the attempt to 

obtain more ecologically valid results, the authors lost much of their experiment control and 

noted that many unmeasured confounds could have been operating systematically within their 

data set.  

Several studies have used intraindividual variability indexes to categorize different groups 

of individuals. Variability in affect and physical functioning (e.g., grip strength and finger 

taping) has been shown to differentiate between healthy individuals and individuals who 

sustained mild and severe head injuries. Individuals with head injuries were found to be more 

variable across domains and performed worse on average (Burton, Hultsch, Strauss, & Hunter, 

2002). It has been found that within-person variability in cognitive performance (memory, speed, 

and fluency) is nearly as large, or larger than the between-person variability in older adults with 
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preclinical dementia but that the amount of within-person variability is much smaller in 

individuals without this disorder (Sliwinski, Hofer, & Hall, 2003). Results indicate variability 

may be an indicator of neurological compromise. 

Recently, researchers have attempted to capture the covariation, or ‘coupling’, of variables 

within individuals. A significant amount of within-person variability has been found in memory 

failures (41%), and daily fluctuations in stressful events have been shown to predict both same 

day memory problems and next day memory problems in over 300 older adults over the course 

of eight days (Neupert, Almeida, Mroczek, & Spiro, 2006). In a study examining the relationship 

between daily stress and daily cognitive performance, it was found that on days when a stressful 

event occurred both younger and older adults had worse attention/concentration performances 

and were more variable in their cognitive performances (Sliwinski, Smyth, Hofer, & Stawski, 

2006). In a related study, it was found that within-person fluctuations in speed of processing 

predicted within-person change in memory (Sliwinski & Buschke, 2004). 

Summary 

The literature suggests the application of studying intraindividual variability in studies of 

the sleep-cognition relationship in older adults is warranted. To summarize this review several 

six key factors should be noted: 

1. The number of older adults is growing rapidly and older adults are faced with unique 
concerns that require specialized investigations. 

 
2. Sleep decreases in quality and amount as individuals increase in age. 

 
3. The sleep-cognition relationship has been examined extensively through sleep 

deprivation studies. Although results from such studies are not always consistent, it is 
generally agreed upon that sleep loss impairs cognitive function – especially on tasks that 
tap the prefrontal cortex. 

 
4. The study of intraindividual variability is essential for behavior scientists to accurately 

portray change and processes within individuals.  
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5. Insomniacs tend to have highly variable sleep. Sleep researchers have commented that 
interindividual differences in susceptibility to sleep loss may be responsible for the 
inconclusive findings on the sleep-cognition relationship. Yet, there has been a general 
lack of studies of intraindividual variability.  

 
6. Research from the cognitive aging field has shown that within-person variability is large; 

usually 50% of the amount of between-person variability, and age is associated with 
increased within-person variability. Mixed results have been offered with regard to the 
stability of variability and the good-bad distinction of variability.  
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CHAPTER 3 
STATEMENT OF THE PROBLEM 

For quite a long time researchers and theorists alike have speculated that one of the main 

purposes of sleep is to provide a restorative period for the brain that is essential to maintain 

optimal levels of cognitive functioning. In fact, many researchers have attempted to capture this 

sleep-cognition relationship (e.g., Harrison & Horne, 2000; Pilcher & Huffcutt, 1996). Given the 

normal decrease in amount of time spent asleep (Floyd, Medler, Ager, & Janisse, 2000), the 

increased prevalence of insomnia in late-life (Ohayon, 2002), and the normal cognitive decline 

associated with increased age (Craik & Byrd, 1982; Hasher & Zacks, 1988; Lindenburger & 

Baltes, 1994; Salthouse, 1996), there has been a good deal of research on the sleep-cognition 

relationship in older adults (Bastien et al., 2003; Blackwell et al., 2006; Crenshaw & Edinger, 

1999; Cricco et al., 2001; Tworoger et al., 2006). The conventional methods employed by the 

majority of these studies include having participants sleep for one or several nights in a 

laboratory and complete a cognitive assessment the following day. Assessed in this manner, the 

sleep-cognition relationship has been an elusive one to capture.  

Recent research, and advances in methodology and analyses, in the cognitive aging field 

into what has been termed “intraindividual variability” (IIV) has produced interesting results 

about within-person variation and relationships between cognitive performance and many 

covariates (e.g. – Nesselroade & Salthouse, 2004; Sliwinski & Buschke, 2004). The study of 

intraindividual variability has been catapulted into the forefront of aging research by several 

findings indicating that variability indices are better predictors of performance than mean-level 

indices (Butler, Hokanson, & Flynn, 1994; Eizenman, Nesselroade, Featherman, & Rowe, 1997). 

Recently, prominent sleep researchers have commented on the importance of variability in fully 

understanding sleep (Espie, 1991; Pallesen et al., 1998).  
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The current study applies IIV methodology and analyses to the study of the sleep-cognition 

relationship in older adults with insomnia. To this end, the present study addresses the following 

three aims: 

Aim 1: To Determine the Amount of Variability in Sleep and Cognition Found Within 
Older Adults with Insomnia Compared to the Amount of Variability between Older Adults 

with Insomnia 

Importance 

Typical research focuses only on the differences found between people, ignoring the fact 

that people themselves are often highly inconsistent. If it is found that a significant amount of 

variability is found within-persons, the further examination of intraindividual variability is 

warranted.  

Hypothesis 

Based on prior research it is expected that the variability within-persons will be at least 

50% of that found between-persons (Nesselroade, & Salthouse, 2006).   

Analysis 

To control for any practice effects, or systematic growth in the data, all variables (sleep 

and cognitive) will be de-trended prior to calculation of indexes of within and between-person 

variability. To de-trend the data, linear regressions will be ran with all sleep and cognitive 

variables as the dependent variables and time (linear, quadratic, and cubic functions) as the 

independent variables. The subsequent unstandardized residual values resulting from the 

regressions were then saved and used as time independent values. Using the residual values 

computed above, an index of between-person variability (Sample Standard Deviation, SD) and 

within-person variability (Individual Standard Deviation, ISD) will be computed. These values 

will then be compared by dividing the ISD by the SD to get the proportion of between-person 

variability that is found within-persons.  
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 Aim 2: To Determine How Variability is Associated Across Sleep and Cognitive Measures 
in Older Adults with Insomnia 

Importance 

If within-person variability operates “systemically”, then the tendency to be variable in one 

domain should be associated with variability in other domains.  In other words, are people 

“generally stable” or “generally inconsistent”? If increased within-person variability is related to 

increased or decreased performance then variability can be labeled as either flexibility or 

vulnerability.  

Hypothesis 

Several studies (e.g., Allaire & Marsiske, 2002) have shown at least modest correlations 

among the within-person variability estimates across persons and have suggested that variability 

is related to increased performance. How sleep variability relates to cognitive variability in aged 

insomniacs and whether this variability is ‘good’ is unknown. However, it is believed that 

variability will be related across constructs and that variability will be related to increased 

performance. 

Analysis 

To determine how within-person variability is related across constructs, bivariate 

correlations among intraindividual variability estimates (residualized ISDs to control for time 

effects) across measures will be run. To determine how mean-level performance is related across 

constructs, bivariate correlations among mean-level values will be run. To determine how 

within-person variability relates to average performance, bivariate correlations between 

intraindividual variability estimates (residualized ISDs to control for time effects) and mean 

values will be run. An ISD analysis produces a “trait-like” inconsistency score for each 
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individual. Such analysis addresses questions regarding who is more or less consistent and what 

the antecedents and consequences of any between-person differences in inconsistency might be.  

Aim 3: To Determine the Between-Person (Mean-Level) and Within-Person (Day-to-Day-
Level) Association between Sleep and Cognition in Older Adults with Insomnia 

Importance 

All prior research has examined the between-person association between sleep and 

cognition.  There are no published data regarding the day-to-day, within-person, associations 

between sleep and cognition, especially in older adults with insomnia. However, if day-to-day 

associations between sleep and cognition are found, the importance of a good night’s sleep for 

optimal cognitive functioning would be supported.  

Hypothesis 

In general it is expected that on average better sleep will relate to better cognitive 

performance (between-persons, Level 2 Fixed Effect) and days with better sleep will relate to 

days of better cognitive performance (within-person, Level 1 Fixed Effect). Specifically, 

spending long amounts of time falling asleep and awake in the middle of the night (on average 

and daily) will relate to poorer executive functioning and poorer processing speeds. Hypothesis 

about the relationship between terminal wakefulness and cognitive performance can not be made 

due to the lack of prior research on this sleep variable.  

Analysis 

The current aim is to examine the predictive power of within-person and between-person 

sleep variables on cognition performance. To accomplish this, daily data from the objective and 

subjective sleep measures (SOL, WASO, TWAK) will be used to predict cognitive functioning 

(processing speed and executive functioning) applying a multilevel model (MLM) approach. 

MLM, also referred to as mixed effects modeling or hierarchical linear modeling (HLM; Bryk & 
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Raudenbush, 1992), is an extension of the general linear model, and does not require 

observations to be independent. Thus, MLMs are very flexible and especially suited for daily 

data because of their autoregressive nature and hierarchical structure with daily observations 

nested within each participant (Singer, Davidson, Graham, & Davidson, 1998; Singer, Fuller, 

Keiley, & Wolf, 1998; Singer & Willett, 2003). 

Because of the hierarchical nature of our data (14 consecutive days nested within 48 

participants) and in order to increase the precision of predicting fluctuations in processing speed 

and executive functioning with changes in sleep patterns, we will model the data with a MLM 

approach. This provides the opportunity to examine how well sleep predicts cognition both 

within- (level 1) and between- (level 2) persons. Level 1 analysis addresses questions such as: 

"On days in which a person reports above-average sleep onset latencies, does s/he also 

experience lower levels of processing speed?" This level of analysis is concerned with questions 

of atypical days within an individual and what predicts, within-persons, the consequences of 

these atypical days. Level 2 analyses examines questions like: "Do people who are generally 

better sleepers report higher levels of processing speed?”.  

Both objective and subjective sleep measures will be used to predict cognitive 

functioning (processing speed and executive functioning) using a five-step MLM approach. Step 

1 (Table 3.1, Row 1), the null (baseline) model, will estimate only a fixed and random intercept 

for cognitive functioning (Bryk & Raudenbush, 1992). This model will specify that cognition for 

person j on day i is a function of the overall group-average cognition (γ00), a between-person 

random error term (u0j), and a within-person random residual component (eij). This step provides 

a comparison for later models.  
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In step 2, time functions (linear) will be added as a covariate to the null model (Table 3.1, 

Row 2), producing a latent growth curve model. As such, the model will specify that cognition 

for person j on day i is a function of: average cognitive level (γ00), linear time (β1j), a between-

person random error term (u0j), and a within-person random residual component (eij). This step 

controls for any within-person inflations that may be caused by a systematic growth in the data.  

            Next, measures of subjective and objective sleep will be added to the model. In step 3 

(Table 3.1, Row 3) the estimates of the fixed and random intercepts and fixed linear slopes for 

each sleep variable will be added. Thus, the daily cognition scores (Cognitionij) for each person 

will be predicted by: average level of cognition (γ00), linear time (β1j), the between-person effects 

of mean-level subjective and objective sleep scores, the within-person effects of daily-centered 

subjective and objective sleep scores, a between-person random error term (u0j), and a within-

person random residual component (eij).  

 In step 4 (Table 3.1, Row 4), level 1 * level 2 interaction terms of like variables (e.g., 

level 1 SOLS * level 2 SOLS) will be entered to estimate the effect of within-person fluctuations 

in sleep for individuals who on average sleep more-or-less than others.  

In step 5 (Table 3.1, Row 5), the random linear slopes (uj) of the significant daily-centered 

subjective and objective sleep variables and interactions will added in order to estimate any 

between-person differences in the prediction of cognition. 

All models will be estimated using the Maximum Likelihood (ML) method. The ability of 

a model to predict cognition better than the baseline model (i.e., Deviance) will be used as an 

index of Goodness of Fit. Improvements in predictability will be determined by the amount of 

reduction of within- and between-person residual variances compared to the baseline model 

(Bryk & Raudenbush, 1992). Decreases in residual and intercept variances represent a 
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proportional reduction of the prediction error, which is analogous to R2, and will be used as an 

estimates of within and between-person effect sizes. The amount of agreement between model 

predicted values and actual values will be calculated as an estimate of an overall effect size.   

Because this study assessed sleep repeatedly, and used two different methods (sleep 

diaries and actigraphy), issues of multicollinearity will be a concern. Formal multicollinearity 

diagnostic procedures are not available for multilevel modeling. To assess for possible 

collinearity, a multivariate mixed-effects null model will be estimated. This procedure will 

produce both “G” (between-persons) and “R” (within-persons) covariance matrices, which will 

be subsequently rescaled into correlations using the following equation (Equation 3-1):  

(3-1) Correlationx,y = covariance termx,y / xvar iance * yiancevar . 
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Table 3-1. Level 1 and Level 2 Equations at each Step of the MLM Building Process 
Step Level 1 equation Level 2 equation 
1 Cognitionij =    β0j  +  eij β0j  = γ00 + u0j 
2 Cognitionij =    β0j  + β1jTime +  eij β0j  = γ00 + u0j 

 
3 Cognitionij = β0j  +  β1jTime +  β2j(SOLOij – 

SOLo j) +  β3j(SOLSij – SOLs j) +  β4j(WASOoij 

– WASOo j) +  β5j(WASOsij – SWASO j) +  

β6j(TWAKoij – TWAKo j) +  β7j(TWAKsij – 

STWAK j)+  eij 

β0j  = γ00 + γ01 SOLo j+ γ02 SOLs j + γ03 WASOo j +  

+ γ04 SWASO j+ γ05 TWAKo j + γ06 STWAK j+ u0j 

 

4 Cognitionij = β0j  +  β1jTime +  β2j(SOLOij – 

SOLo j) +  β3j(SOLSij – SOLs j) +  β4j(WASOoij 

– WASOo j) +  β5j(WASOsij – SWASO j) +  

β6j(TWAKoij – TWAKo j) +  β7j(TWAKsij – 

STWAK j)+ β8j[(SOLOij – SOLo j) * SOLo j] +  

β9j[(SOLSij – SOLs j) * SOLs j] +  

β10j[(WASOoij – WASOo j) * WASOo j] +  

β11j[(WASOsij – SWASO j) * SWASO  j] +  

β12j[(TWAKoij – TWAKo j) * TWAKo j] +  

β13j[(TWAKsij – STWAK j) * STWAK j] +  eij 

β0j  = γ00 + γ01 SOLo j+ γ02 SOLs j + γ03 WASOo j +  

+ γ04 SWASO j+ γ05 TWAKo j + γ06 STWAK j+ u0j 

 

5 Cognitionij = β0j  +  β1jTime +  β2j(SOLOij – 

SOLo j) +  β3j(SOLSij – SOLs j) +  β4j(WASOoij 

– WASOo j) +  β5j(WASOsij – SWASO j) +  

β6j(TWAKoij – TWAKo j) +  β7j(TWAKsij – 

STWAK j)+ β8j[(SOLOij – SOLo j) * SOLo j] +  

β9j[(SOLSij – SOLs j) * SOLs j] +  

β10j[(WASOoij – WASOo j) * WASOo j] +  

β11j[(WASOsij – SWASO j) * SWASO  j] +  

β12j[(TWAKoij – TWAKo j) * TWAKo j] +  

β13j[(TWAKsij – STWAK j) * STWAK j] +  eij 

β0j  = γ00 + γ01 SOLo j+ γ02 SOLs j + γ03 WASOo j +  

+ γ04 SWASO j+ γ05 TWAKo j + γ06 STWAK j+ u0j 

β1j= γ10 + u1j 

β2j= γ20 + u2j 

β3j= γ30 + u3j 

β4j= γ40 + u4j 

β5j= γ50 + u5j 

β6j= γ60 + u6j 

β7j= γ70 + u7j 

β8j= γ80 + u8j 

β9j= γ90 + u9j 

β10j= γ100 + u10j 

β11j= γ110 + u11j 

β12j= γ120 + u12j 

β13j= γ130 + u13j 

Notes: Variables with a subscript ‘s‘ indicate they were subjectively measured by Sleep Diary. 
Variables with a subscript ‘o‘ indicate they were objectively measured by Actigraphy. SOL = 
sleep onset latency, WASO = wake after sleep onset, TWAK = terminal wakefulness.  
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CHAPTER 4 
METHODS 

Main Study 

Data presented in this document were obtained during a two-week baseline assessment of 

sleep and cognitive performance in the initial phase of a randomized, controlled trial of the 

cognitive effects of a cognitive-behavioral intervention for older adults with insomnia (Research 

and Education on Sleep and Thinking study, REST; McCrae, PI; AG024459-01). Older adults 

with insomnia were recruited from North central Florida by means of newspaper, radio, and 

television advertisements. At the time of analysis forty-eight individuals completed baseline 

assessment and were included in the present study.  

As stated previously, REST is a randomized, controlled trial. The study included two 

weeks of baseline (followed by randomization), four weeks of either waitlist control or insomnia 

treatment, two weeks of post-testing, and a two week follow-up at three months. Through each 

phase of the study participants completed daily sleep and cognitive measures. The overall design 

of the REST Study is outlined in figure 4.1.   

Participants 

Participants were recruited for participation in a clinical trial of the possible cognitive 

benefits of a cognitive-behavioral treatment for late-life insomnia. Potential participants 

responded to advertisements offering a free non-drug treatment for insomnia for individuals sixty 

years of age and older. To ensure their suitability for the study, participants went through a 

thorough screening process that included many inclusion and exclusion criteria.  

Inclusion Criteria 

To be included in the study potential participants had to be sixty years old or older and 

meet the diagnostic requirements of primary insomnia. These diagnostic requirements include: 
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(1) self-report sleep onset latency or wake after sleep onset greater than thirty minutes a night, 

(2) sleep disturbance present at least three nights a week for six months or greater, and (3) a 

daytime dysfunction due to the insomnia (social, occupational, mood, or cognitive) (American 

Academy of Sleep Medicine, 2005; American Psychiatric Association, 1994). Furthermore, 

participants had to be either stabilized on any sleep promoting substance for at least six months 

or not have taken any such substance for the past month.   

Exclusion Criteria 

Participants were excluded from the study if they reported any significant medical (e.g., 

stroke), neurological (e.g., Parkinson’s disease), psychological (e.g., schizophrenia, bipolar 

disorder) or sleep disorder other than insomnia (e.g., sleep apnea, periodic limb movements). 

Participants were also excluded if they were found to have severe depression as indicated by a 

score of twenty-four or higher on the Beck Depression Inventory – 2nd Edition (BDI-II; Beck, 

Steer, & Garbin, 1996) or a score of thirteen or higher on the Geriatric Depression Scale (GDS; 

Yesavage, 1983). To screen for potential Alzheimer’s disease/dementia a cutoff score of lower 

than twenty-three, for individuals with a 9th grade education and higher, and a score of eighteen 

and lower, for individuals with less than a 9th grade education, was implemented (MMSE; 

Folstein, Folstein, & McHugh, 1975). The use of psychotropic or other medication known to 

affect sleep, such as beta-blockers, also excluded individuals from participating in the study.  

Sample Characteristics 

The sub-sample available at the time of the analysis included forty-eight older insomniacs. 

The sample can be categorized as “young-old” as the mean age at the time of the study was 

69.91 years (SD = 7.24). The sample was highly educated (M = 16.17 years, SD = 2.98 years), 

mostly married (54.3% married) and female (62.5 % female), and Caucasian (95.7% first 

language English). The sample appeared to be relatively healthy, reporting to take an average of 
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3.41 prescription medications (SD = 2.50) and 2.17 over-the-counter medications (SD = 1.92). 

The sample reported to be chronic insomniacs, with an average of 13.96 years of insomnia 

symptoms (SD = 14.54). Furthermore, participants reported spending an average of 133.67 

minutes awake per night (SD = 100.89) and only sleeping 360.57 minutes a night (SD = 126.17). 

See Table 4-1 for a complete list of the sample’s sleep characteristics.  

Measures 

Sleep Measures 

All sleep variables were measured concurrently with a subjective measure, daily sleep 

diaries (Lichstein, Riedel, & Means, 1999), and an objective measure, wrist-worn actigraphy 

(Mini Mitter Co., 2001), for fourteen consecutive days during the baseline of the REST Study. 

Because all of the sleep variables were measured in two distinct ways (sleep diaries and 

actigraphy), an ‘s’ subscript indicates the variable was measured subjectively, and an ‘o’ 

subscript indicates it was measured objectively. 

Subjective sleep measures 

Participants completed sleep diaries (Lichstein et al., 1999) each morning for 14 days, 

providing subjective estimates of the following sleep- wake parameters:  (1) sleep onset latency 

(SOLs)-estimated by participants as the time it took them to fall asleep after laying down; (2) 

wake time after sleep onset (WASOs)- estimated by participants as the total amount of time 

spent awake during the night; and (3) terminal wakefulness (TWAKs), computed by subtracting 

final wake-up time (actual time the participant awoke in the morning) from out of bed time (time 

participant actually got out of bed). For reference purposes, a sleep diary is reproduced in 

Appendix A.       
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  Objective sleep measures 

Participants wore an actigraph, the Actiwatch-L, which has an integral ambient light sensor 

(Mini Mitter Co., 2001), on their nondominant wrist for 14 consecutive days, concurrent with the 

sleep diary period. The Actiwatch-L monitors ambient light exposure and gross motor activity 

and contains an omni-directional, piezoelectric accelerometer with a sensitivity of ≥ 0.01 g-force 

and a light sensor with a recording range of 0.1 to 150,000 Lux.   

The sensors of the Actiwatch-L are sampled 32 times /second and record the peak value for 

each second.  These peak values are then summed into 30-second “activity” counts. These 

activity counts are then downloaded to a PC and analyzed using Actiware-Sleep v. 3.3 (Mini 

Mitter Co., 2001), which uses a validated algorithm to identify each epoch as either sleep or 

wake.  The software provides three default sensitivity settings (high, medium, low).  This study 

utilized medium sensitivity.  On medium sensitivity, the threshold is set at 40 activity counts.  If 

the total activity for an epoch was ≥ 40, it was scored as wake.  If the total activity was ≤ 40, the 

final activity count for the epoch was based on the level of activity in the surrounding 2 minutes 

(see Equation 4-1).  

(4-1) Total Activity           

 Epoch A = EA-4 (.04) + EA-3 (.04) + EA-2 (.20) + EA-1 (.20) + E (2) + EA+1 (.20) + EA+2 (.20) + EA+3 (.04) + EA+4 (.04), 

Where A = activity count for the epoch being scored and EA +/- 1-4 = activity count in adjacent 
epochs. If Epoch A Total Activity (i.e., weighted sum of activity counts) exceeded the threshold 
of 40, then Epoch A was scored as wake; otherwise, it was scored as sleep. 
 

Bedtime and time out of bed in the morning were based on sleep diary entries as 

recommended in the software manual (Mini Mitter Co., 2001). Actiware-Sleep determines sleep 

start automatically by searching for the first 10 minutes during which no more than one epoch 

scored as wake. Likewise, sleep end was the last 10 minutes during which no more than one 

epoch scored as wake.  As previously mentioned, Actiware-Sleep provides objective estimates 
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for all of the variables also provided by sleep diaries.  Those variables and their definitions when 

measured objectively by actigraphy are: (1) SOLo-amount of time from lay down to first sleep 

epochs; (2) WASOo-sum of all wake epochs after first sleep epoch; and (3) TWAKo-amount of 

time from last sleep epoch to get out of bed time.   

Cognitive Measures 

Cognition was measured in two broad domains: processing speed and reasoning. Both 

cognitive domains were assessed daily via paper and pencil, self-administered tasks for the 

fourteen consecutive days of baseline during the REST Study.  

Reasoning 

Inductive reasoning reflects the ability to infer general principles from specific instances 

and apply these general principles to new instances of the problem. Inductive reasoning is highly 

related to working memory (Salthouse, 1991) and to components of executive functioning 

(Lezak, 1995). 

 The letter series task (Thurstone, 1962) was used to measure inductive reasoning. In this 

task, participants have to identify the pattern for a series of letters. Participants are asked to 

choose the letter that would continue the established pattern (A B D A B D A B ___?) in a series 

of letters from five answer choices. Participants are given four minutes to complete as many 

items as possible. The maximum score is 30. The performance score is the number of correct 

responses. Over the course of the study fourteen alternate forms were given, one per day. These 

alternate versions of the letter series test have been shown to have high test-retest reliabilities 

across four blocks, each containing fifteen days of assessment (Allaire & Marsiske, 2005). See 

Appendix B for an example of the letter series test.  
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Processing speed 

The Symbol Digit Modalities Test (Smith, 1982), which measures perceptual speed and 

processing speed was used. In this test, the participant is presented with a series of nine symbols 

that are paired with a single, unique digit in a key at the top of an 8.5 x 11 inch sheet. The rest of 

the page displays a randomized sequence of symbols with blank spots below each. The 

participant is instructed to write the digit that corresponds to each symbol in the key below that 

symbol as quickly as possible. The participant is given 90 seconds to place as many correct digits 

below their corresponding symbol. The outcome of interest is the total number of correct 

responses recorded in the allotted 90 seconds.  

The SDMT has many applications and has been administered to individuals of many 

different cultures, age and education levels (Lezak, 1995). It has been administered both 

individually and in groups. The SDMT has been used in the detection of dyslexia, aphasia and/or 

cerebral dysfunction and for early screening of normal elders for manual motor defects, visual 

acuity, oculomotor coordination, and visuo-spatial orientation difficulties (Smith, 1991). Test-

retest reliability, alternate form reliability, and convergent validity for the SDMT are all at or 

above .80 (Lezak, 2004). Over the course of the study fourteen alternate forms of the SDMT 

were used, one per day. These fourteen alternate versions of the symbol digit test have been 

shown to have high test-retest reliabilities across thirty days of assessment (McCoy, 2004). See 

Appendix C for a reproduction of the SDMT. 

Procedures 

Baseline Study Procedure 

Study procedures from the REST Study baseline period that are relevant to the present 

study include: an initial telephone interview, an overnight portable polysomnography (PSG; 

Medcare Diagnostics) assessment, and two in-laboratory visits where actigraphic sleep 
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measurement, subjective sleep measurement with sleep diary, and daily cognitive workbooks 

were collected.  

An initial telephone interview was conducted with all interested potential participants. 

During this half-hour phone interview, demographic information was collected, insomnia 

symptoms were assessed, medical history was taken, and an at-home visit was scheduled.  

 At the in-home visit participants were instructed in the operation of the ambulatory PSG. 

The PSG measures blood-oxygen saturation and respiration during sleep and was used to rule out 

sleep apnea as the cause of the participants sleep complaints. All participants were instructed to 

wear the PSG throughout the night and bring the unit in to the laboratory the following day for 

reading. An apnea-hypoxia index (AHI) of 13.1 and higher was used as the cutoff for 

participation in the study. 

During the first laboratory visit participants were instructed in the use of the actiwatch, 

sleep diaries, and daily cognitive workbooks (which contained the symbol digit test and letter 

series test). Participants were instructed to wear the actiwatch twenty-four hours a day and to fill 

out the sleep dairy daily upon awakening. A sample cognitive workbook was explained and 

participants were told to fill out one daily in the morning. A week from this initial meeting 

participants returned at which time their actiwatch data was downloaded and their sleep diary 

and seven cognitive workbooks were collected. The participants were then given new material 

and scheduled for an appointment to come back in a week and turn in the material again.  

Alternate Forms of the Cognitive Measures 

During the fourteen days of baseline assessment participants completed both the symbol 

digit tests and letter series test daily. In an attempt to minimize practice effects commonly found 

in repeated cognitive assessments, fourteen alternate forms of each test were used. The alternate 
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forms were constructed to be comparable in difficulty and cognitive resources needed to 

complete them.  

The alternate forms of the symbol digit tests were constructed by changing the pairings of 

symbols to digits in each form such that no two forms of the test consisted of a digit-symbol 

pairing that appeared in any other form. This manipulation was done to prevent participants from 

memorizing the digit-symbol pairing.  

The alternate forms of the letter series test were constructed by changing the start letter of 

all letter patterns but maintaining the underlying pattern concept (e.g., A A B A A C A A D A A 

would become D D E D D F D D G D D). Pattern length and number of distracters in the answer 

choices was maintained across all forms. No two forms of the test contained identical questions.  

Missing Data 

Throughout the two week baseline measurement period some participants forgot to wear 

their actiwatch for a day or fill out their sleep diary on a given day or do one or both of the 

cognitive tasks. Because analyses was done using multilevel modeling (MLM), also know as 

hierarchical linear modeling and mixed effects modeling, missing data is not an issue. MLM 

allows all available data to be included in analyses, as it assumes random missing data (Bryk & 

Raudenbush, 1992) and therefore does not exclude whole cases (known as case-wise exclusion) 

due to one missing data point. 
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Figure 4-1. Overall design of REST Study. Boxed in portion, baseline, is where all study 

material was obtained. 
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Table 4-1. Participant Characteristics    
  N Minimum Maximum Mean Std. Deviation 
Actigraphy      

Sleep Onset Latency 48 0.00 351.00 20.60 32.74 
Wake After Sleep Onset 48 0.00 154.00 31.92 20.99 
Terminal Wakefulness 48 0.50 211.00 18.07 25.79 
Total Wake Time 48 0.00 154.00 31.94 21.01 
Total Sleep Time 48 118.50 659.50 424.54 82.52 
Sleep Efficiency 48 35.90 99.92 85.80 9.15 

Sleep Diary      
Sleep Onset Latency 48 0.00 345.00 39.04 46.29 
Wake After Sleep Onset 48 0.00 550.00 58.08 60.70 
Terminal Wakefulness 48 0.00 270.00 31.43 42.43 
Total Wake Time 48 7.00 660.00 127.80 100.23 
Total Sleep Time 48 0.00 700.00 360.95 117.86 
Sleep Efficiency 48 0.00 98.50 73.59 20.55 

Note: All values measured in minutes.  



 

46 

CHAPTER 5 
RESULTS 

The overarching aim of the study was to examine the intraindividual variability in 

objective and subjective sleep and cognitive performance in older adults with insomnia. The 

results are grouped and presented by the three main objectives of the study: 

1.   How much variability in sleep and cognition in older adults with insomnia is found 
within-persons and how much is found between-persons? 

2.   How is variability related across the various sleep and cognition domains? 

3.   What are the between-person and within-person associations between sleep and 
cognition in older adults with insomnia? 

Aim 1: To Determine the Amount of Variability in Sleep and Cognition Found Within 
Older Adults with Insomnia Compared to the Amount of Variability between Older Adults 

with Insomnia 

The first goal of the study was to demonstrate that there is a considerable amount of 

within-person variability in both sleep and cognition in older adults with insomnia. Dissection of 

the sleep and cognition variables did reveal a considerable amount of variability found within-

persons. In fact, all but one variable, letter series, was found to display at least 50% of the 

amount of between-person variability within-persons (Although the letter series test did not 

exhibit 50% of the amount of between-person variability, it did display 48% of the amount of 

between-person variability within-persons). All other variables did display at least the 

hypothesized 50% of between-person variability within-persons.  

The number correct on the symbol digit test was found to vary within-persons 92% as 

much as it varies between-persons. Subjectively measured sleep was also found to vary 

considerably within-persons. SOLS displayed 85% of the amount of between-person variability 

within-participants; WASOS displayed more within-person variation (113%) than between-

person; and, TWAKS exhibited a quarter more fluctuation within-person (125%) than between-
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person. All objectively measured sleep variables displayed more variability from day-to-day, 

within-persons, than between-persons. Variability within-persons in SOLO was found to be 

nearly a third larger (132%) than between-persons; WASOO displayed 112% of the amount of 

between-person variability within-persons; and, TWAKO exhibited nearly double the between-

person variability within-persons (189%). For a completed listing of the amount of within-person 

variability compared to between-person variability, see Table 5-1. For a graphical depiction of 

the relative amount of within-person variability, see Figure 5-1.  

Aim 2: To Determine How Variability is Associated Across Sleep and Cognitive Measures 
in Older Adults with Insomnia 

The second objective of the study was to determine how variability is associated across the 

various sleep and cognition domains. Results for this aim will be presented in three parts. The 

first part will consider associations between within-person variability indices across sleep and 

cognition. The second part will examine the mean-level associations across sleep and cognition. 

And, the third part will examine the associations between within-person and mean-level indices 

of sleep and cognition.  

Associations of Within-Person Variability 

Correlations of the within-person standard deviations (residualized ISDs to control for time 

effects) revealed relationships between within-person variability in sleep and cognition that 

ranged from 0.04 to 0.40. Increased within-person variability in SOLS was significantly and 

positively associated with increased variability in the symbol digit test (r = 0.40, p < .01) and 

increased within-person variability in TWAKS was significantly and positively associated with 

increased within-person variability in the letter series test (r = 0.14, p < .01) and symbol digit test 

(r = 0.35, p < .01). Increased within-person variability in SOLO was significantly and positively 

related to increased within-person variability in the symbol digit test (r = 0.36, p < .01). Within-
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person variability in WASOO and TWAKO were both significantly and positively associated with 

within-person variability in the letter series test (r = 0.26, p < .01; r = 0.26, p < .01) and the 

symbol digit test (r = 0.31, p < .01; r = 0.37, p < .01). Within-person variability in all sleep 

variables were significantly and positively associated with within-person variability in all other 

sleep variables (r’s = 0.08 – 0.62, all p’s < .05). These results suggest that inconsistency operates 

in a trait-like fashion within individuals and across sleep and cognition. See Table 5-2 for a 

complete listing of within-person variability correlations.  

Associations of Mean-Level Performance 

Correlations of mean-level sleep and cognition revealed associations that ranged from        

-0.06 to 0.27. Significant negative associations between mean-level sleep and number correct on 

the letter series test were found for SOLS (r = -0.14, p < .01), TWAKS (r = -0.12, p < .01), SOLO 

(r = -0.09, p < .05), and WASOO (r = -0.16, p < .01). A significant positive association was found 

between mean-level TWAKO and letter series (r = 0.12, p < .01). Significant positive 

associations between mean-level sleep and number correct on the symbol digit test were found 

for SOLS (r = 0.27, p < .01), TWAKS (r = 0.22, p < .01), SOLO (r = 0.15, p < .01), WASOO (r = 

0.12, p < .01), and TWAKO (r = 0.18, p < .01). Associations among the mean-level indices in 

sleep ranged from 0.04 to 0.61. Results indicate that increased unwanted wake time is associated 

with increased processing speed and decreased reasoning. See Table 5-3 for a complete listing of 

mean-level correlation coefficients.  

Associations between Within-Person Variability and Mean-Level Performance 

Correlations of mean-level sleep and within-person variability in cognition ranged from 

0.03 to 0.45. Significant positive associations between mean-level sleep and within-person 

variability on the number correct on the letter series test were found for SOLS (r = 0.24, p < .01), 

WASOS (r = 0.09, p < .05), TWAKS (r = 0.30, p < .01), WASOO (r = 0.18, p < .01), and TWAKO 
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(r = 0.21, p < .01). Significant positive associations between mean-level sleep and within-person 

variability on the number correct on the symbol digit test were found for SOLS (r = 0.39, p < 

.01), TWAKS (r = 0.35, p < .01), SOLO (r = 0.38, p < .01), WASOO (r = 0.24, p < .01), and 

TWAKO (r = 0.45, p < .01). These results indicate that higher levels of wake time are associated 

with more variable cognitive functioning. 

Significant negative associations between within-person variability in sleep and mean-level 

performance on the letter series test were found for SOLS (r = -0.13, p < .01), TWAKS (r = -0.25, 

p < .01), and SOLO (r = -0.10, p < .05) indicating that inconsistency in sleep is negatively related 

to level of reasoning. Significant positive associations between within-person variability in sleep 

and mean-level performance on the symbol digit test were found for SOLS (r = 0.28, p < .01), 

TWAKS (r = 0.23, p < .01), and TWAKO (r = 0.09, p < .05) indicating the inconsistency in sleep 

is positively associated with level of processing speed. Associations between within-person 

variability in sleep and mean-level sleep ranged from 0.04 to 0.88, indicating that increased 

variability in sleep is associated with worse overall sleep. Associations between inconsistency in 

cognitive performance and level of performance indicated that both variability in reasoning and 

processing speed are associated with better reasoning (r = 0.34, p < .01) and better processing 

speed (r = 0.53, p < .01). Please see Table 5-4 for a complete listing of associations between 

within-person variability indices and mean-level indices across sleep and cognition.   

Aim 3: To Determine the Between-Person (Mean-Level) and Within-Person (Day-to-Day-
Level) Association between Sleep and Cognition in Older Adults with Insomnia 

Multicollinearity  

Prior to running the multilevel models to predict letter series and symbol digit performance 

a series of within-person and between-person correlations was run among predictors variables to 
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determine the extent to which the independent variables shared variances. Formal 

multicollinearity diagnostic procedures are not available for multilevel modeling.  

Within-person multicollinearity 

The within-person correlational analysis revealed significant collinearity between SOLS 

and TWAKS (r = 0.10, p < .05), between WASOO and WASOS (r = 0.14, p < .01) and TWAKS (r 

= 0.11, p < .05) and SOLO (r = -0.10, p < .05), and between TWAKO and TWAKS (r = 0.16, p < 

.01) and SOLO (r = 0.15, p < .01) and WASOO (r = -0.12, p < .01). See Table 5-5 for a complete 

listing of within-person correlation estimates. For a listing of within-person correlations among 

predictor variables when not controlling for time see Appendix D. 

Between-person multicollinearity 

The between-person correlational analysis revealed significant collinearity between 

WASOS and SOLS (r = 0.48, p < .01), and between TWAKS and SOLS (r = 0.45, p < .05) and 

WASOS (r = 0.48, p < .01), and between SOLO and SOLS (r = 0.74, p < .01), and between 

TWAKO and SOLO (r = 0.44, p < .05) and WASOO (r = 0.50, p < .01). See Table 5-6 for a 

complete listing of between-person correlation estimates. For a listing of between-person 

correlations among predictor variables when not controlling for time see Appendix D. 

Multilevel Model for Letter Series 

The intraclass correlation coefficient (ICC), which serves as an index of the amount of 

within and between-person variability to be explained (Bryk & Raudenbush, 1992), was 0.36. 

This indicates that, 64% of the overall variability in letter series was within-person and 36% was 

between-person. For a complete listing of model parameters and estimates obtained at each step 

of the model building process see Table 5-7.  

In the final MLM for letter series performance TWAKO was the only significant between-

person, level 2, predictor, β = 0.15, t(45.43) = 2.03, p = .05. At the within-person level, level 1, 
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both the predictors of Day, β = 0.37, t(46.87) = 8.53, p < .001, and SOLS, β = 0.01, t(494.50) = 

1.94, p = .05, were significant. A significant interaction was found between level 2 and level 1 

SOLS, β = 0.00018, t(482.38) = -2.42, p < .05. The model also contained a significant random 

effect of Day, β = 0.04, Wald’s Z = 2.73, p = .01.  

This model explained approximately 35% of the within-person variance and 25% of the 

between-person variance. The model accounted for roughly 86% of the total variance in letter 

series performance. See Table 5-8 for a total listing of predictor estimates and significance 

levels. See Appendix E for total listings of predictor estimates and significance levels for MLMs 

estimates in model building steps 2-4.  

Multilevel Model for Symbol Digit 

The intraclass correlation coefficient (ICC) for symbol digit was 0.73. This indicates that, 

27% of the overall variability in symbol digit was within-person and 73% was between-person. 

For a complete listing of model parameters and estimates obtained at each step of the model 

building process see Table 5-9.  

In the final MLM for symbol digit performance, WASOS was the only significant 

between-person, level 2, predictor, β = -0.08, t(1.47) = -2.08, p = .04. At the within-person level, 

level 1, only the predictor of Day, β = 0.48, t(144.30) = 3.39, p = .001, was significant. A 

significant interaction was found between level 2 and level 1 TWAKS, β = 0.001, t(465.84) = 

2.13, p < .05, and level 2 and level 1 TWAK O, β = 0.004, t(22.62) = 2.26, p < .05. The model 

contained no significant random effects.  

This model explained approximately 1% of the within-person variance and 23% of the 

between-person variance. The model accounted for roughly 44% of the total variance in symbol 

digit performance performance. See Table 5-10 for a total listing of predictor estimates and 
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significance levels. See Appendix F for total listings of predictor estimates and significance 

levels for MLMs estimates in model building steps 2-4. 
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Table 5-1. Amount of within and between-person variability 
   Sample Standard Deviation (SD) Individual Standard Deviation (ISD) SD / ISD 
Letter Series 4.96 2.38  0.48 
Symbol Digit 9.05 8.36 0.92 
Sleep Onset Latencys 31.58 26.86 0.85 
Wake After Sleep Onsets 37.77 42.71 1.13 
Terminal Wakefulnesss 25.03 31.32 1.25 
Sleep Onset Latencyo 16.39 21.71 1.32 
Wake After Sleep Onseto 13.09 14.72 1.12 
Terminal Wakefulnesso 10.86 20.58 1.89 

Notes: All values shown have been de-trended for any linear or quadratic effects of time. Variables with a 
subscript ‘s‘ indicate they were subjectively measured by Sleep Diary. Variables with a subscript ‘o‘ 
indicate they were objectively measured by Actigraphy. 
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Figure 5-1. Relative amount of within-person variability compared to between-person variability 
after controlling for any linear or quadratic effects of time.  
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 Table 5-2. Correlations of within-person standard deviations (N = 48) 
  1 2 3 4 5 6 7 8 
1. Letter Series 1.00        
2. Symbol Digit 0.20** 1.00       
3. Sleep Onset Latencys 0.06 0.40** 1.00      
4. Wake After Sleep Onsets -0.04 -0.06 0.45** 1.00     
5. Terminal Wakefulnesss 0.14** 0.35** 0.53** 0.28** 1.00    
6. Sleep Onset Latencyo 0.04 0.36** 0.35** 0.08* 0.14** 1.00   
7. Wake After Sleep Onseto 0.26** 0.31** 0.12** 0.24** 0.17** 0.42** 1.00  
8. Terminal Wakefulnesso 0.26** 0.37** 0.31** 0.30** 0.26** 0.33** 0.62** 1.00

Note: ** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level 
(2-tailed). Variables with a subscript ‘s‘ indicate they were measured subjectively by Sleep Diary. 
Variables with a subscript ‘o‘ indicate they were objectively measured by Actigraphy. All values have 
been de-trended to control for any linear or quadratic effects of time. 
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Table 5-3. Correlations of sample means (N = 48) 
  1 2 3 4 5 6 7 8 
1. Letter Series 1.00        
2. Symbol Digit 0.23** 1.00       
3. Sleep Onset Latencys -0.14** 0.27** 1.00      
4. Wake After Sleep Onsets -0.06 -0.06 0.43** 1.00     
5. Terminal Wakefulnesss -0.12** 0.22** 0.41** 0.41** 1.00    
6. Sleep Onset Latencyo -0.09* 0.15** 0.61** 0.09* 0.21** 1.00   
7. Wake After Sleep Onseto -0.16** 0.12** 0.14** 0.22** 0.18** 0.04 1.00  
8. Terminal Wakefulnesso 0.12** 0.18** 0.27** 0.26** 0.29** 0.32** 0.32** 1.00

Notes: ** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level 
(2-tailed). Variables with a subscript ‘s‘ indicate they were subjectively measured by Sleep Diary. 
Variables with a subscript ‘o‘ indicate they were objectively measured by Actigraphy. All values have 
been de-trended to control for any linear or quadratic effects of time. 
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 Table 5-4. Correlations of within-person standard deviations and sample means (N = 48) 
  1. (SD) 2. (SD) 3. (SD) 4. (SD) 5. (SD) 6. (SD) 7. (SD) 8. (SD) 
1. Letter Series (M) 0.34** -0.15** -0.13** 0.00 -0.24** -0.10* -0.07 -0.05 
2. Symbol Digit (M) 0.34** 0.53** 0.28** -0.08 0.23** 0.02 0.00 0.09* 
3. Sleep Onset Latency (M)s 0.24** 0.39** 0.77** 0.21** 0.45** 0.59** 0.29** 0.35** 
4. Wake After Sleep Onset (M)s 0.09* 0.03 0.55** 0.60** 0.43** 0.13** 0.17** 0.22** 
5. Terminal Wakefulness (M)s 0.30** 0.35** 0.22** 0.12** 0.69** 0.15** 0.15** 0.20** 
6. Sleep Onset Latency (M)o 0.06 0.38** 0.30** 0.05 0.22** 0.88** 0.35** 0.28** 
7.Wake After Sleep Onset (M)o 0.18** 0.24** 0.09* 0.04 0.24** 0.07 0.59** 0.32** 
8. Terminal Wakefulness (M)o 0.21** 0.45** 0.23** 0.29** 0.25** 0.32** 0.58** 0.89** 

Notes: ** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed). Variables with a subscript ‘s‘ 
indicate they were subjectively measured by Sleep Diary. Variables with a subscript ‘o‘ indicate they were objectively measured by Actigraphy. 
All values have been de-trended to control for any linear or quadratic effects of time. (M) indicates the value is the sample mean. (SD) indicates 
the value is the within-person standard deviation. All values have been de-trended to control for any linear or quadratic effects of time. 
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Table 5-5. Correlations of within-person predictors (N = 48, 14 Occasions)  
  1 2 3 4 5 6 7 8 
1. Letter Series 1.00        
2. Symbol Digit 0.08 1.00       
3. Sleep Onset Latencys 0.00 0.00 1.00      
4. Wake After Sleep Onsets 0.05 0.03 -0.04 1.00     
5. Terminal Wakefulnesss 0.07 0.03 0.10* 0.05 1.00    
6. Sleep Onset Latencyo -0.01 0.01 0.06 0.01 0.01 1.00   
7. Wake After Sleep Onseto -0.01 0.04 0.08 0.14** 0.11** -0.10* 1.00  
8. Terminal Wakefulnesso 0.07 0.04 -0.05 0.04 0.16** 0.15** -0.12** 1.00 

Notes: ** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level 
(2-tailed). Variables with a subscript ‘s‘ indicate they were subjectively measured by Sleep Diary. 
Variables with a subscript ‘o‘ indicate they were objectively measured by Actigraphy. All values have 
been de-trended to control for any linear or quadratic effects of time. 
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 Table 5-6. Correlations of between-person predictors (N = 48). 
  1 2 3 4 5 6 7 8 
1. Letter Series 1.00        
2. Symbol Digit 0.23 1.00       
3. Sleep Onset Latencys -0.14 0.30 1.00      
4. Wake After Sleep Onsets -0.06 -0.07 0.48** 1.00     
5. Terminal Wakefulnesss -0.15 0.25 0.45* 0.48** 1.00    
6. Sleep Onset Latencyo -0.11 0.21 0.74** 0.11 0.29 1.00   
7. Wake After Sleep Onseto -0.19 0.14 0.16 0.26 0.18 0.08 1.00  
8. Terminal Wakefulnesso -0.14 0.25 0.41 0.34 0.39 0.44* 0.50** 1.00 

Notes: ** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level 
(2-tailed). Variables with a subscript ‘s‘ indicate they were subjectively measured by Sleep Diary. 
Variables with a subscript ‘o‘ indicate they were objectively measured by Actigraphy. All values have 
been de-trended to control for any linear or quadratic effects of time. 
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Table 5-7. Steps taken in building the Letter Series Multilevel Model 
  Letter Series 
Models AIC BIC -2LL Δ-2LL df Δdf s2

b s2
w r2

b r2
w r2

t 
(1) Null 3226.30 3239.54 3220.30 -- 3 -- 24.14 8.67 -- -- 0.76 
(2) Time added 3031.28 3053.36 3021.28 199.02*** 4 1 23.76 6.59 0.02 0.24 0.82 
(3) Sleep added 2755.96 2829.14 2721.96 299.32*** 12 8 21.42 6.66 0.11 0.23 0.83 
(4) Interactions added 2758.54 2857.54 2712.54 9.42 18 6 21.54 6.48 0.11 0.25 0.84 
(5) Random effects added 2748.88 2865.10 2694.88 17.66** 22 4 18.15 5.64 0.25 0.35 0.86 

Notes: AIC = Akaike’s Information Criterion; BIC = Schwarz’s Bayesian Criterion; -2LL = -2 log likelihood;  Δ-2LL = change in –2LL relative to 
preceding model;  s2

b = unexplained intercept-related (between subjects) variance;  s2
w = unexplained residual-related (within subjects) variance; r2

b 
= between-subjects pseudo R-squared, an estimate of the amount of  between subjects variance (estimated from null model) explained by fixed and 
random predictors; r2

w  = within-subjects pseudo R-squared, an estimate of the amount of  within subjects variance (estimated from null model) 
explained by fixed and random predictors; r2

t = total pseudo R-squared, an estimate of total variance explained (estimated from amount of 
agreement between predicted values and actual values). *** Deviance is significant at the 0.001 level. ** Deviance is significant at the 0.01 level. 
* Deviance is significant at the 0.05 level. 
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Table 5-8. Sleep variables predicting reasoning 
Fixed Effects  

 
Predictor Variable B SE df t p 

Within-person      
Day 0.37 0.04 46.87 8.53 <0.001
Sleep Onset LatencyS 0.01 0.01 494.50 1.94 0.05
Wake After Sleep OnsetS 0.003 0.005 488.02 0.66 0.51
Terminal WakefulnessS -0.003 0.01 490.64 -0.46 0.65
Sleep Onset LatencyS O -0.004 0.01 480.81 -0.56 0.57
Wake After Sleep OnsetO 0.01 0.02 459.99 0.69 0.49
Terminal WakefulnessO 0.01 0.01 475.58 1.11 0.27

Between-person      
Sleep Onset LatencyS 0.002 0.03 47.48 0.08 0.94
Wake After Sleep OnsetS -0.003 0.02 46.43 -0.14 0.89
Terminal WakefulnessS -0.03 0.03 47.29 -0.90 0.37
Sleep Onset LatencyS O -0.04 0.05 46.77 -0.69 0.50
Wake After Sleep OnsetO -0.09 0.06 46.29 -1.56 0.13
Terminal WakefulnessO 0.15 0.07 45.43 2.03 0.05

Interactions      
Level 1 * Level 2  SOLS -0.00018 0.00007 482.38 -2.42 0.02
Level 1 * Level 2  WASOS -0.00002 0.00004 471.81 -0.54 0.59
Level 1 * Level 2  TWAKS 0.00018 0.00011 499.91 1.61 0.11
Level 1 * Level 2  SOL O 0.00001 0.00013 394.80 0.09 0.93
Level 1 * Level 2  WASO O -0.00033 0.00040 455.47 -0.82 0.41
Level 1 * Level 2  TWAK O -0.00026 0.00039 457.58 -0.67 0.51

Random Effects  
Covariance parameter estimate B SE  Z p 

Within-person      
Day 0.04 0.02 2.73 0.01
Sleep Onset LatencyS 0.00 0.00 0.00 1.00
Level 1 * Level 2  SOLS 0.00 0.00 0.00 1.00
Level 1 * Level 2  TWAKS 0.00 0.00 0.00 1.00
   Within  Pseudo R2 0.35 
   Between Pseudo R2 0.25 
   Total Pseudo R2 0.86 

Notes: Variables with a subscript ‘s‘ indicate they were subjectively measured by Sleep Diary. 
Variables with a subscript ‘o‘ indicate they were objectively measured by Actigraphy. 
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Table 5-9. Steps taken in building the Symbol Digit Multilevel Model 
  Symbol Digit 
Models AIC BIC -2LL Δ-2LL df Δdf s2

b s2
w r2

b r2
w r2

t 
(1) Null 4498.87 4511.94 4492.87 -- 3 -- 68.42 121.52 -- -- 0.39 
(2) Time added 4471.83 4493.62 4461.83 31.04*** 4 1 63.91 121.97 0.07 0.00 0.41 
(3) Sleep added 4021.51 4093.63 3987.51 474.32*** 12 8 52.18 123.00 0.24 -0.01 0.43 
(4) Interactions added 4018.75 4116.32 3972.75 14.76* 18 6 52.50 120.28 0.23 0.01 0.44 
(5) Random effects added 4026.59 4141.13 3972.59 0.16 22 4 52.41 120.03 0.23 0.01 0.44 

Notes: AIC = Akaike’s Information Criterion; BIC = Schwarz’s Bayesian Criterion; -2LL = -2 log likelihood;  Δ-2LL = change in –2LL relative to 
preceding model;  s2

b = unexplained intercept-related (between subjects) variance;  s2
w = unexplained residual-related (within subjects) variance; r2

b 
= between-subjects pseudo R-squared, an estimate of the amount of  between subjects variance (estimated from null model) explained by fixed and 
random predictors; r2

w  = within-subjects pseudo R-squared, an estimate of the amount of  within subjects variance (estimated from null model) 
explained by fixed and random predictors; r2

t = total pseudo R-squared, an estimate of total variance explained (estimated from amount of 
agreement between predicted values and actual values). *** Deviance is significant at the 0.001 level. ** Deviance is significant at the 0.01 level. 
* Deviance is significant at the 0.05 level. 
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Table 5-10. Sleep variables predicting processing speed 
Fixed Effects 

 
Predictor Variable B SE df t p 

Within-person      
Day  0.48 0.14 144.30 3.39 0.001
Sleep Onset LatencyS -0.02 0.03 461.39 -0.56 0.58
Wake After Sleep OnsetS -0.02 0.02 459.24 -1.15 0.25
Terminal WakefulnessS -0.04 0.03 446.96 -1.58 0.12
Sleep Onset LatencyS O  0.03 0.03 442.21 0.82 0.41
Wake After Sleep OnsetO  0.14 0.08 421.86 1.82 0.07
Terminal WakefulnessO -0.11 0.06  95.13 -1.91 0.06

Between-person      
Sleep Onset LatencyS  0.11 0.06  43.77 1.83 0.07
Wake After Sleep OnsetS -0.08 0.04  41.47 -2.08 0.04
Terminal WakefulnessS  0.07 0.06  43.36 1.14 0.26
Sleep Onset LatencyS O -0.07 0.10  44.58 -0.71 0.48
Wake After Sleep OnsetO  0.05 0.10  41.94 0.49 0.62
Terminal WakefulnessO  0.09 0.14  42.52 0.69 0.49

Interactions      
Level 1 * Level 2  SOLS  0.0002 0.0003 458.90 0.52 0.61
Level 1 * Level 2  WASOS  0.0002 0.0002 430.17 0.98 0.33
Level 1 * Level 2  TWAKS  0.0010 0.0005 465.84 2.13 0.03
Level 1 * Level 2  SOL O -0.0005 0.0006 380.48 -0.90 0.37
Level 1 * Level 2  WASO O -0.0028 0.0018 390.40 -1.60 0.11
Level 1 * Level 2  TWAK O  0.0042 0.0019  22.62 2.26 0.03

Random Effects  
Covariance parameter estimate B SE  Z p 

Within-person      
Day 0.00 0.00 0.00 1.00
Terminal WakefulnessO 0.00 0.00 0.00 1.00
Level 1 * Level 2  TWAKS 0.00 0.00 0.00 1.00
Level 1 * Level 2  TWAK O 0.000001 0.000002 0.35 0.72
   Within  Pseudo R2 0.01 
   Between Pseudo R2 0.23 
   Total Pseudo R2 0.44 

Notes: Variables with a subscript ‘s‘ indicate they were subjectively measured by Sleep Diary. 
Variables with a subscript ‘o‘ indicate they were objectively measured by Actigraphy. 
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CHAPTER 6 
DISCUSSION 

This section has four main objectives: to review and interpret the results of each primary 

aim of the study; to consider the major limitations of the study; to discuss the larger theoretical 

and empirical implications; and to discuss future directions for the study of the sleep-cognition 

relationship.  

Review of Findings   

Aim 1: To Determine the Amount of Variability in Sleep and Cognition Found Within 
Older Adults with Insomnia Compared to the Amount of Variability between Older 
Adults with Insomnia 

Results from this analysis indicate that a substantial amount of variability in sleep and 

cognition is found within older adults with insomnia after controlling for any effects of time. 

Variability in the letter series test was the lowest of all the variables measured and still 

considerable (48%). Every other variable assessed exhibited either equal amounts of within-

person variability as between-person variability or more (range = 85% - 189%). Results suggest 

that within-person variability in sleep and cognition in older adults with insomnia is large enough 

to warrant further investigation. Results are congruent with the literature in both the sleep and 

cognitive field demonstrating large amounts of within-person variability in their relative 

constructs of study (Allaire & Marsiske, 2005; Coates et al., 1981; Edinger et al., 1991; Edinger 

et al., 1997; Frankel et al., 1976; Hauri & Wisbey, 1992; Hultsch et al., 2000; Hultsch et al., 

2002; MacDonald et al., 2003; Nesselroade & Salthouse, 2004; Salthouse et al., 2006; Salthouse 

& Berish, 2005 Vallieres et al., 2005) 

Aim 2: To Determine How Variability is Associated Across Sleep and Cognitive Measures 
in Older Adults with Insomnia 

 The first question this aim addressed was how intraindividual variability is related across 

the various sleep and cognition domains. Results indicated that variability in one domain is 
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related to variability in other domains. It appears that variability may operate systematically 

within-persons. Individuals who operate in a variable manner in one task also operate variably in 

other tasks. These findings are inline with the bulk of previous studies of intraindividual 

variability (Allaire & Marsiske, 2005; Hultsch et al., 2000; Nesselroade & Salthouse, 2004). 

Interestingly, variability in WASOS was negatively, though non-significantly, correlated with 

variability in cognition. 

The second question this aim addressed was how level of performance is related across the 

various sleep and cognition domains. Interestingly, results indicate that in general better sleep is 

related to lower letter series performance and higher symbol digit scores. Although not 

definitive, this pattern of findings supplies some evidence for the notion that the symbol digit test 

may be more indicative of underlying brain functions than the letter series test. 

The third question this aim addressed was how variability is related to level of 

performance across the various sleep and cognition measures. Increased variability in both letter 

series and symbol digit were related to increased overall level of sleep. This suggests that 

individuals who had higher mean values on the sleep variables had more variable cognitive 

performance. In light of the fact that all of the sleep parameters assessed are typically used as 

indicators of poor sleep and assuming more variability in cognition is a bad thing, this finding 

make sense. If variability is indicative of underlying neuronal dysfunction (Sliwinski, Hofer, & 

Hall, 2003), this result lends support to the notion that sleep provides a restorative period for the 

brain. Increased variability in sleep parameters was generally negatively associated with average 

performance on the letter series task and positively associated with average symbol digit score. 

Although seemingly contradictory in indications, these results do fit prior research findings 

suggesting that variability may be adaptive (a good thing) or a sign of neural deterioration (a bad 
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thing) (Allaire & Marsiske, 2005). Increased variability in sleep was associated with poorer 

overall sleep. Variable sleep is typically viewed as an indication of poor sleep, as suggested by 

the findings that insomniacs tend to be more variable in their sleep patterns than normal ‘good’ 

sleepers (Coates et al., 1981; Edinger et al., 1997). This set of results confirms that more variable 

sleep is associated with poorer sleep. Increased variability in both reasoning and processing 

speed were found to be associated with better reasoning and processing speed. These results add 

to the current literature suggesting that variability may be adaptive in nature (Allaire & Marsiske, 

2005; Li, Aggen, Nesselroade, & Baltes, 2001; Siegler, 1994).  

Aim 3: To Determine the Between-Person (Mean-Level) and Within-Person (Day-to-Day-
Level) Association between Sleep and Cognition in Older Adults with Insomnia 

An initial correlational analysis of predictor variables, both within and between-persons, 

revealed that no two within-person predictors shared more than 2.5% of their variance and that 

no two between-person predictors shared more than 55% of their variance.  

MLM for reasoning 

The intraclass correlation for letter series was 0.36 indicting that 64% of the variance in 

letter series was within-persons and investigation of this within-person variability was warranted.  

After controlling for time, within-person variations in SOLS significantly predicted letter 

series performance. Results suggest that on days when an individual self-estimates taking longer 

to fall asleep, they also have better reasoning performance. A significant positive between-person 

association was found between TWAKO and letter series indicating that individuals who, on 

average, tend to spend more time laying in bed in the morning also have better than average 

reasoning. TWAK, in general, has been an understudied variable. Results that increased TWAK 

may be beneficial to cognitive performance could indicate an attempt to compensate for a poor 
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night’s sleep that works. Yet, TWAK is largely considered maladaptive in sleep research. Thus, 

additional research is needed before definitive conclusions can be drawn. 

There was also a significant negative interaction between within-person and between-

person SOLS indicating that when an individual who usually has above average SOLS 

experiences a day of increased SOLS they perform worse on the reasoning task. Though these 

results may seem puzzling at first they are very much inline with current findings on the sleep-

cognition relationship.  

The fact that when individuals experience above average SOLS and when individuals tend 

to, on average, have more TWAKO they also perform better on the letter series could be evidence 

for the hypothesized added effort such individuals are suspected of expending to offset the 

natural decline following poor sleep (Drake et al., 2001). Furthermore, when individuals who 

usually take a long time to fall asleep take even longer they consequently experience lower than 

average reasoning. This could be interpreted as creating too much impairment for added effort to 

compensate for, as in total sleep deprivation.  

This model accounted for 35% of the within-person variance in letter series and 25% of the 

between-person variance. In total, the model accounted for 86% of the variance in reasoning 

performance.  

MLM for processing speed 

The intraclass correlation for letter series was 0.73 indicting that 27% of the variance in 

letter series was within-persons and investigation of this within-person variability was warranted.  

After controlling for time there were no significant within-person predictors of symbol 

digit performance. A negative significant between-person association between WASOS and 

symbol digit was found. This relationship indicates that individuals who, on average, spend more 

self-reported wake time in the middle of the night also have lower than average processing 
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speeds. This finding is consistent with the sleep deprivation researching showing a negative 

relationship between sleep loss and cognitive performance in older adults (Webb, 1985; Web & 

Levy, 1982). 

Two significant interactions were found. The within-person by between person interaction 

for both TWAKS and TWAKO were positively related to symbol digit performance. These 

interactions indicate that when an individual who usually has above average TWAK experiences 

a day of increased TWAK they have better processing speeds. As stated above, TWAK is a 

recently introduced variable into the sleep literature. These interactions suggest that getting much 

more rest time in the morning may supply a type of restorative function for the prefrontal cortex 

that was not achieved at night (Horne, 1988). Increasing TWAK may be an adaptive behavior to 

the loss of nocturnal sleep in order to maintain optimal cognitive functioning. However, as stated 

previously, TWAK is generally agreed upon to be a maladaptive sleep response and thus needs 

further research before definitive conclusions are drawn.  

This model accounted for only 1% of the within-person variance in symbol digit indicating 

the need for better within-person predictors. However, the model accounted for 23% of the 

between-person variance and 44% of the total variance in processing speed.  

Study Limitations  

There are several important study limitations that need to be addressed. While the data 

presented here were well suited to answer the questions asked; this is a secondary data analysis. 

Therefore, it is important to recognize that the data were not collected to answer the questions of 

within-person variability in sleep and cognition over 14 days in older adults with insomnia. 

However, it also must be recognized that the data were collected for a closely related purpose 

and as such do fit the current uses extremely well.  
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The lack of a “normal” sleeping control group restricts the interpretation of results. The 

presence of such a comparison would have allowed statements about the differing magnitude, 

differing associations, and differing daily coupling of sleep and cognition. As is, the current 

study is confined to addressing these important questions in older insomniacs only. 

Generalizability of results may be further hindered by the sample characteristics of the study. 

Specifically, study participants were above-average educated and mostly Caucasian.  

Lastly, the use of self-administered daily assessments and the resulting loss of 

experimental control must be acknowledged. Participants were thoroughly instructed in the 

procedures of all material and were provided with all necessary material and then instructed to 

complete everything once daily. Although the possibility of data integrity problems definitely 

exists, we believe this is highly unlikely for several reasons. A very similar protocol was used in 

a previous study of intraindividual variability successfully (Allaire & Marsiske, 2005). Self-

assessments were also monitored weekly to decrease the probability of incorrect administration. 

And, all workbooks contained integrity statements that were all signed and returned.  

Theoretical and Empirical Implications 

With these limitations in mind, we feel this study has several important implications for 

sleep researchers, cognitive aging researchers, and “real world” applications. First, this research 

reveals the importance of within-person variations in sleep. Intraindividual variability has yet to 

become considered a salient topic in sleep research. Instead many researchers are focusing 

exclusively on interindividual variability at the expense of intraindividual variability. Results of 

the current study indicate that within-person variations in sleep are not “noise”’ or measurement 

error and suggest the need to systematically study how individuals’ sleep varies from day-to-day. 

Specifically, the results of Aim 3 illustrate that disregarding within-person variability as 

measurement error would lead to decreased precision in predicting cognition with sleep.  
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It is also hoped that the results of this study will inspire more sleep researchers to become 

familiar with multilevel modeling and its application for studying within-person variability. 

Several researchers have previously employed multilevel modeling but failed to decompose 

predictors into within and between components (Monk et al., 2006). By doing this these 

researchers may have missed possibly intriguing results about within-person processes. 

Furthermore, several researchers have commented on the possibility that the inconsistencies in 

the results of sleep deprivation studies are due to stable interindividual differences in 

susceptibility to sleep loss (Olofsen et al., 2004; Van Dongen et al., 2004). It is our contention 

that through the use of MLM and testing random effects such hypotheses can be tested.  

This study adds to the sleep research literature an investigation of the sleep-cognition 

relationship that is ecologically valid. While many studies have deprived people of their sleep 

and then tested their cognitive functioning (Harrison & Horne, 2000; Pilcher & Huffcutt, 1996) 

very few have attempted to capture this relationship in an already poor sleeping sample. 

Furthermore, those studies that did assess individuals in their natural setting settled for relatively 

brief cognitive measures instead of commonly used, domain specific assessment (Blackwell et 

al., 2006; Cricco et al., 2001; Tworoger et al., 2006). Aim 3 also points for the need of increased 

research into the utility of TWAK as a sleep variable. TWAK is traditionally viewed as an un-

recommended response to poor nocturnal sleep and as a contributor to subsequent nights of poor 

sleep. Our results suggest that TWAK may be beneficial to cognitive performance in older adults 

with insomnia. We suggest future research examine this relationship in more detail. In this way, 

the current study adds depth to the current state of sleep research examining the sleep-cognition 

link.  
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Implications for the cognitive aging field are straightforward; sleep is associated with 

cognitive performance in older adults. Given the known changes in sleep that occurs with 

increased age (Morgan, 2000) and the known relationship between sleep and cognition (Harrison 

& Horne, 2000; Pilcher & Huffcutt, 1996) it is essential that sleep be more readily studied within 

the cognitive aging field. Is it coincidence that executive functioning, which is regulated by the 

prefrontal cortex, has been found to exhibit high levels of variability (Salthouse et al., 2006) and 

that the prefrontal cortex is the most sensitive region of the brain to sleep loss (Durmer & 

Dinges, 2005) and that sleep exhibits much variability in “normal” sleepers and older adults with 

insomnia (Coates et al., 1981; Edinger et al., 1991; Edinger et al., 1997; Frankel et al., 1976; 

Hauri & Wisbey, 1992; Vallieres et al., 2005; McCrae et al., 2003; McCrae et al., 2005)? 

Implications of the current study for real world applicability are many. First, a reliable 

relationship was illustrated between sleep and cognitive functioning. It is therefore important for 

individuals doing cognitive/neuropsychological assessments of older adults to also assess sleep. 

Given the association between sleep loss and accidents, auto and work related, (Benca, 2001; 

Hublin & Partinen, 2002; Katz & McHorney, 2002; Neubauer, 2004; Roth & Roehrs, 2003) and 

the daily associations between sleep and perceptual speed found in the current study, it is 

imperative to warn older drivers of the potential negative consequences of one night’s bad sleep.  

There is a general cognitive decline experienced with increasing age (Craik & Byrd, 1982; 

Hasher & Zacks, 1988; Lindenberger & Baltes, 1994; Salthouse, 1996). There is also a general 

worsening of sleep associated with advanced age (Morgan, 2000). If these two phenomena are 

causally related then a possible intervention to help slow one possible factor in age-related 

cognitive decline could be treatments aimed at improving sleep. Future research should 

investigate the longitudinal effects on cognitive performance of improved sleep.  
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Future Directions 

Possible follow-up studies to the current project could proceed in many different 

directions. Given the possible relationship between REM sleep and memory consolidation (Gais 

& Born, 2004; Wagner et al., 2001) and facilitation (Walker & Stickgold, 2004) a potential line 

of research would be to have individuals wear portable polysomnographies equipped with 

electroencephalograms nightly and measure word recall daily to determine the daily association 

between amount of REM sleep obtained and memory performance.  

Similar studies as the current one could be conducted that included normal controls for 

comparison purposes. Further, future studies should examine more occasions, in a larger more 

diverse sample, and should assess more cognitive domains using more precise tools, such as 

computers, to allow for an accurate recording of individual reaction times. Such innovation 

would allow for the examination of not only occasion-to-occasion variability but also within 

occasion variability.  

Another possible vein of research would be the detection of other covariates that could be 

incorporated into the MLM to aid in the prediction of cognitive performance. Possible covariates 

might include: affect, physical activity, life stressors, and pain. 
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APPENDIX A 
SLEEP DIARY 

Please answer the following questionnaire WHEN YOU AWAKE IN THE MORNING.  Enter 
yesterday's day and date and provide the information to describe your sleep the night before.  
Definitions explaining each line of the questionnaire are given below. 
 
Table A-1.  Example of a Sleep Diary 

                yesterday's day 
              yesterday's date  

TUES 
10/14/9
7 

 

 

day 1 

 

 

day 2 

 

 

day 3 

 

 

day 4 

 

 

day 5 

 

 

day 6 

 

 

day 7 

1. NAP (yesterday) 70        

2. BEDTIME (last 

night) 

10:55        

3. TIME TO FALL 

ASLEEP 

65        

4. # AWAKENINGS 4        

5. WAKE TIME 
(middle of  night) 

110        

6. FINAL WAKE-UP 6:05        

7. OUT OF BED  7:10        

8. QUALITY RATING* 2        

9. BEDTIME 

 MEDICATION 

 (include amount & 

time) 

Halcion 

0.25 mg 

10:40 pm 

 

       

*Pick one number below to indicate your overall QUALITY RATING or satisfaction with your 
sleep.1. very poor,  2. poor,  3. fair,  4. good,  5. excellent 
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APPENDIX B 
LETTER SERIES TEST 

Circle the one letter from the answer choices on the right that comes next in 
the series of letters on the left.  

            Answer Choices 

1. o o p q q r s s t u u      o q t u v 

2. o p q o p q r s t r s t u v w  u v w x y 

3. o s o t p s p t q s q t r s r  p q r s t 

4. f g h p f g h q f g h r f g h  f q r s t 

5. n o p i j k q r s i j k t u v  w x y i j 

6. u v w u v x u v y u v z     u v w y z 

7. d e p f g p h i p j k p l m p  d e l m n 

8. q p o q p o q p o q p      o p q r s 

9. p a p q a p q r a p q r s    r s t u a 

10. s t s t p q u v u v p q w x   p q w x y 

11. o p p q q q r r r r s s s s   r s t u v 

12. o o q q s s u u w w       v w x y z 

13. r s t r s t u r s t u v     r s t u v 

14. o p q q r s t t u v w w x y z  v w x y z 
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                   Answer Choices 
15. i j i k l k m n m o p o q r   o p q r s 

16. i j k v w l m n v w o p q v w  q r s v w 

17. i j j j k l l l m n n n o p p  o p q r s 

18. p o n m l k j          i j k o p 

19. i k m o q s u          s t u v w 

20. i j j k l l m n n o p      m n o p q 

21. i p j q k r i p j q k r i p j  i j k p q 

22. h i k l n o q r         p q r s t 

23. i j k i l m n l o p q o r s t  q r s t u 

24. i a j b k c l d m e n f o    n o p f g 

25. a c f h k m p r         q r s t u 

26. i i j j k l l m m n o o p    p q r s t 

27. i i j i j k k l k l m m n    m n o p q 

28. n n n n n o o o o p p p q    m n o p q 

29. i j k k j i l m n n m l o p q  p q r s t 

30. i j k j k l m n m n o p q p   n o p q r 
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APPENDIX C 
SYMBOL DIGIT TEST 

On the next page are boxes to be filled in with the matching digit, like you see in the key 
on the top of the page. Go in order, without skipping any boxes.  

 
KEY 

 

         
1 2 3 4 5 6 7 8 9 

 
               
4 1 2 9 4 5 2 7 1 6      
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APPENDIX D 
CORRELATIONS OF PREDICTOR VARIABLES NOT CONTROLLING FOR TIME 

Table D-1.  Correlations of within-person, with time, predictors. (N=48, 14 Occasions) 
  1 2 3 4 5 6 7 8 
1. Letter Series 1.00        
2. Symbol Digit 0.16** 1.00       
3. Sleep Onset Latency 0.01 0.01 1.00      
4. Wake After Sleep Onset 0.03 0.02 -0.05 1.00     
5. Terminal Wakefulness 0.05 0.03 0.10** 0.05 1.00    
6. Sleep Onset Latency -0.02 0.00 0.06 0.01 0.01 1.00   
7. Wake After Sleep Onset 0.03 0.05 0.08 0.14** 0.11** -0.10* 1.00  
8. Terminal Wakefulness 0.06 0.04 -0.05 -0.05 0.15** 0.15** -0.12** 1.00 

Note: ** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 
0.05 level (2-tailed). Variables with a subscript ‘s‘ indicate they were subjectively measured by 
Sleep Diary. Variables with a subscript ‘o‘ indicate they were objectively measured by 
Actigraphy. 

 

Table D-2.  Correlations of between-person, with time, predictors. (N=48) 
  1 2 3 4 5 6 7 8 
1. Letter Series 1.00        
2. Symbol Digit 0.23 1.00       
3. Sleep Onset Latency -0.14 0.30 1.00      
4. Wake After Sleep Onset -0.06 -0.07 0.48** 1.00     
5. Terminal Wakefulness -0.15 0.25 0.45* 0.48** 1.00    
6. Sleep Onset Latency -0.11 0.21 0.74** 0.11 0.29 1.00   
7. Wake After Sleep Onset -0.18 0.13 0.16 0.26 0.18 0.08 1.00  
8. Terminal Wakefulness 0.14 0.26 0.41 0.34 0.41 0.45* 0.50** 1.00 

Note: ** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 
0.05 level (2-tailed). Variables with a subscript ‘s‘ indicate they were subjectively measured by 
Sleep Diary. Variables with a subscript ‘o‘ indicate they were subjectively measured by 
Actigraphy. 
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APPENDIX E 
REASONING MODELS AT EACH STEP OF MLM BUILDING 

Table E-1.  Reasoning MLM Step 2: Adding Time 
Fixed Effects  

 
Predictor Variable B SE df t p 

Within-person      
Day 0.38 0.03 148.29 12.40 <0.00

Between-person      
-- -- -- -- -- -- 

Interactions -- -- -- -- -- 
--  

Random Effects  
Covariance parameter estimate B SE  Z p 

Within-person      
-- -- --  -- -- 
   Within  Pseudo R2 0.24 
   Between Pseudo R2 0.02 
   Total Pseudo R2 0.82 

Notes: Variables with a subscript ‘s‘ indicate they were subjectively measured by Sleep Diary. 
Variables with a subscript ‘o‘ indicate they were objectively measured by Actigraphy. 

 

 

 

 

 

 

 

 

 



 

80 

Table E-2.  Reasoning MLM Step 3: Adding Sleep 
Fixed Effects  

 
Predictor Variable B SE df t p 

Within-person      
Day 0.37 0.03 140.29 11.42 <0.00
Sleep Onset LatencyS 0.00 0.00 494.24 0.05 0.96
Wake After Sleep OnsetS 0.00 0.00 481.36 0.19 0.85
Terminal WakefulnessS 0.01 0.00 498.63 1.73 0.08
Sleep Onset LatencyS O 0.00 0.00 439.32 -0.69 0.49
Wake After Sleep OnsetO 0.00 0.01 489.10 -0.06 0.95
Terminal WakefulnessO 0.01 0.00 477.54 1.12 0.26

Between-person      
Sleep Onset LatencyS -0.01 0.03 45.74 -0.29 0.77
Wake After Sleep OnsetS 0.01 0.02 45.37 0.28 0.78
Terminal WakefulnessS -0.03 0.03 45.69 -0.92 0.36
Sleep Onset LatencyS O -0.03 0.06 45.87 -0.56 0.58
Wake After Sleep OnsetO -0.09 0.06 45.39 -1.58 0.12
Terminal WakefulnessO 0.13 0.08 45.48 1.73 0.09

Interactions      
-- -- -- -- -- -- 

Random Effects  
Covariance parameter estimate B SE  Z p 

Within-person      
-- -- --  -- -- 
   Within  Pseudo R2 0.23 
   Between Pseudo R2 0.11 
   Total Pseudo R2 0.83 

Notes: Variables with a subscript ‘s‘ indicate they were subjectively measured by Sleep Diary. 
Variables with a subscript ‘o‘ indicate they were objectively measured by Actigraphy. 
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Table E-3.  Reasoning MLM Step 4: Adding Interactions 
Fixed Effects  

 
Predictor Variable B SE df t p 

Within-person      
Day 0.37 0.03 141.86 11.57 <0.00
Sleep Onset LatencyS 0.01 0.01 497.63 1.97 0.05
Wake After Sleep OnsetS 0.00 0.00 488.99 0.46 0.64
Terminal WakefulnessS 0.00 0.01 484.46 -0.53 0.60
Sleep Onset LatencyS O 0.00 0.01 474.18 -0.45 0.65
Wake After Sleep OnsetO 0.01 0.02 452.80 0.53 0.59
Terminal WakefulnessO 0.01 0.01 462.95 0.89 0.38

Between-person      
Sleep Onset LatencyS -0.01 0.03 45.72 -0.29 0.77
Wake After Sleep OnsetS 0.01 0.02 45.35 0.24 0.81
Terminal WakefulnessS -0.03 0.03 45.65 -0.90 0.37
Sleep Onset LatencyS O -0.03 0.06 45.84 -0.57 0.57
Wake After Sleep OnsetO -0.09 0.06 45.38 -1.57 0.12
Terminal WakefulnessO 0.13 0.08 45.45 1.73 0.09

Interactions      
Level 1 * Level 2  SOLS 0.00 0.00 496.60 -2.40 0.02
Level 1 * Level 2  WASOS 0.00 0.00 459.20 -0.46 0.65
Level 1 * Level 2  TWAKS 0.00 0.00 497.89 1.99 0.05
Level 1 * Level 2  SOL O 0.00 0.00 397.25 -0.01 0.99
Level 1 * Level 2  WASO O 0.00 0.00 453.78 -0.69 0.49
Level 1 * Level 2  TWAK O 0.00 0.00 440.46 -0.52 0.61

Random Effects  
Covariance parameter estimate B SE  Z p 

Within-person      
-- -- --  -- -- 
   Within  Pseudo R2 0.25 
   Between Pseudo R2 0.11 
   Total Pseudo R2 0.84 

Notes: Variables with a subscript ‘s‘ indicate they were subjectively measured by Sleep Diary. 
Variables with a subscript ‘o‘ indicate they were objectively measured by Actigraphy. 
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APPENDIX F 
PROCESSING SPEED MODELS AT EACH STEP OF MLM BUILDING 

Table F-1.  Processing Speed MLM Step 2: Adding Time 
Fixed Effects  

 
Predictor Variable B SE df t p 

Within-person      
Day 0.48 0.13 160.44 3.59 <0.00

Between-person      
-- -- -- -- -- -- 

Interactions      
-- -- -- -- -- -- 

Random Effects  
Covariance parameter estimate B SE  Z p 

Within-person      
-- -- --  -- -- 
   Within  Pseudo R2 0.00 
   Between Pseudo R2 0.07 
   Total Pseudo R2 0.41 

Notes: Variables with a subscript ‘s‘ indicate they were subjectively measured by Sleep Diary. 
Variables with a subscript ‘o‘ indicate they were objectively measured by Actigraphy. 
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Table F-2.  Processing Speed MLM Step 3: Adding Sleep 
Fixed Effects  

 
Predictor Variable B SE df t p 

Within-person      
Day 0.47 0.14 148.90 3.36 <0.00
Sleep Onset LatencyS 0.00 0.01 470.82 -0.27 0.79
Wake After Sleep OnsetS 0.00 0.01 456.11 -0.25 0.80
Terminal WakefulnessS 0.01 0.01 469.90 0.49 0.62
Sleep Onset LatencyS O 0.00 0.02 414.49 0.05 0.96
Wake After Sleep OnsetO 0.02 0.03 468.20 0.72 0.47
Terminal WakefulnessO 0.02 0.02 451.04 0.98 0.33

Between-person      
Sleep Onset LatencyS 0.10 0.06 43.65 1.80 0.08
Wake After Sleep OnsetS -0.08 0.04 41.32 -2.05 0.05
Terminal WakefulnessS 0.07 0.06 43.26 1.14 0.26
Sleep Onset LatencyS O -0.07 0.10 44.48 -0.65 0.52
Wake After Sleep OnsetO 0.05 0.10 41.85 0.52 0.61
Terminal WakefulnessO 0.10 0.14 42.42 0.71 0.48

Interactions      
-- -- -- -- -- -- 

Random Effects  
Covariance parameter estimate B SE  Z p 

Within-person      
-- -- -- -- -- 
   Within  Pseudo R2 -0.01 
   Between Pseudo R2 0.24 
   Total Pseudo R2 0.43 

Notes: Variables with a subscript ‘s‘ indicate they were subjectively measured by Sleep Diary. 
Variables with a subscript ‘o‘ indicate they were objectively measured by Actigraphy. 
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Table F-3.  Processing Speed MLM Step 4: Adding Interactions 
Fixed Effects  

 
Predictor Variable B SE df t p 

Within-person      
Day 0.48 0.14 146.19 3.36 <0.00
Sleep Onset LatencyS -0.02 0.03 465.87 -0.56 0.58
Wake After Sleep OnsetS -0.02 0.02 459.51 -1.10 0.27
Terminal WakefulnessS -0.04 0.03 455.71 -1.57 0.12
Sleep Onset LatencyS O 0.03 0.03 444.73 0.80 0.43
Wake After Sleep OnsetO 0.15 0.08 437.49 1.89 0.06
Terminal WakefulnessO -0.11 0.06 428.38 -2.03 0.04

Between-person      
Sleep Onset LatencyS 0.11 0.06 43.76 1.84 0.07
Wake After Sleep OnsetS -0.08 0.04 41.46 -2.08 0.04
Terminal WakefulnessS 0.07 0.06 43.35 1.14 0.26
Sleep Onset LatencyS O -0.07 0.10 44.57 -0.71 0.48
Wake After Sleep OnsetO 0.05 0.10 41.94 0.49 0.62
Terminal WakefulnessO 0.09 0.14 42.51 0.69 0.49

Interactions      
Level 1 * Level 2  SOLS 0.00 0.00 465.48 0.51 0.61
Level 1 * Level 2  WASOS 0.00 0.00 433.48 0.96 0.34
Level 1 * Level 2  TWAKS 0.00 0.00 467.09 2.14 0.03
Level 1 * Level 2  SOL O 0.00 0.00 382.83 -0.87 0.38
Level 1 * Level 2  WASO O 0.00 0.00 429.51 -1.70 0.09
Level 1 * Level 2  TWAK O 0.00 0.00 410.50 2.51 0.01

Random Effects  
Covariance parameter estimate B SE  Z p 

Within-person      
-- -- -- -- -- 
   Within  Pseudo R2 0.01 
   Between Pseudo R2 0.23 
   Total Pseudo R2 0.44 

Notes: Variables with a subscript ‘s‘ indicate they were subjectively measured by Sleep Diary. 
Variables with a subscript ‘o‘ indicate they were objectively measured by Actigraphy. 
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