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Abstract

The present study examined sleep features associated with cognition in older adults and examined 

whether sleep changes following insomnia treatment were associated with cognitive 

improvements. Polysomnography and cognition (recall, working memory, and reasoning) were 

assessed before and after an insomnia intervention (Brief Behavioral Treatment of Insomnia 

(BBTI) or information control (IC)) in 77 older adults with insomnia. Baseline wake-after-sleep-

onset (WASO) was associated with recall. Greater NREM (non-rapid eye movement) delta power 

and lower NREM sigma power were associated with greater working memory and reasoning. The 

insomnia intervention did not improve performance. However, increased absolute delta power and 

decreased relative sigma power were associated with improved reasoning. Findings suggest that 

improvements in executive function may occur with changes in NREM architecture.

INTRODUCTION

The negative consequences of sleep loss on cognition in young adults are well established. 

Total and partial sleep deprivation consistently lead to impairments in cognition, especially 

attention (Durmer & Dinges, 2005; Goel, Rao, Durmer, & Dinges, 2009) and higher-order 

executive functions (Harrison & Horne, 1998, 2000; Harrison, Horne, & Rothwell, 2000). 

Because sleep often changes with advancing age (Ancoli-Israel, 1997; Carrier & Bliwise, 

2003; Carrier, Land, Buysse, Kupfer, & Monk, 2001; Ohayon, Carskadon, Guilleminault, & 

Vitiello, 2004; Vitiello, 2006), age-related sleep changes and sleep disorders might 

contribute to the cognitive deficits prevalent in older adulthood (Carrier, 2009; Mander et 
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al., 2013; Pace-Schott & Spencer, 2011; Wilckens, Erickson, & Wheeler, 2012). Much of 

the literature to date has focused on the role of sleep in memory consolidation in older adults 

(Mander et al., 2013; Pace-Schott & Spencer, 2011; Spencer, Gouw, & Ivry, 2007; Tucker, 

McKinley, & Stickgold, 2011; Wilson, Baran, Pace-Schott, Ivry, & Spencer, 2012). 

However, other aspects of cognition, including controlled memory processes and executive 

functions, show dramatic decline into older adulthood (Braver & West, 2008; Buckner, 

2004; Verhaeghen & Cerella, 2002), and age-related changes in sleep may affect these 

domains of cognition (Anderson & Horne, 2003; Pace-Schott & Spencer, 2011; Terry, 

Anderson, & Horne, 2004; Wilckens et al., 2012; Wilckens, Woo, Erickson, & Wheeler, 

2014). Notably, it remains an open question as to whether improving age-related sleep 

changes may lead to improvements in executive abilities.

Specific aspects of sleep are commonly associated with cognition across various age groups 

and clinical populations. Sleep continuity, total sleep time (TST), slow-wave sleep, sleep 

spindles, and rapid eye movement (REM) sleep have all been associated with some aspects 

of cognition. Sleep continuity is a particularly interesting sleep variable from the perspective 

of cognitive aging, given that sleep continuity decreases in older adulthood, and habitual and 

experimentally manipulated sleep continuity are associated with executive function 

(Blackwell et al., 2006; Martin, Engleman, Deary, & Douglas, 1996; Nebes, Buysse, 

Halligan, Houck, & Monk, 2009; Verstraeten & Cluydts, 2004; Wilckens, Woo, Erickson, et 

al., 2014; Wilckens, Woo, Kirk, Erickson, & Wheeler, 2014). Insomnia, which is often 

associated with poor sleep continuity, has been associated with poorer executive abilities 

relative to good-sleeping controls (Altena, Van Der Werf, Strijers, & Van Someren, 2008; 

Caplette-Gingras, Savard, Savard, & Ivers, 2013; Fortier-Brochu, Beaulieu-Bonneau, Ivers, 

& Morin, 2012; Fulda & Schulz, 2001). Further, sleep continuity has been shown to have 

specific benefits to controlled and executive abilities, compared with other domains of 

cognition, such as processing speed (Wilckens, Woo, Kirk, et al., 2014), simple response 

time, or motor aspects of cognition (Fulda & Schulz, 2001).

TST is commonly thought to be important for cognitive performance given that sleep 

deprivation has severe effects on cognition in young adults. However, sleep deprivation is 

less detrimental for older adults relative to young (Duffy, Willson, Wang, & Czeisler, 2009; 

Philip et al., 2004), and habitual TST is rarely associated with cognition in the cognitive 

aging literature (Blackwell et al., 2006; Nebes et al., 2009; Wilckens, Woo, Kirk, et al., 

2014). In fact, a number of studies have shown that longer TST is associated with poorer 

performance in older adults (Devore et al., 2014; Loerbroks, Debling, Amelang, & Stürmer, 

2010; Schmutte et al., 2007). Combined with evidence that sleep continuity supports 

executive abilities, this raises the question of whether more continuous and condensed sleep 

is beneficial for cognition in older adults.

More continuous and condensed sleep is associated with deep sleep (slow-wave sleep). 

Slow-wave sleep, characterized by delta frontal EEG (electroencephalogram) activity (0.5–4 

Hz) has been associated with executive function and memory consolidation across healthy 

young adults (Diekelmann, Wilhelm, & Born, 2009; Ferrara, Gennaro, Casagrande, & 

Bertini, 2000; Walker, 2009), healthy older adults (Anderson & Horne, 2003; Mander et al., 

2013) and those with insomnia (Backhaus et al., 2006; Crenshaw & Edinger, 1999). Delta 
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activity reflects homeostatic sleep drive and is therefore highest within the first NREM 

periods. Greater delta power within the first NREM period has been associated with better 

executive function in healthy older adults (Anderson & Horne, 2003). Delta activity reflects 

neural synchrony primarily within the prefrontal cortex, which may enhance cortical 

connections important for cognition (Mander et al., 2013; Muzur, Pace-Schott, & Hobson, 

2002; Picchioni, Duyn, & Horovitz, 2013; Terry et al., 2004).

Sleep spindles (sigma frequency band 12–16 Hz) and REM sleep have been implicated in 

various aspects of cognition. Spindles are posited to promote synaptic plasticity and, in turn, 

benefit intellectual abilities and memory consolidation (Fogel et al., 2012; Fogel & Smith, 

2011), but few studies have empirically examined this in older adults (Fogel & Smith, 2011; 

Guazzelli et al., 1986). While there is evidence that REM sleep is associated with certain 

aspects of cognition, such as memory consolidation (Diekelmann & Born, 2010; Maquet et 

al., 2000; Rauchs et al., 2004), and progression of dementia (Ferman et al., 1999; Iranzo et 

al., 2006; Reynolds et al., 1985), there is little evidence that REM sleep is important for 

controlled or executive abilities in cognitively healthy adults (see Prinz (1977) for most 

relevant exception).

Despite the promising evidence that older adults with better sleep (i.e., greater sleep 

continuity and slow-wave sleep) have better cognitive abilities (Pace-Schott & Spencer, 

2011), the literature has yet to identify whether behavioral improvements in sleep may 

improve cognitive performance. The present report was based on secondary analysis of a 

study investigating the efficacy of an insomnia intervention, Brief Behavioral Treatment for 

Insomnia (BBTI) compared to an information only control (IC) (Buysse et al., 2011). The 

present aims were to examine 1) whether sleep continuity and NREM delta and sigma 

activity were associated with controlled and executive functions in older adults with 

insomnia at baseline, and 2) whether improvements in these sleep features were associated 

with improvements in controlled and executive functions at follow-up.

We hypothesized that higher baseline sleep continuity (wake after sleep onset), delta 

activity, and sigma activity would be associated with better controlled and executive 

abilities. Because delta within the first NREM period has been associated with better 

cognition (Anderson & Horne, 2003) and spindles tend to be reciprocally associated with 

delta across the night (De Gennaro & Ferrara, 2003), greater sigma activity within the first 

half of the night could be associated with lower delta. Therefore, we examined the effect of 

NREM period on relationships involving delta and sigma power. We hypothesized that 

higher delta power in the first half of the night, and higher sigma power in the second half of 

the night would be associated with higher cognitive performance. We hypothesized that 

longer TST would be associated with poorer performance as habitually longer TST may be 

associated with less condensed sleep and less deep sleep. Exploratory analyses assessed 

whether higher percent REM was also associated with controlled memory and executive 

function.

In terms of change analyses, we first examined whether BBTI improved cognitive 

performance relative to IC to determine if insomnia treatment improved performance. We 

subsequently examined whether changes in specific sleep features were associated with 
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changes in cognitive performance. We hypothesized that increases in sleep continuity and 

delta activity within the first NREM period from baseline to follow-up would be positively 

associated with increases in cognitive performance.

METHODS

Overview

Participants were recruited as part of the AgeWise program project, focused on sleep 

challenges in older adults (AG020677) (Buysse et al., 2011). Participants were randomly 

assigned to either BBTI or IC following recruitment, screening, and baseline assessments. 

Outcomes measured at baseline and follow-up included neuropsychological performance 

(episodic memory, working memory, and abstract reasoning) and objective sleep measured 

with PSG.

Participants

Participants were community dwelling older adults (n = 79) ages 60–87 (mean age 71.67, 54 

female). Seventy-seven of these participants completed the cognitive battery. Participants 

completed the battery at a time of day that was convenient for the participant, ranging from 

morning to afternoon times. Thus the time of day for testing was not fixed across 

participants. Demographic information and clinical characteristics are displayed in Table 1. 

Baseline age-normed standardized scores on one of the cognitive assessments (Test of Non-

Verbal Intelligence, (Brown, Sheronbenou, & Johnsen, 1997)) were approximately average 

for this sample of participants (mean = 105.42, sd = 12.60), where a score of 100 reflects the 

true population average, suggesting potential for performance improvement. Seventy-three 

of the participants returned at follow-up to complete the same PSG and cognitive measures 

collected at baseline. One BBTI participant dropped out during treatment. For the present 

analyses, participants with missing data in the measures of interest or unusable PSG/spectral 

data due to technical issues were excluded. This resulted in 76 participants at baseline and 

70 at follow-up for WASO, TST, and percent REM sleep analyses, and 69 participants at 

baseline and 60 at follow-up for delta and sigma analyses. All participants were included in 

treatment group analyses. Participants met criteria for chronic insomnia based on the 

Diagnostic and Statistical Manual of Mental Disorders (Fourth Edition, Text Revision) 

(DSM-IV-TR) (Szelenberger & Niemcewicz, 2000) and criteria for general insomnia 

disorder in the International Classification of Sleep Disorders (2nd Edition, ICSD-2). 

Diagnoses were verified by self-report questionnaires and structured clinician interviews. 

The criteria specified a sleep complaint lasting for at least 1 month with adequate 

opportunity for sleep and significant distress or daytime impairment (Buysse et al., 2011). 

The DSM-IV primary insomnia criteria relating to exclusions for medical, sleep, and 

psychiatric disorders were not applied. Thus, our sample could be considered to be one of 

comorbid insomnia, since all participants had some type of other chronic stable medical 

condition. However, all participants indicated their insomnia was not felt to be due to other 

medical conditions. Inclusion criteria for the present analyses included completion of all 

neuropsychological tasks at baseline. Exclusion criteria for the original study included 

dementia, untreated psychiatric disorders, substance use, ongoing chemotherapy or cancer 

treatment, recent hospitalization, periodic limb movements, sleep apnea, or other untreated 
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sleep disorder. All participants had mini-mental state exam scores above 24. Participants 

provided informed consent as required by the University of Pittsburgh Institutional Review 

Board.

Intervention

The intervention has been described elsewhere (Buysse et al., 2011). Briefly, participants 

with insomnia were randomly assigned to either BBTI (experimental treatment group) or IC 

(control group) by permuted block design, stratified by age (≤ 75 vs ≥ 75) and sex. BBTI 

consisted of a 45–60 minute individual intervention session, followed by a 30 minute 

session 2 weeks later and 20 minute telephone calls after 1 and 3 weeks. The IC condition 

was designed to emulate the behavioral treatment information generally available to patients 

and practitioners, and comprised instructions to read 3 publications from the American 

Academy of Sleep Medicine: Insomnia, (American Academy of Sleep Medicine, 2000) 

Sleep as We Grow Older, (American Academy of Sleep Medicine, 2001) and Sleep Hygiene 

(American Academy of Sleep Medicine, 2002). Both interventions were administered by a 

mental health nurse practitioner (Buysse et al., 2011). Follow-up assessments were recorded 

4 weeks following the start of the intervention. Efficacy of the intervention is reported in 

Buysse et al. (2011).

Assessments and sleep measures

Demographic information collected at baseline included age, sex, and highest education 

level. Sleep and depression questionnaires (Pittsburgh Sleep Quality Index (PSQI) and 

Hamilton Depression Scale) were collected at both baseline and follow-up. The 17-item 

Hamilton Depression Scale, excluding questions regarding sleep, was used to characterize 

depressive symptoms. Participants underwent an in-home PSG study using Compumedics 

Siesta (Compumedics Limited, Abbotsford, Victoria, Australia) for three consecutive nights 

at baseline and two consecutive nights at follow-up. The first night of PSG data collection 

served to screen for untreated sleep apnea and periodic leg movements. This screening night 

was not used in analyses presented here. The two non-screening nights at baseline and 

follow-up were averaged to analyze sleep in relation to cognition. The in home PSG 

assessments took place on the nights immediately following the cognitive assessments in the 

clinic. Thus, for the present study, we assume that the average across the two PSG nights 

reflects the participants’ habitual sleep at baseline and follow-up. To ensure that current 

sleep problems were specific to insomnia, participants who met criteria for significant sleep 

apnea (Apnea-Hypopnea Index >20/hr) or restless legs syndrome (based on clinical 

diagnosis) were excluded from the study. EEG was recorded from C3 and C4 electrodes, 

referenced to A1–A2. Epochs identified as movement artifact by automated algorithm 

(Brunner et al., 1996) and visual inspection were rejected. The sleep record was visually 

scored in 20-second epochs using Rechtschaffen and Kales criteria (Rechtschaffen & Kales, 

1968) since the study was completed prior to the revised American Academy of Sleep 

Medicine criteria. Spectral analysis was performed on the EEG data using epochs scored as 

NREM sleep (Vasko et al., 1997). Spectral density data from the C4 channel within the 0.5–

4 Hz (delta) and 12–16 Hz (sigma) bins were analyzed for the present study. Absolute and 

relative NREM delta and sigma powers were calculated for each NREM period to test 

hypotheses regarding effects of delta and sigma power across the night. Absolute and 
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relative powers were analyzed based on the rationale that absolute delta and sigma power 

were hypothesized to relate to cognitive performance, but additionally, the interventions 

may increase homeostatic sleep drive and in turn increase delta power relative to sigma 

power, which may be relevant to cognition (Mander et al., 2010). Relative power was 

calculated by dividing the area under the curve within the 0.5 to 4 Hz and 12 to 16 Hz 

bandwidths by the area under the curve within the 0.5 to 32 Hz bandwidth.

Cognitive measures

Three paper-and-pencil-based neuropsychological tasks were chosen to measure 3 distinct 

cognitive domains (episodic memory, working memory, and abstract reasoning). Episodic 

memory was assessed with the Logical Memory Test (Wechsler, 1997b) (immediate recall, 

delayed recall, and retention). In the Logical Memory Test, participants were read aloud two 

short stories, each 3–4 sentences long, and were asked to recall as much of the story as they 

could remember immediately after hearing it, and again 30 minutes later (delayed recall). 

Recall of key phrases was scored for accuracy. This test has been shown to have a reliability 

estimate of approximately 0.72 (Theisen, Rapport, Axelrod, & Brines, 1998). Retention was 

defined as delayed recall/immediate recall. These Logical Memory Test measures were 

highly correlated, r > 0.5. In order to limit the number of comparisons between cognition 

and sleep, we chose delayed recall to represent the episodic memory domain, given that 

delayed recall is a controlled memory process (Frankland & Bontempi, 2005; Mangels, 

Gershberg, Shimamura, & Knight, 1996; Shimamura, 2002) and more likely to be sensitive 

to sleep (Wilckens et al., 2012). For the present report, we distinguish delayed memory 

recall from the other cognitive domains as a controlled memory process, rather than an 

executive function. Abstract reasoning was assessed with the Test of Non-verbal 

Intelligence III (TONI) (Brown et al., 1997). The TONI is a language-free measure of 

abstract reasoning and figural problem solving that requires no retrieval of previously 

learned information. In this abstract reasoning task, participants were shown a set of 4 black 

and white abstract figures representing a pattern with one space missing. Participants were 

asked to choose from a set of 6 options, which symbol would complete the pattern for a 

given symbol set. The TONI has been shown to have reliability estimates ranging from 0.71 

to 0.92 (Goldberg, Timmons, & Edelson, 1998; McGhee & Lieberman, 1991). Working 

memory was assessed with Letter-Number Sequencing (Wechsler, 1997a), which has been 

shown to have a reliability estimate of approximately 0.98 (Jeyakumar, Warriner, Raval, & 

Ahmad, 2004). In this working memory task, the participant was read aloud a series of 

letters and numbers. Immediately after, the participant was asked to first recall the digits in 

numerical order and then the letters in alphabetical order. The number of items in a series 

started with 2 and increased to a maximum of 8 items with each correct response. Thus 

participants were required to maintain and manipulate the alpha-numeric information in 

working memory. Abstract reasoning and working memory served as two measures of 

executive function. Abstract reasoning was significantly associated with working memory, r 

= 0.39, p = 0.001, and delayed recall, r = 0.43, p < 0.001. Working memory and delayed 

recall were not associated with one another, r = 0.1, p = 0.38. Stimuli were different in each 

of the neuropsychological tasks between baseline and follow-up sessions. Each of these 

tasks was designed to be repeatable with no practice effects across repetitions.
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Statistical analyses

Specific sleep outcomes included sleep continuity (assessed with log transformed WASO), 

TST, percent REM, and NREM absolute and relative EEG delta and sigma power. 

Regression analysis was used to determine whether whole-night sleep variables (WASO, 

TST, and REM) were associated with cognitive performance (after adjusting for age, sex, 

and education), for baseline analyses as well as baseline to follow-up change analyses. 

Because long TST, but also very short TST, have been associated with poorer cognition, we 

tested both linear and quadratic regression models for TST. As delta and sigma activity 

change across NREM periods (Aeschbach & Borbely, 1993; De Gennaro & Ferrara, 2003), 

and these changes may be relevant to cognition (Anderson & Horne, 2003; Mander et al., 

2010), mixed model analyses were used to assess main effects of delta and sigma power and 

interactions between spectral power and NREM period. NREM periods 1–5 were included 

in the analysis. The mixed models approach accounted for differences in the number of 

NREM periods among participants. For mixed model analyses, spectral power and 

covariates (age, sex, and education) were included in the model, NREM period was included 

as a fixed factor, subject as a random factor, and cognitive performance was the dependent 

variable. To avoid issues with multicollinearity, separate analyses were performed for each 

sleep measure.

Each of the analyses mentioned above assessed bivariate relationships between sleep and 

cognition. We also examined one multifactorial model to determine whether there is a 

potential combined benefit of high NREM delta activity and low WASO to performance. 

We reasoned that continuous, deep sleep characterized by the combination of low WASO 

and high NREM delta power may be associated with greater performance. This mixed 

models analysis included main effects of WASO, NREM delta power (separately for 

absolute and relative powers) and the interaction between WASO and NREM delta power, 

after adjusting for age, sex, and education. NREM period was included as a fixed factor, and 

subject as a random factor. Cognitive performance was the dependent variable.

To identify whether change in sleep was related to a change in cognitive performance, 

change scores were calculated for cognitive and sleep variables. T-tests and multivariate 

analysis of variance (MANOVA) were used to determine main effects of time on cognitive 

outcomes and main effects of treatment group on sleep and cognition change scores before 

and after adjusting for age, sex, education. Regression and mixed models analyses were used 

to test the association between changes in sleep features and changes in cognition, as well as 

moderating effects of treatment group on change relationships (after adjusting for age, sex, 

and education). Sleep-cognition change relationships were tested with- and without 

treatment group as a factor to ensure the stability of the model in light of potential 

collinearity between treatment group and change in sleep measures. To avoid issues with 

multiple comparisons, only associations that were significant at baseline were tested in 

baseline to follow-up change analyses.

Although participants were excluded if they had an Apnea-Hypopnea Index (AHI) >20, or 

had major depression, it is possible that sleep-cognition relationships could be influenced by 

the level of subclinical apnea (Fulda & Schulz, 2001; Naëgelé, Thouvard, Pépin, & Lévy, 

1995; Verstraeten, Cluydts, Pevernagie, & Hoffmann, 2004) or depression (Newman, 
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Enright, Manolio, & Haponik, 1997). We therefore followed up all significant effects at 

baseline with sensitivity analyses including apnea-hypopnea index and the Hamilton 

Depression Scale (minus sleep items) as additional covariates to ensure that effects were not 

driven by these factors. Medications that could potentially influence sleep EEG power 

spectra (benzodiazepines and anti-depressants) (Ancoli-Israel, 1997; Bastien, LeBlanc, 

Carrier, & Morin, 2003; Kupfer et al., 1994) were also included as covariates in these 

sensitivity analyses.

RESULTS

Baseline associations between sleep and cognitive performance

Associations between sleep and cognition at baseline are displayed in Table 2. Lower 

WASO was associated with higher delayed recall performance. Other whole night sleep 

measures (TST and percent REM) were not significantly associated with any cognitive 

measure. Neither linear nor quadratic TST models revealed significant relationships with 

any cognitive measures, all p’s > 0.25. Higher NREM delta power and lower NREM sigma 

power across NREM periods were both significantly associated with higher abstract 

reasoning and working memory performance. Contrary to our hypothesis that relationships 

involving delta power would be greatest in the first NREM periods and relationships 

involving sigma would be greatest in later NREM periods, there were no significant 

interactions involving NREM period, F’s < 1. Sensitivity analyses revealed that associations 

among cognitive performance with WASO, delta, and relative sigma power were unchanged 

after further adjusting for possible confounding symptoms of sleep-disordered breathing, 

depression, antidepressant medication, and benzodiazapines. Relationships with absolute 

sigma power remained significant after accounting for depression and medications, but were 

no longer significant after accounting for sleep disordered breathing (abstract reasoning, F = 

1.678, p = 0.196; working memory, F = 1.92, p = 0.167). Multifactorial analyses examining 

the interaction between WASO and NREM delta power revealed marginally significant 

interactions for delayed recall and abstract reasoning; the combination of lower WASO and 

greater absolute delta power was associated with better performance (Table 2). This effect 

did not interact with NREM period, F < 1.

Effects of the intervention on sleep and cognitive performance

Effects of the intervention are displayed in Table 3. There was a significant decrease in TST 

from baseline to follow-up across treatment groups, t = 2.7, p = 0.01. There were no 

significant changes over time in any other sleep measure across treatment groups. 

Participants in the BBTI group exhibited significantly greater improvements in WASO 

relative to those in the IC condition. There were no other significant differences between 

BBTI and IC in any sleep measures. There were no significant overall changes in cognitive 

performance from baseline to follow-up across treatment groups, (Recall: t = 0.404, p = 

0.69; Reasoning: t = 1.01, p = 0.32; Working Memory: t = 1.1, p = 0.27). There were no 

main effects of treatment group on change in performance (Table 3). This remained the case 

after adjusting for age, sex, and education, (Recall: F = 0.74, p = 0.39; Reasoning: F = 0.43, 

p = 0.84; Working Memory: F = 0.55, p = 0.46).
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Associations between sleep improvement and cognitive improvement

Changes in EEG power pre-post intervention were associated with improvement in cognitive 

performance (Table 4). Specifically, there was a significant positive association between 

increased absolute delta power and improved abstract reasoning. A similar relationship was 

found for relative delta power, but this association was marginally significant. Contrary to 

our hypotheses regarding effects of NREM period, these relationships did not interact with 

NREM period, (Absolute: F(1, 53.2) = 1.4, p = 0.26; Relative: F(1, 75.2) = 1.5, p = 0.22). 

Additionally, decreased relative sigma power was significantly associated with improvement 

in abstract reasoning and this was not moderated by NREM period. None of these 

relationships were moderated by treatment group (all F values < 1). There were no 

significant findings for change in delayed recall or working memory.

Given that delta and sigma power showed opposite relationships with cognition, we 

explored whether there was an inverse relationship between these two oscillations at 

baseline and in terms of change from baseline to follow-up for whole night NREM sleep. 

Delta and sigma relative power were indeed negatively correlated both at baseline, r = 

−0.77, p < 0.001, and in terms of change from baseline to follow-up, r = −0.822, p < 0.001. 

However, absolute delta and sigma power were positively associated at baseline, r = 0.31, p 

= 0.009, and in terms of change, r = 0.342, p = 0.007. Thus, the inverse relationship between 

delta and sigma power for whole night NREM sleep only applied to relative power.

To explore whether enhanced sleep continuity was associated with greater delta power, we 

also examined the correlations between WASO and delta power at baseline and from 

baseline to follow-up. This revealed significant baseline relationships whereby lower WASO 

was significantly associated with greater absolute (p = 0.03) and relative (p = 0.001) delta 

power regardless of NREM cycle. An increase in absolute delta power from baseline to 

follow-up was only marginally associated with a decrease in WASO (p = 0.067).

DISCUSSION

Delayed recall and executive function were associated with objective measures of sleep in 

older adults with chronic insomnia. Participants with greater WASO had lower delayed 

recall. Higher delta power and lower relative sigma power were associated with better 

performance on abstract reasoning and working memory. These findings are in line with the 

view that controlled memory processes and executive functions may be benefitted by sleep 

continuity and delta activity (Muzur et al., 2002; Wilckens et al., 2012) and that more 

condensed and continuous sleep is beneficial for cognition in older adults. In addition, we 

found that WASO and delta power were associated with one another, and a marginally 

significant interaction such that the combination of lower WASO and higher delta power 

were marginally associated with greater delayed recall and abstract reasoning. These 

findings suggest that these two factors together may contribute to cognitive performance. 

Notably, an increase in delta power from baseline to follow-up was associated with 

improved abstract reasoning performance. Conversely, a decrease in relative sigma power 

was associated with an increase in abstract reasoning performance. Contrary to our 

hypothesis, these effects were not moderated by NREM period. This is one of the first 

reports, to our knowledge, to reveal how improvements in sleep may be associated with 
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improvements in cognitive performance among older adults with insomnia. Nonetheless, 

improvements in sleep continuity and allocation to BBTI were not associated with 

improvements in performance. Based on these findings, future work will examine whether 

interventions designed to increase NREM delta power in older adults may reveal 

improvements in executive function.

Neither TST nor percent REM were associated with any cognitive measure. The negative 

TST findings combined with the sleep continuity and delta findings are consistent with the 

view that more condensed and continuous sleep is associated with better cognition. 

Combined with prior studies demonstrating that longer TST is associated with poorer 

performance, our results have public health implications suggesting that sleep continuity and 

sleep depth should be the goal for older adults’ sleep, rather than increasing TST at the 

expense of sleep continuity.

The role of REM sleep in controlled and executive function has not been studied extensively 

in healthy older adults. Although disruptions in REM are associated with progression of 

dementia (Reynolds et al., 1985), the lack of associations with REM in present study suggest 

that REM sleep may be less important for cognitive performance in older adults without 

dementia. However, further research is needed to understand the influence of REM on 

cognition and its interaction with aging. Overall, the lack of effects for REM and TST 

suggest that benefits of sleep to executive functions in older adults may be specific to sleep 

continuity and slow-wave sleep.

Delta activity reflects synchronized neural activity, which may enhance cortical connections 

(Bódizs et al., 2005; Mander et al., 2013; Pace-Schott & Spencer, 2011). Thus, one potential 

mechanism underlying the association between delta and executive functions may be 

enhanced connectivity within cortical networks relevant to cognition (Terry et al., 2004). 

This may, in turn, benefit cognitive processes dependent on these networks, including 

controlled and executive processes. While not tested in the present study, this hypothesis is 

consistent with the view that delta during NREM sleep preferentially benefits brain regions 

such as the prefrontal cortex, and in turn executive function (Anderson & Horne, 2003; 

Mander et al., 2010; Muzur et al., 2002; Terry et al., 2004; Wilckens et al., 2012). 

Nonetheless, as the cognitive abilities assessed here were correlated with one another (with 

the exception of delayed recall and working memory), it remains unclear whether effects of 

sleep on a single underlying cognitive process (i.e. attention or working memory) or a range 

of cognitive functions dependent on the prefrontal cortex, could have driven these results. 

Future work should aim to specify the underlying cognitive process or processes that 

ultimately benefit from sleep continuity and sleep architecture.

Our findings regarding changes from baseline to follow-up are consistent with one prior 

study (Mander et al., 2010) which reported that, following recovery from sleep deprivation, 

an increase in delta power and a decrease in sigma power was associated with better 

inhibitory control performance. Given that TST decreased across intervention groups and 

restricted time in bed is a major component of BBTI (Buysse et al., 2011) and was included 

in the IC information, it is plausible that our findings reflect similar process reported by 

Mander and colleagues (2010). Reduced time in bed may increase delta power and decrease 

Wilckens et al. Page 10

Behav Sleep Med. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



relative sigma power in some individuals, although this pattern did not apply across 

participants in the present study. Future work should examine whether improvements in 

cognition are driven by delta power specifically, or if the combination of a delta increase 

and a sigma decrease is beneficial to cognition.

Relationships between sleep changes and cognitive changes were not stronger in the 

experimental intervention group (BBTI) than the control group. Allowing additional time 

(beyond 4 weeks) for the sleep treatment to take effect may produce a greater effect on the 

brain, and in turn, cognitive performance. Overall, our results suggest that better cognitive 

performance may have more to do with individual differences in sleep or changes in sleep 

rather than the particular insomnia treatment given.

We found no main effects of treatment group on performance. This finding suggests that 

increased sleep continuity with treatment for insomnia does not in itself improve cognition. 

Thus, it is a limitation of the present study that we are unable to speak to causality for 

specific interventions. Ancillary results, however, suggest that follow-up relationships 

involving change in abstract reasoning did not simply reflect the passage of time: there were 

no main effects of time point on cognitive performance. As this study was designed to treat 

insomnia, rather than change sleep architecture, developing behavioral interventions aimed 

at increasing delta power is important for future studies focused on improving cognition 

through sleep. Nonetheless, it is possible that the tasks used here were not adequately 

sensitive to detect improvements in cognitive abilities following insomnia treatment. 

Further, a recent study demonstrated decreased performance in attention following 

behavioral sleep restriction insomnia therapy (Kyle et al., 2014). Future studies should 

examine effects of insomnia treatment on a range of tasks and domains of cognition. Indeed, 

one study that manipulated task demands and used a multi-component sleep intervention 

(Altena et al., 2008), found improvements in response time measures in a vigilance task in 

patients with insomnia.

Accounting for demographic factors, such as age, sex, and education did not alter the 

absence of a treatment effect on cognition in the present study. Nonetheless, future studies 

may examine moderating effects of demographic and clinical variables on sleep treatment 

effects on cognition to examine whether factors that affect sleep may influence whether 

cognitive improvements are found with sleep treatment.

In addition to the study’s limitations described above, the PSG assessment took place on the 

nights following the cognitive assessment. Thus, we assumed for the present study that the 

PSG assessment reflected the participants’ habitual sleep and the cognitive assessment, their 

habitual cognitive abilities during baseline and follow-up. Future studies may manipulate the 

timing and duration of PSG and cognitive assessments to determine whether the aspects of 

sleep measured here have acute and/or chronic effects on cognitive processing. Finally, we 

did not control time of cognitive testing in the present study, but effects of time-of-day on 

cognitive performance have been found in older adults (Carrier & Monk, 2000; May, 

Hasher, & Foong, 2005; Winocur & Hasher, 1999). Future studies should examine how 

effects of sleep are modulated based on the time of day in which testing takes place.
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Conclusion

Objective indices of sleep continuity and sleep architecture are associated with controlled 

and executive functions in older adults with primary insomnia. Improvements in sleep 

continuity and the experimental intervention were not associated with improved 

performance. Regardless of intervention, participants who showed the greatest increase in 

absolute delta power and the greatest decrease in relative sigma power across NREM 

periods exhibited the greatest improvements in abstract reasoning. Thus, increased delta 

throughout NREM sleep may benefit cognitive performance in older adults with insomnia. 

These findings have therapeutic implications for targeting modifiable factors aimed at 

benefitting cognition in older adults with insomnia.
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Table 1

Baseline demographic and clinical characteristics by treatment group.

BBTI IC

Mean/N SD/% Mean/N SD/%

Mean Age 72.61 6.69 70.45 7.56

N Female 25 65.8% 28 71.8%

N White/Caucasian 35 92.1% 37 94.9%

N Currently taking sleep medication 15 39.5% 16 41%

Mean number of current medications 5.40 2.46 4.95 2.04

Mean Hamilton Depression Scale 3.37 2.45 3.64 2.41

Mean Pittsburgh Sleep Quality Index Total Score 10.32 2.56 10.38 3.31

BBTI = Brief Behavioral Treatment of Insomnia, IC = Information only Control.
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Table 2

Baseline associations between sleep and cognition.

Delayed Recall Abstract Reasoning Working Memory

TST 0.031 0.021 −0.14

WASO −0.25* −0.13 −0.03

Percent REM 0.039 −0.062 0.051

Delta

 Absolute −0.03 (0.3) 0.06 (0.03)* 0.01 (0.01)

 Relative −2.9 (4.5) 9.01 (4.0)* 3.43 (1.7)*

Sigma

 Absolute −1.7 (0.88)† −1.67 (.80)* −0.96 (0.33)**

 Relative −14.91 (20.02) −62.07 (17.96)*** −23.66 (7.57)**

WASO* Delta

 Absolute −0.17 (0.1) † −0.16 (0.08) † −0.02 (0.03)

 Relative −14.56 (13.80) −2.75 (12.24) −7.08 (5.24)

Associations between sleep and cognition at baseline across BBTI and IC. Regression model beta values are displayed for TST (linear), WASO, 
and Percent REM. Mixed model unstandardized parameter estimates (standard errors in parentheses) are displayed for Delta, Sigma, and 
WASO*Delta across NREM periods. Significant effects are in bold type.

†
p < 0.10;

*
p < 0.05;

**
p < 0.01;

***
p < 0.001.
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Table 4

Baseline to follow-up associations between changes in sleep and changes in cognition.

Delayed Recall Abstract Reasoning Working Memory

WASO −0.06

Delta

 Absolute 1.0 (0.03)**

 Relative 9.9 (5.6)† −0.55 (1.7)

Sigma

 Absolute −1.70 (2.0) −0.12 (0.63)

 Relative −69.84 (29.24)* −1.54 (8.58)

Associations between change in sleep and change in cognition at baseline across BBTI and IC. Regression model beta values are displayed for 
WASO. Mixed model unstandardized parameter estimates (standard errors in parentheses) are displayed for Delta and Sigma across NREM 
periods. Significant effects are in bold type.

†
p < 0.10;

*
p < 0.05;

**
p < 0.01;

***
p < 0.001.
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