
The Associations of Physical Activity, Sedentary Behavior, and Sleep  

with Cognitive Function in Adults without Cognitive Impairment  

by 

Nicole Hoffmann  
 
 
 
 
 

A Dissertation Presented in Partial Fulfillment  
of the Requirements for the Degree  

Doctor of Philosophy  
 
 
 
 
 
 
 
 
 
 

Approved April 2020 by the 
Graduate Supervisory Committee:  

 
Rebecca E. Lee, Co-Chair 

Megan E. Petrov, Co-Chair 
Karen Marek 

 
 
 
 
 
 
 
 
 
 
 
 

ARIZONA STATE UNIVERSITY  

May 2020  



  i 

ABSTRACT  
   

This body of research sought to explore relationships between cognitive function 

and physical activity (PA), sedentary behavior (SB), and sleep, independently and in 

conjunction, in mid-life to older adults with no known cognitive impairment. Aging is 

associated with cognitive decline, and lifestyle behaviors such as PA, SB, and sleep, may 

mitigate this decline. First, a systematic review and meta-analysis was conducted to 

examine the effect of aerobic PA interventions on memory and executive function in 

sedentary adults. Second, a longitudinal study was conducted to examine the association 

between SB and odds of incident cognitive impairment, and SB and cognitive decline in 

older adults. Last, a cross-sectional study was conducted to examine the joint associations 

between different levels of sleep with levels of PA, and sleep with levels of sedentary 

time on memory and executive function. This body of research provided evidence to 

support the association between aerobic PA and improved cognitive function, SB and 

incident cognitive impairment and cognitive function declines, and the joint association 

of sleep and different levels of PA and ST on cognitive function by hypertension status.   
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CHAPTER 1 

Introduction 

 In 2015, the global population of adults aged 50 and older was over 1.6 billion, 

and that number is expected to reach over 2.3 billion by 2030 (WPP, 2019). As aging 

occurs, deterioration in a broad range of cognitive processes and cognitive domains 

including decline in memory, attention, executive function, and processing speed occurs 

(Hedden & Gabrieli, 2004; Royall, Palmer, Chiodo, & Polk, 2004; Yakhno, Zakharov, & 

Lokshina, 2007). Age-related cognitive decline is considered normal if it does not impair 

an individual’s ability to perform daily activities, but studies show that “normal cognitive 

aging” can still lead to subtle deterioration in complex functional abilities (e.g. driving) 

(Harada, Love, & Triebel, 2013; Anstey & Wood, 2011). As cognitive decline occurs, 

individuals may develop mild cognitive impairment (MCI), which refers to cognitive 

impairment that is greater than expected for a person’s age, but does not meet criteria for 

dementia, and is often a precursor to dementia (Geda, 2014). Dementia is characterized 

by a decline in one or more cognitive domains that is accompanied by a decline in 

previous levels of functioning (American Psychiatric Association, 2013). Alzheimer’s 

disease (AD) is the most common form of dementia, accounting for 60-80% of the cases 

(Alzheimer’s Association, 2017).  Dementia interferes with the ability to complete 

activities of daily living and is associated with a decrease in quality of life, and an 

increase in expenses related to medical care as well as assisted living or nursing homes 

(Cahn-Weiner, Malloy, Boyle, & Salloway, 2000; Sadik & Wilkock, 2003). With a rapid 

increase in the aging population, there will be an increase in adults with MCI and 

dementia. In 2015, it was estimated that 47 million people were living with dementia 
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worldwide, and that number is expected to reach 132 million by 2050 (WHO, 2017). The 

worldwide costs of dementia were estimated to be $818 billion in 2015 and are projected 

to exceed $2 trillion by 2030 (WHO, 2017). Currently there is no cure for AD or 

dementia, and drugs to treat these disorders focus only on alleviating symptoms. It is 

imperative to find ways to prevent and/or delay the onset of cognitive impairment and 

dementia to reduce the serious worldwide, human, social, and economic burdens these 

disorders present.  

Research suggests that many vascular and lifestyle risk factors that increase risk 

of late-life cognitive impairment and dementia are largely modifiable (Norton et al., 

2014). After examining population attributable fractions (PAFs), an estimate of the 

proportion of disease cases that would not occur if the individual risk factor was 

eliminated, it was reported that 35% of dementia may be theoretically preventable by 

eliminating the following modifiable risk factors: physical inactivity, hypertension, 

obesity, type 2 diabetes, low education, depression, social isolation, hearing loss, and 

smoking (Livingston et al., 2017). Over the last few years, sedentary behavior and sleep 

duration and quality have emerged as potentially modifiable risk factors related to 

cognitive impairment, but the relationships have been less clear and remain understudied 

(Falck et al., 2016; Lo et al., 2016; Chen et al., 2016; Westwood et al., 2017).  

Based on evidence from several analyses that examined attributable risk, 

researchers have asserted that incidence of cognitive impairment, dementia, and AD may 

be decreased by targeting lifestyle and vascular risk factors associated with these 

disorders (Norton et al, 2014; Livingston et al., 2017; Baumgart et al., 2015).  
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Importance of the Problem 

 In 2012, the World Health Organization (WHO) announced that due to the 

prevalence and incidence projections of dementia, dementia is considered a public health 

priority. They asserted that more research on modifiable risk factors should be conducted 

and primary care providers should focus on primary prevention. Following the WHO’s 

call to action, the G8 Health and Science Ministers (2013) met and outlined how they 

plan to shape an “effective international response to dementia,” which included 

identifying a cure or disease-modifying treatment for dementia by 2025. In 2017, the 

WHO released a “global action plan on the public health response to dementia,” which 

outlined seven action plan areas, including dementia risk reduction and dementia research 

and innovation.  The studies presented in this dissertation proposal address the World 

Health Organization’s (2012 & 2017) and the G8 Health and Science Minister’s (2013) 

call for research into prevention and risk reduction of dementia, and also contributes to 

the WHO’s (2017) global target to double the output of research on dementia between 

2017 and 2025. 

The studies in the forthcoming chapters address gaps in the research. The first 

study will go beyond the limitations of observational studies by examining and 

synthesizing evidence of physical activity as a modifiable risk factor to prevent cognitive 

decline in adults through review and meta-analysis. The other studies also will cover gaps 

in the literature on novel, modifiable risk factors (i.e. sedentary behavior and sleep 

duration), by accounting for a lack of objective measures (for sedentary behavior) and 

small sample sizes. One of the studies will address gaps in the literature by examining 

lifestyle risk factors in combination to address the assertion that risk factors are often 
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examined using the “single risk factor approach,” which makes the assumption of 

independence of risk factors (Norton et al., 2014), despite evidence that dementia risk 

factors are multifactorial and may interact (Ngandu et al., 2015).   

Physiological Pathways and Mechanisms 

Dementia 

Alzheimer’s disease, the most common type of dementia, is often characterized 

by extra-cellular beta-amyloid deposits, and intracellular neurofibrillary tangles. The 

deposition of beta-amyloid and presence of neurofibrillary tangles results in a loss of 

synapses and neurons, which leads to gross atrophy in affected areas of the brain, usually 

starting at the mesial temporal lobe (Huang, 2018). MCI can result from pathologic 

changes characteristic of AD that have not yet progressed to clinical dementia.  

 The pathways and mechanisms that underlie the associations between modifiable 

risk factors and cognitive impairment and dementia are not fully understood, but many 

hypotheses have been proposed that highlight potential links between several risk factors 

and the vascular and neurodegenerative brain pathologies that lead to dementia 

(Fratiglioni & Qiu, 2013; Kivipelto & Ngandu, 2016).  

Physical Activity (PA) 

As a result of evidence for physical activity (PA) reducing cognitive decline 

and/or improving cognitive function, many studies have aimed to examine the possible 

physiological pathways that may explain this relationship. Neuroimaging studies have 

shown that older adults who report high aerobic fitness have more grey matter density in 

temporal and prefrontal regions (Gordon et al., 2008), lower rates of age-related grey and 

white matter atrophy (Colcombe et al., 2003), larger hippocampal volumes (Erickson et 
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al., 2009), and greater white matter density in the corpus callosum (Johnson et al., 2012). 

In studies that have examined aging animals, physical activity has reportedly increased 

levels of key neurochemicals, including brain derived neurotrophic factor (BDNF) and 

insulin like growth factor 1 (IGF-1), which are associated with improvement in neuronal 

survival and synaptic plasticity (Carro, Trejo, Busiguina, Torres-Aleman, 2001; 

Berchtold et al., 2001). In a study that examined aging animals, researchers asserted that 

exercise may have a direct effect on AD pathophysiology, based on their findings that 

voluntary physical activity was associated with a decrease in the production of beta-

amyloid (Adlard et al., 2005).  

Sedentary Behavior (SB) 

Compared to physical activity, far less is known about the associations between 

sedentary behavior (SB) and cognitive function (Falck et al., 2017), and the mechanisms 

that might explain such a relationship. Research has suggested that increased sedentary 

time can impair lipid and glucose metabolism (Tremblay et al., 2010), which have been 

recognized as risk factors for cognitive impairment and dementia (Panza et al., 2006; 

Craft, 2009). Evidence also suggests sedentary behavior is associated with decreased 

medial temporal lobe thickness, poor glycemic control, and reduced cerebral blood flow, 

which all may increase the risk of cognitive decline (Siddarth et al., 2018; Wheeler et al., 

2017; Carter et al., 2018). Sedentary behavior also may be related to cognitive decline 

through its association with chronic diseases (e.g. cardiovascular disease, diabetes) 

(Owen et al., 2010; Ford et al., 2012; Booth et al., 2001; Lees et al., 2004), that are 

associated with cognitive impairment and dementia (Stewart et al., 1999; Pinkston et al., 

2009; Newman et al., 2005).  
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Sleep  

The association between sleep and dementia is complex, and evidence suggests 

that the relationship may be bidirectional (Ju, Lucey, & Holtzman, 2014). There are 

several mechanisms that may explain the observed associations between sleep and 

dementia.  In animal models, researchers have found that sleep deprivation is likely to 

increase the concentration of beta-amyloid (Ju et al., 2014). More recent human studies 

have found that sleep deprivation and disrupted sleep is associated with increased beta-

amyloid, and one study found that the increases were specifically in brain regions that are 

implicated in AD (e.g. hippocampus, thalamus) (Cordone et al., 2019; Lucey et al., 2017; 

Shrokri-Kojori, et al. 2018). It has also been suggested that as beta-amyloid accumulates 

in the brain, it can lead to increased wakefulness and sleep disturbances, even before MCI 

or dementia develop (Ju et al., 2014).  Therefore, adequate sleep duration is important to 

clear beta-amyloid and to prevent beta-amyloid buildup in the brain. Sleep deprivation 

has also been associated with disruption of the glymphatic system, a waste clearance 

system that mainly functions during sleep, and dysfunction of the blood brain barrier 

(Jessen et al., 2015; Sweeney & Zlokovic, 2018). Excessive sleep or long sleep duration 

has been associated with chronic, low-grade inflammation, which can negatively affect 

brain structure, and increase the risk of vascular dementia and AD (Singh & Newman, 

2011). Long sleep duration may also be a symptom of other underlying pathologies that 

are risk factors for cognitive impairment and dementia (e.g. type 2 diabetes, 

cardiovascular disease) (Yaggi et al., 2006; Ayas et al., 2003). 
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Conceptual Framework 

 The conceptual framework for the included studies posits that modifiable risk 

factors and their potential pathways may be linked to vascular and neurodegenerative 

brain pathologies that can lead to cognitive impairment and dementia (see Figure 1).  For 

the purpose of these studies, the author has adapted this framework from Kivipelto and 

Ngandu (2016) to include sleep and sedentary behavior in addition to risk factors that 

have been previously suggested. In addition to Figure 1, the author has further adapted 

the conceptual framework to examine the modifiable risk factors specific to this 

dissertation (e.g. physical activity, sedentary behavior, and sleep) and their potential 

pathways that lead to cognitive impairment and dementia (see Figure 2).  

Literature 

Physical Activity  

Physical activity can reduce the risk of cardiovascular disease, obesity, type 2 

diabetes, and all-cause mortality (Nelson et al., 2007). Many studies support the assertion 

that physical activity is also associated with delays in cognitive decline and improved 

cognitive function, but previous meta-analyses of physical activity trials have yielded 

mixed results (Colcombe & Kramer, 2003; Colcombe et al., 2006; Sofi et al., 2011; 

Young et al., 2015). According to Colcombe et al. (2006), aerobic physical activity may 

decrease neurobiological and cognitive decline related to aging, especially in the 

executive function and memory domains. In a meta-analysis of eighteen intervention 

studies, Colcombe and Kramer (2003) found that aerobic physical activity interventions 

had robust effects for cognitive function in sedentary adults (aged 55 and up). 

Conversely, in a more recent meta-analysis that examined aerobic physical activity and 
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cardiorespiratory fitness and cognitive function in 12 randomized controlled trials that 

included adults (aged 55 and up), Young et al. (2015) reported no significant effect of 

aerobic physical activity on cognitive function. Present gaps in the literature include a 

lack of synthesis in more recent studies, and exclusion of past studies based on additional 

hypotheses (e.g. cardiorespiratory fitness and cognitive function).  

Sedentary Behavior 

Similar to physical activity, SB has been identified as a modifiable risk factor for 

cardiovascular disease, type 2 diabetes, and all-cause mortality (Owen et al., 2010; Ford 

et al., 2012; Booth et al., 2001). More recent evidence also suggests that SB may be 

associated with cognitive function and cognitive decline. In a systematic review that 

examined the association of SB and cognitive function, the authors reported that six out 

of the eight studies (dating back to 1990), reported negative associations between 

sedentary behavior and cognitive function (Falck et al., 2016). Unfortunately, many of 

the studies utilized self-report measures of sedentary behavior, had small sample sizes, 

and did not examine potential dose-response relationships between sedentary behavior 

and cognitive function. Studies that include objective measures of sedentary behavior are 

needed to better understand the association between sedentary behavior and cognitive 

function independent of moderate-to-vigorous physical activity levels and to make 

informed clinical recommendations regarding time spent engaging in sedentary 

behaviors. 
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Sleep Duration Combined with Moderate Physical Activity (MPA), Vigorous 

Physical Activity (VPA), and Sedentary Time (ST) 

Several studies have suggested that sleep duration has a U-shaped association 

with cognitive impairment and dementia. Both short and long sleep duration have been 

associated with dementia (Chen et al., 2016; Benito-Leon et al., 2009; Westwood et al., 

2017). In a meta-analysis of self-reported sleep duration and cognitive function in adults 

aged 55 and older, in cross-sectional studies long sleep duration was associated with 

poorer performance on assessments that measured multiple domains of cognitive 

function, and with poorer executive functions, verbal memory, and working memory (Lo 

et al., 2016). In prospective cohort studies, both short and long sleep duration were 

associated with poorer performance on multiple domain measures. They concluded that 

short and long sleep duration are both associated with poorer cognitive performance in 

older adults.  

Evidence suggests that sleep may be interrelated with the aforementioned lifestyle 

behaviors. According to Dolezal et al., (2017), there is an interrelationship between sleep 

and physical activity, especially in middle-aged and older adults, and in populations with 

certain diseases. One systematic review reported that exercise promoted increased sleep 

duration (regardless of mode or intensity), and that sleep deprivation decreased the 

likelihood of participation in recommended physical activity. Studies have also shown a 

relationship between sedentary behavior and short and long sleep duration (Lakerveld et 

al., 2016; Stefan, Horvatin, & Baic, 2019). A recent cross-sectional study examining the 

association between sedentary behavior and sleep duration found that screen-time, 

leisure-time, and total sedentary behaviors are associated with short sleep duration (<7 
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hours), and screen time and total sedentary behaviors are associated with long sleep 

duration (>8 hours) (Stefan et al., 2019). Additionally, short and long sleep duration, low 

levels of physical activity, and greater sedentary time are all associated with increased 

risk for hypertension, a risk factor for cognitive impairment and dementia (Friedman et 

al., 2009; Lopez-Garcia et al., 2009; Dempsey et al., 2018; Calhoun & Harding, 2010; 

Frith & Loprinzi, 2017).  

The examination of a combination of lifestyle behaviors and their association with 

cognitive function is important not only because of the relationships between the lifestyle 

behaviors, but also because of the combined association that multiple risk factors can 

have with cognitive impairment and dementia.  Although several studies have separately 

examined the relationship between sleep and cognitive function, physical activity and 

cognitive function, and sedentary time and cognitive function, few studies have examined 

the joint association of lifestyle behaviors and cognitive function and their interaction 

with hypertension (Falck et al., 2018; Frith & Loprinzi, 2017; Vicario et al., 2005).  

Research Questions and Hypotheses  

1. In a systematic review and meta-analysis of randomized controlled trials, does 

aerobic physical activity improve executive function and/or memory in sedentary 

mid-life to older adults? 

a. Hypothesis 1a: There will be an overall effect for improvement in 

measures of executive function for participants in aerobic exercise groups 

compared to control groups. 
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b. Hypothesis 1b: There will be an overall effect for improvement in 

measures of memory for participants in aerobic exercise groups compared 

to control groups. 

2. Is there an association between objectively measured sedentary behavior and 

incident cognitive impairment and/or cognitive function in adults?  

a. Hypothesis 2a:  Higher engagement in sedentary behavior will be 

associated with a higher risk of incident cognitive impairment. 

b. Hypothesis 2b: Higher engagement in sedentary behavior will be 

associated with decline in cognitive function over time.   

3. Is there an association between combined sleep duration and moderate physical 

activity (MPA), sleep duration and vigorous physical activity (VPA), and sleep 

duration and sedentary time (ST) with cognitive function by hypertension status 

in adults?  

a. Hypothesis 3: Adequate sleep duration combined with recommended 

MPA (≥150 minutes per week), VPA (≥75 minutes per week), or ST (≤7 

hours per waking hours) will be associated with greater levels of cognitive 

function, particularly in participants with hypertension. 

 

Research Plan 

Research Question One 

Research question number one was addressed through a systematic review and 

meta-analysis. It was conducted and reported following the Cochrane Handbook for 

Systematic Reviews of Interventions (Higgins & Green, 2011). 
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Methods 

Data sources and search strategy. PubMed, the Cumulative Index to Nursing 

and Allied Health Literature (CINAHL Plus), the Cochrane Library, and PsycInfo were 

systematically searched for peer-reviewed articles published from August 2001 to July 

2019. A combination of MeSH and free text terms were used to find studies involving 

physical activity, and executive function, and/or memory in sedentary adults (aged 50 and 

up).  

Inclusion and exclusion criteria. Studies were included if they met the following 

criteria: (1) sedentary or inactive women or men aged 50 or older with no cognitive 

impairment; (2) an aerobic exercise program of any mode, duration, frequency, or 

intensity; (3) a control group that was either no treatment, or an alternative active 

treatment; (4) at least one outcome measure of executive function or memory measured at 

baseline and post-intervention using a validated neuropsychological instrument; (5) 

randomized controlled trial; (6) peer-reviewed, published articles written in English.  

Data extraction. Titles and abstracts of all of the studies that were identified by 

the search were screened for inclusion and exclusion criteria and duplicates were 

removed. The remaining studies were examined in depth and data on the main study 

characteristics were extracted and recorded. Two independent reviewers evaluated titles, 

abstracts, and study characteristics for inclusion and exclusion. The reviewers discussed 

disagreements and a consensus was reached in all cases. 

Risk of bias. The methodological quality of studies was assessed using the 

Cochrane Collaboration’s tool for assessing risk of bias (Higgins & Green, 2011). The 

following seven methodological domains were examined for quality: random sequence 
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generation, allocation concealment, blinding of participants and personnel, blinding of 

outcome assessment, incomplete outcome data, selective outcome reporting, and other 

sources of bias. 

Data synthesis. Articles were examined and grouped based on risk of bias, study 

characteristics, and relationship between physical activity and executive function and/or 

memory. The studies were also organized based on study location, number of 

participants, age of participants, frequency (per week), duration (in minutes), and length 

(in weeks, months, or years) of the aerobic physical activity intervention. Last, the 

outcomes were grouped based on whether there was a significant outcome in executive 

function and/or memory and further organized based on whether the improvement 

occurred in executive function, memory, or both.   

Statistical analysis. Pre and post intervention means and standard deviations 

were extracted from each study for either executive function, memory, or both, and 

transformed into mean differences and pooled standard deviations. Each article 

contributed either one or two effect sizes (executive function, memory, or both) to the 

meta-analysis. Hedges g, a measure of effect size that corrects for the impact of small 

sample size and standard errors, was calculated for each sample. Meta-analyses were 

conducted using RevMan 5 (Review Manager, 2014), and a summary effect was provided 

based on a random effects meta-analysis for both memory and executive function. 

Heterogeneity was estimated using Cochran’s Q to determine if a random effects meta-

analysis should be used to provide a better estimate in cases where studies have high 

heterogeneity or low sample sizes. Forest plots were created using adjusted effect sizes 

and their 95% confidence intervals. Sub-analyses were conducted to compute effect sizes 
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for studies that did not include aerobic physical activity interventions that met physical 

activity guidelines (≥150 minutes per week) vs. those that did, studies that had no 

treatment controls vs. studies that had active controls, studies that were short or long in 

duration (≤6 months vs ≥6 months), and based on the country they took place (North 

America vs Europe), to examine potential explanations for heterogeneity. A p-value of 

<0.05 was considered significant for the primary meta-analysis and all sub-analyses. 

Research Question Two 

 Research question number two was addressed by examining longitudinal data 

from an ongoing population-based cohort study (described below).  

Methods 

Study population. The Reasons for Geographic and Racial Differences in Stroke 

(REGARDS) study is an ongoing population-based cohort study of black and white 

adults, enrolled between January 2003 to October 2007 in the United States. (Howard et 

al., 1997; Lanska et al., 1995; Howard et al., 2005). REGARDS was designed to examine 

racial and regional disparities in stroke. Detailed design and methods for REGARDS are 

described elsewhere (Howard et al., 2005). Briefly, demographic information and 

medical history were obtained by trained interviewers using a computer-assisted 

telephone interview (CATI). In-home, physical examinations were conducted three to 

four weeks after the telephone interviews. Participants were followed every six months 

for stroke outcomes, yearly for global cognitive status, and every two years for 

assessments of executive function and memory. Objective measures of SB were collected 

from active REGARDS participants from May 2009 to January 2013. All participants 

gave informed consent and the accelerometer sub-study was approved by the institutional 
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review boards of Arizona State University, University of South Carolina, and University 

of Alabama at Birmingham. 

Measures 

Sedentary behavior (SB). Methods for accelerometer data collection are 

described in more details elsewhere (Howard et al., 2015). Briefly, an ActicalTM (Mini 

Mitter Respironics, Inc., Bend, OR) was worn over the right hip while attached to a 

waistband and participants were instructed to wear the device during waking hours for 

seven consecutive days. Activity counts were summed over 1-minute epochs and non-

wear periods were defined as ≥150 consecutive minutes of 0 activity counts, based on a 

non-wear algorithm previously validated using REGARDS participants’ daily log sheets 

(Hutto et al., 2013). Sedentary and physical activity variables were averaged across all 

compliant days (≥4 days with ≥10 hours of accelerometer wear) to derive per day values 

(Diaz et al., 2016). Due to high correlation between total sedentary time and wear time, 

the influence of wear time was corrected by standardizing total sedentary time into 16 

hours of wear time a day using the residuals obtained when regressing total sedentary 

time on wear time. For participants with usable data, absolute time spent in SB (0-49 

counts per minute (cpm)), light-intensity physical activity (LIPA) (50-1064 cpm), and 

moderate to vigorous intensity physical activity (MVPA) (≥1065 cpm) and proportions of 

total time spent in SB, light-intensity physical activity, and moderate to vigorous physical 

activity were calculated (Howard et al., 2015). Sedentary time was expressed in in 30-

minute units/16 hours. Sedentary bouts were defined as consecutive minutes in which the 

accelerometer registered <50 cpm. Sedentary bouts were exclusively continuous periods 

with no interruptions or non-wear intervals.  
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Cognitive function. Cognitive function was assessed during telephone interviews 

using standardized scripts and scoring methods previously described (Wadley et al., 

2011). Participants were assessed for cognitive impairment using the Six-Item Screener 

(SIS) (Callahan et al., 2002), with a score of ≤4 correct responses indicating cognitive 

impairment. The main dependent variable, incident cognitive impairment, was defined as 

a shift from intact cognitive screening status (SIS score of 5 or 6) during the assessment 

closest to the baseline accelerometer measurement (within ±12 months) to impaired 

cognitive screening status (SIS score of ≤4) at the latest follow-up assessment. They were 

also assessed using three cognitive test batteries: Word List Learning (WLL; new 

learning; scores range from 0-30), World List Delayed Recall (WLD; verbal memory; 

scores range from 0-10), and animal fluency (AF; executive function; scores >0) from the 

Consortium to Establish a Registry for Alzheimer’s Disease battery (CERAD) (Morris et 

al., 1989). All instruments have demonstrated usefulness in assessing cognitive decline 

and dementia (Morris et al., 1989). These tests are used to assess memory (WLL, WLD) 

and executive function (AF) (Morris et al., 1989; Nasreddine et al., 2005). Cognitive 

assessments conducted within ±12 months of accelerometer assessment were used as the 

cognitive assessment baseline. Secondary dependent variables included change in z-

scores of WLL, WLD (memory), and AF (executive function), calculated using Z-scores 

from the mean and standard deviation for each test. Analysis for this report were based on 

all available outcome data through December 2019.  

 Covariates. Participant characteristics included age, sex, race (black, white), 

region of current residence (i.e., Stroke Belt, Stroke Buckle, Other continental U.S. 

regions) (Howard et al., 2005), income, highest education level (less than high school, 
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high school graduate, some college, college graduate and above), smoking (current, 

never, past), depression symptomatology (measured using questions from the Center for 

Epidemiological Studies Depression questionnaire in the CATI) (Radloff, 1977), self-

reported history of heart disease, self-reported history of myocardial infarction, self-

reported history of stroke, and physician diagnosed stroke. Blood pressure was defined as 

systolic blood pressure ≥140mmHg or diastolic blood pressure ≥90mmHg or self-

reported use of medication for hypertension. Diabetes was defined as fasting glucose 

level of ≥126 ml/dL (≥200 ml/dL if the participant was non-fasting) or self-reported 

medication use for glucose control. Body mass index (BMI) was determined from 

measured height and weight.  

Analytic sample. Participants were excluded if they 1) had no record of a SIS 

within ±12 months of accelerometer assessment, 2) were identified as cognitively 

impaired within ±12 months of accelerometer assessment, 3) had no follow-up SIS 

assessment after the date of accelerometer wear, 4) had a stroke between SIS baseline 

date and the most recent SIS follow-up date. The total analytic sample size after these 

exclusions was 6,236. 

Statistical Analysis 

 Analyses were conducted using IBM SPSS Statistics Version 25. Logistic 

regression analysis was used to estimate the odds ratio (OR) of incident cognitive 

impairment and the associated 95% confidence interval (CI), with model 1 adjusting for 

age, sex, race, region of residence, education, income, and time interval (between 

assessment baseline and follow-up), and model 2 adjusting for model 1 along with BMI, 

hypertension, smoking, diabetes, depression symptomatology, and history of heart 



  18 

disease, myocardial infarction, and stroke. General linear regression models were used to 

assess the association between SB and change in z-scores for the WLL, WLD (memory 

domain) and AF (executive function domain), controlling for the aforementioned 

covariates in models 1 and 2, and baseline scores in memory and executive function 

domains. Logistic regression and linear regression results were also stratified by race 

(black, white), sex (male, female), and age (<65, ≥65 years), due to known race, sex, and 

age differences in cognitive decline, and the unique composition of the REGARDS 

cohort (Lines, Sherif, & Wiener, 2014; Shadlen et al., 2006; Tang et al., 2001; Sohn et 

al., 2018; WHO, 2012). A p-value of <0.05 was considered significant for all analyses. 

Research Question Three 

 Research question number three was addressed by examining cross-sectional data 

from a national sample of adults in the United States (described below). 

Methods 

Study population. Data in this study were from the National Health and Nutrition 

Examination Survey (NHANES) 2011-2012 and 2013-2014 surveys conducted by the 

U.S. Centers for Disease Control and Prevention (CDC) (US Department of Health and 

Human Services). Participants took part in a standardized in-home interview by trained 

interviewers using the Computer-Assisted Personal Interviewing system, as well as a 

physical examination at a mobile examination center during which weight, height, and 

blood pressure were collected. The present analysis included a subsample of participants 

who completed cognitive assessments (≥ 60 years old), with complete sleep duration, 

MPA, VPA, and ST data. The CDC ethics review board approved the protocol and all 

participants provided consent.  
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Measures. Hypertension was measured using the average of three manually 

assessed blood pressure (BP) readings, self-reported diagnosis of blood pressure, and 

self-reported use of blood pressure medication. Habitual sleep duration was self-reported 

and then categorized into short (<7), adequate (7-8.9) and long (≥9) (hours) according to 

national guidelines for sleep duration cut-offs (Watson et al., 2015; Hirshkowitz et al., 

2015). MPA and VPA were self-reported and were defined as meeting U.S. minutes per 

week guidelines (MPA: ≥150, VPA: ≥75) and not meeting U.S. guidelines (MPA: <150, 

VPA: <75) (Piercy et al., 2018).  ST was self-reported and then categorized into low ST 

(≤7 hours) and high ST (>7 hours) based on sedentary cut-offs determined by previous 

research on all-cause mortality (Ku et al., 2018). Sleep duration was combined with 

MPA, VPA, and ST to create 6 subgroups for each combination. 

 Cognitive function was assessed using the Digit Symbol Substitution Test (DSST) 

(Wechsler, 1997), Animal Fluency (AF), and CERAD delayed recall (Morris, 1989). 

Higher scores on each of the assessments indicates higher cognitive function.   

Statistical analysis. IBM SPSS Statistics version 25 was used to conduct the 

statistical analyses. Following NHANES Analytic Guidelines (Center for Health 

Statistics, 2011), the MEC exam sample weights (WTMEC2YR) were used for the 

analysis. Weights were combined (WTMEC4YR), because two survey cycles were 

merged. Descriptive statistics for the study population were calculated including 

proportions, means, and percentiles. Separate, weighted survey linear regression analyses 

were conducted to assess joint association of sleep duration and MPA, sleep duration and 

VPA, sleep duration and ST on each test of cognitive function. Each model was 

sequentially adjusted for demographics (Model 1: age, sex, race/ethnicity, education 
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level, and household income), medical and mental health conditions (Model 2: Model 1 + 

CVD, diabetes status, and depression score), and BMI (Model 3: Model 2 + BMI). Alpha 

level was set at 0.05. Then, the sleep-by-activity*hypertension status interaction terms 

were added to Model 3. Alpha level was set at 0.1 for the interaction terms. 

Relationships Among Chapters  

 The primary aim of the studies contained in this paper was to examine multiple 

modifiable risk factors and lifestyle behaviors, separately and in conjunction, and their 

association with cognitive function and cognitive impairment in mid-life to late-life 

adults. Chapter two synthesizes and analyzes evidence for a relationship between aerobic 

physical activity and memory and executive function. Chapter three examines the 

association between sedentary behavior and incident cognitive impairment and cognitive 

function using longitudinal data. Chapter four combines sleep duration with MPA, VPA, 

and ST to examine a more complex association of lifestyle behaviors and cognitive 

function, while also examining interactions with hypertension, another known risk factor 

for cognitive impairment and dementia.   
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Figure 1. Protective factors and modifiable risk factors with associated potential 

mechanistic pathways for cognitive function, cognitive impairment, and dementia across 

the lifespan. 
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Figure 2. Physical activity, sedentary behavior, and sleep, and potential mechanistic 

pathways for cognitive function, cognitive impairment, and dementia among mid-life to 

older adults.  

 

Footnote: The bidirectional arrows indicate how the lifestyle behaviors interact with each other to 

compound risk and/or protective factors. The one-way arrows indicate potential pathways by which 

lifestyle behaviors impact cognitive function.  
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CHAPTER 2 
 

Aerobic Physical Activity to Improve Memory and Executive Function in Sedentary 

Adults without Cognitive Impairment: A Systematic Review and Meta-Analysis 

In 2015, there were over 1.6 billion adults aged 50 and older, and that number is 

expected to increase to over 2.3 billion by 2030 (WPP, 2019). Cognitive decline is known 

to be associated with aging, especially from the age of 50 and above (Angevaren et al., 

2008). As aging progresses, deterioration in a broad range of cognitive processes occurs, 

including decline in attention, processing speed, memory, and executive function 

(Hedden & Gabrieli, 2004; Royall, Palmer, Chiodo, & Polk; Yakhno, Zakharov, & 

Lokshina, 2007).   

 Aerobic physical activity (PA) may delay neurobiological and cognitive decline 

related to aging. Aerobic PA compared to other PA types may generate the largest 

improvements in memory and executive function (Colcombe, Erickson, Scalf, Kim, 

Prakash, & McCauley, 2006; Erickson et al., 2011).  However, the literature has reported 

mixed results. A meta-analysis of prospective cohort studies reported a significant 

relationship between PA, both low-to-moderate or high levels, and incident cognitive 

impairment in 33,816 “nondemented” adults (Sofi et al., 2011). Further, vigorous 

physical activity (e.g., aerobics, running, cycling) also was associated with prevention of 

dementia in later life. Similarly, in a meta-analysis of studies up to 2001, Colcombe and 

Kramer (2003) reported that aerobic PA interventions had robust effects on cognitive 

function, especially executive function in sedentary adults aged 55 and older. In contrast, 

a systematic review and meta-analysis found aerobic PA compared to other active 
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interventions (e.g., strength training, flexibility-enhancing) or to wait-list control groups 

had no effect on overall cognitive function (Young et al., 2015). This review noted that 

the internal validity and rigor (i.e., small sample sizes, important moderators were not 

analyzed) of the included studies was lacking.  A limitation of many of the previous 

reviews examining aerobic PA and cognitive function is that many of the studies involve 

interventions that combine aerobic PA with other forms of PA (e.g. strength training), 

many included studies with interventions that did not meet US PA guidelines, and many 

did not look at specific domains of cognitive function. 

The purpose of this systematic review and meta-analysis was to examine whether 

aerobic physical activity improves cognitive function, specifically memory and executive 

function, in sedentary adults (aged 50+) without cognitive impairment. The current 

review adds to the existing body of knowledge by including randomized controlled trials 

(RCTs) that were completed after the search limits of the Colcombe and Kramer (2003) 

review examining aerobic physical activity and cognition in “normal” sedentary adults. 

The current review only includes studies with aerobic PA interventions that do not 

combine other types of PA. The current review consists of RCTs with active (e.g., 

stretching and strength training) comparators and no treatment control groups. The 

review focused solely on the domains of memory and executive function, as they have 

been identified as primary areas subject to decline as well as to improvement via physical 

activity (Colcombe et al., 2006; Erickson et al., 2011).  
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Methods 

This systematic review and meta-analysis was conducted and reported following 

the Cochrane Handbook for Systematic Reviews of Interventions (Higgins & Green, 

2011).  

Data Sources and Search Strategy  

 PubMed, the Cumulative Index to Nursing and Allied Health Literature 

(CINAHL Plus), the Cochrane library, and PsycInfo were systematically searched for 

peer-reviewed articles published after the search limits of Colcombe and Kramer’s 2003 

meta-analysis, from August 2001 to July 2019. A combination of MeSH and free text 

terms were used to find studies involving physical activity, and memory, and/or executive 

function in sedentary adults (50+). All possible search terms were entered into each 

search string, using the Boolean operators “AND” and “OR” to connect terms. The 

search string used to identify articles was exercise OR exercis* OR motor activit* OR 

physical activit* OR aerobic OR motor activit* AND cognit* OR executive function OR 

memory OR memory episodic OR memory short-term OR memory long-term OR 

working memory OR mental process* OR brain AND adult OR middle aged OR aged 

OR older OR old OR elderly OR geriatric AND sedentary OR underactive OR inactive. 

Titles, abstracts, and reference lists were screened to identify relevant articles and were 

examined in depth for inclusion and exclusion criteria.  

Inclusion Criteria and Exclusion Criteria  

Studies were included if they met the following criteria: (1) Sedentary or inactive 

women or men aged 50 or older with no cognitive impairment. Therefore, studies with 
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participants who were considered to have “mild cognitive impairment (MCI)” or 

dementia of any type were excluded from the review. (2) An aerobic PA program of any 

mode, duration, frequency, or intensity. If the aerobic PA intervention included other 

interventions (e.g. combined types of exercise training, combinations of aerobic exercise 

and mental training), then the study was excluded. (3) A control group that was either no 

treatment, or an alternative active treatment. (4) At least one outcome measure of 

memory or executive function measured at baseline and post-intervention, using a 

validated neuropsychological instrument. (5) The study design had to be a randomized 

controlled trial (RCT). (6) All peer-reviewed, published articles written in English.  

Data Extraction   

The reviewer (CMH) screened the titles and abstracts of all of the studies that 

were identified by the search and eliminated duplicates and studies that unambiguously 

did not meet eligibility criteria. The remaining studies were examined in depth to extract 

eligibility criteria. Data on the main study characteristics including study population, 

study design, intervention, control, outcome measures, covariates, and main outcomes 

were recorded. Two independent reviewers (NMH and MEP) evaluated these study 

characteristics. The reviewers discussed any disagreements and a consensus was reached 

in all cases. 

Risk of Bias 

The methodological quality of the included studies was assessed using the 

Cochrane Collaboration’s tool for assessing risk of bias (Higgins & Green, 2011). Areas 

examined for quality included seven methodological domains: random sequence 
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generation, allocation concealment, blinding of participants and personnel, blinding of 

outcome assessment, incomplete outcome data, selective outcome reporting, and other 

sources of bias. Each domain included a series of yes or no questions to determine risk of 

bias. A judgement of “yes” indicates “low risk.” of bias. A judgement of “no” indicates 

“high risk,” or “unclear bias.” 

Data Synthesis 

Articles were examined and grouped based on quality (risk of bias), study 

characteristics, and relationship between physical activity and cognitive function 

(memory, executive function, or both). The studies were also organized based on study 

location, number of participants, age of participants, and frequency (per week), duration 

(in minutes), and length (in weeks, months, or years) of the aerobic physical activity 

intervention. Last, the outcomes were grouped based on whether there was a significant 

outcome in memory and/or executive function and further organized based on whether 

the improvement occurred in memory, executive function, or both.  

Meta-Analysis 

Pre and post intervention means and standard deviations were extracted from each 

study for either memory, executive function, or both, and transformed into mean 

differences and pooled standard deviations. Each article contributed either one or two 

effect sizes (memory, executive function, or both) to the meta-analysis. When multiple 

measures of memory and/or executive function were reported, the most common measure 

used across studies was selected (e.g. Logical Memory (delayed), Wisconsin Card 

Sorting Task (WCST)). Hedges g, a measure of effect size that corrects for the impact of 
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small sample size and standard errors, was calculated for each sample. Meta-analyses 

were conducted using RevMan 5 (Review Manager, 2014), and a summary effect was 

provided based on a random effects meta-analysis for both memory and executive 

function. Heterogeneity was estimated using Cochran’s Q to determine if a random 

effects meta-analysis should be used to provide a better estimate among studies with high 

heterogeneity or low sample sizes. Forest plots were created using adjusted effect sizes 

and their 95% confidence intervals. To examine potential explanations for heterogeneity, 

sub-analyses were conducted to compare studies across the following characteristics: 

aerobic physical activity interventions that met U.S. physical activity guidelines (≥150 

minutes per week) vs. those that did; no treatment control vs. active control; short or long 

in duration (≤6 months vs ≥6 months); and country of origin (in the U.S. vs outside of the 

U.S.). A p-value of <0.05 was considered significant for the primary meta-analysis and 

all sub-analyses. 

Results 

Overall, 3,352 articles were identified through database searches and 14 

additional studies were added after reviewing references from the relevant literature (see 

Figure 1). After individual titles were reviewed and duplicates were removed, 63 studies 

remained. After abstracts, titles, and full texts were examined, nine articles were included 

in this review. 

Risk of Bias  

The risk of bias for each domain in each study (low risk, unclear risk, or high risk) 

was assessed and is presented in Table 1. All nine included studies were judged as low 

risk in the domains of random sequence generation and other sources of bias. A majority 
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of the studies were low risk for selective outcome reporting (8 studies) (Albinet et al., 

2010; Erickson et al., 2011; Ruscheweyh et al., 2011; Voss et al., 2013; Chapman et al., 

2013; Antunes et al., 2015a; Antunes et al., 2015b, Albinet et al., 2016) and incomplete 

outcome data (6 studies) (Albinet et al., 2010; Erickson et al., 2011; Ruscheweyh et al., 

2011; Chapman et al., 2013; Vidoni et al., 2015; Antunes et al., 2015a; Antunes et al., 

2015b). A majority of the studies were judged to have unclear risk of allocation 

concealment (7 studies) (Albinet et al., 2010; Erickson et al., 2011; Ruscheweyh et al., 

2011; Voss et al., 2013; Chapman et al., 2013; Antunes et al., 2015b, Albinet et al., 2016) 

and blinding of outcome assessors (6 studies) (Albinet et al., 2010; Erickson et al., 2011; 

Voss et al., 2013; Chapman et al., 2013; Antunes et al., 2015b, Albinet et al., 2016). The 

remaining studies were judged as low risk in these domains. All of the studies were 

deemed high risk for blinding of participants and trainers due to the nature of the 

intervention.  

Study Characteristics 

 All nine studies contributed effect size data for either memory (Antunes et al., 

2015a; Antunes et al., 2015b; Chapman et al., 2013; Erickson et al., 2011; Ruscheweyh et 

al., 2009; Vidoni et al., 2015; Voss et al., 2012) and/or executive function (Albinet et al., 

2010; Albinet et al., 2016; Antunes et al., 2015a; Chapman et al., 2013; Vidoni et al., 

2015; Voss et al., 2012). Four out of nine of the studies were conducted in the United 

States (Erickson et al., 2011; Chapman et al., 2013; Voss et al., 2013; Vidoni et al., 

2015), one in Germany (Ruscheweyh et al., 2011), two in France (Albinet et al., 2010; 

Albinet et al., 2016), and two in Brazil (Antunes et al., 2015a; Antunes et al., 2015b) 

(Table 2). Seven of the nine studies had fewer than 75 participants (Albinet et al., 2010; 



  38 

Ruscheweyh et al., 2011; Chapman et al., 2013; Voss et al., 2013; Antunes et al., 2014; 

Antunes et al., 2015; Albinet et al., 2016), and the remaining two studies had between 

100 and 120 participants (Erickson et al., 2011; Vidoni et al., 2015).  

 Three of the studies examined the association between aerobic physical activity 

and memory only (Ruscheweyh et al., 2011; Erickson, et al., 2011; Antunes et al., 2015), 

two examined the association between aerobic physical activity and executive function 

only (Albinet et al., 2010; Albinet et al., 2016), and the remaining four examined the 

association between aerobic physical activity and both memory and executive function 

(Voss et al., 2013; Chapman et al., 2013; Vidoni et al., 2015; Antunes et al., 2015). 

Intervention length in these trials ranged from three months to one year. Intervention 

duration ranged from 40-60 minutes per session and intervention frequency ranged from 

one to three times per week. Two out of nine studies employed a short-term intervention 

(three months) (Albinet et al., 2010; Chapman et al., 2013), five studies employed a five 

to seven month intervention (Ruscheweyh et al., 2011; Vidoni et al., 2015; Albinet et al., 

2016; Antunes et al., 2015; Antunes et al., 2015), and the remaining two studies 

employed a long term intervention (one year) (Erickson et al., 2011; Voss et al., 2013). 

Five of the studies included a no treatment control group (Ruscheweyh et al., 2011; 

Chapman et al., 2013; Vidoni et al., 2015; Antunes et al., 2015b), and the remaining four 

used another type of exercise training for the control group (e.g. stretch, balance) (Albinet 

et al., 2010; Erickson et al., 2011; Voss et al., 2013; Antunes et al., 2015a; Albinet et al., 

2016).  

Aerobic physical activity types varied (e.g., brisk walking, jogging, cycling, or 

swimming) and were either directed by a trained exercise instructor or independently led 



  39 

activities. Equipment used for the aerobic physical activity interventions included 

treadmills and bicycle ergometers. All active control groups were led by an exercise 

instructor.  

 All studies assessed cognitive function with objective measures using validated 

neuropsychological assessments. Several of the studies utilized immediate and delayed 

Logical Memory (LM) and immediate and delayed word recall. Other measures of 

memory utilized include digit span forward and a computerized spatial memory task. All 

of the studies that measured executive function utilized the Stroop Task, and/or the 

Wisconsin Card Sorting Test (WCST).  

Random Effects Meta-Analysis 

 Memory. Results from the random effects meta-analysis suggested a large effect 

size for the aerobic physical activity interventions on memory at post-intervention 

(g=0.80, 95%CI: 0.14-1.47; n=7; p=0.02) (see Figure 2). Due to high heterogeneity 

between the study effects (Cochran’s Q=62.32, p<0.00001), subgroup analyses were 

conducted to explore differences (See Table 3). There were several significant effect 

sizes among the sub-group analyses, including a significant and larger effect size for 

studies that met U.S. physical activity guidelines (g=1.21, 95%CI: 0.32-2.11; n=5; 

p=0.008) (Antunes et al., 2015a; Antunes et al., 2015b; Chapman et al., 2013; 

Ruscheweyh et al., 2009; Vidoni et al., 2015), the study that was less than 6 months in 

length (g=2.99, 95%CI: 2.01-3.97; p=<0.00001) (Chapman et al., 2013), studies that had 

a no treatment control (g=1.21, 95%CI: 0.32-2.11; n=5; p=0.008) (Chapman et al., 2013; 

Antunes et al., 2015a; Antunes et al., 2015b; Ruscheweyh et al., 2009; Vidoni et al., 

2015) and studies that took place outside of the U.S. (g=1.10, 95%CI: 0.25-1.95; n=3; 
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p=0.01) (Antunes et al., 2015b; Antunes et al., 2015a; Ruscheweyh et al., 2009). None of 

the sub-analyses completely explained the heterogeneity of the results for memory.  

 Executive function. Results from the random effects meta-analysis suggested a 

small effect size for the aerobic physical activity interventions on executive function at 

post-intervention (g=0.37, 95%CI: 0.04-0.69; n=6; p=0.03) (see Figure 3). Heterogeneity 

was not significant (Cochran’s Q=7.72, p<0.17), therefore subgroup analyses are not 

reported here, but can be found in Table 4. 

Discussion 

Overall, this systematic review and meta-analysis found that aerobic physical 

activity interventions result in a significant improvement in at least one measure of 

cognitive function (either memory, executive function, or both) in adults aged 50 and up, 

supporting our hypothesis. These echo the results from a similar meta-analysis performed 

by Colcombe and Kramer (2003) that reported aerobic PA interventions had a significant 

effect on cognitive function, especially executive function, in adults aged 55 and up. 

While Colcombe and Kramer found a medium effect size for executive function, this 

review yielded a small, but significant effect on executive function. In addition to the 

previous meta-analysis, this review found that aerobic PA had a large effect on memory. 

This meta-analysis expanded on Colcombe and Kramer’s (2003) original meta-analysis 

by including a larger age range, examining memory in addition to executive function, and 

by including interventions that only had aerobic PA interventions (as opposed to mixed 

interventions).  

 Several meta-analytic studies and systematic reviews examining similar 

hypotheses have been published over the past 20 years. There are mixed findings among 
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many of the existing reviews examining improvement in cognitive function in “normal” 

adults due to physical activity. Two previous meta-analyses found that across a variety of 

study designs (e.g. RCT, cross-sectional), age ranges, and patient populations there was a 

small effect of PA interventions on cognitive function, including memory and executive 

function (Etnier et al., 1997; Van Uffelen et al., 2008). In a meta-analysis that included 

young adults and adults with mild cognitive impairment, researchers found an overall 

small, but significant effect of PA on cognition (Etnier et al., 1997). In contrast, a meta-

analysis that included 12 RCTs that examined the effect of aerobic PA on cognitive 

function in cognitively normal adults aged 55 and up, they reported no cognitive benefit 

from aerobic PA (Young et al., 2015). One limitation of the last review was that it only 

included studies that had a measure of cardiorespiratory fitness and many of the 

interventions included more than just aerobic exercise. 

 Sub-analyses that were performed to understand the high heterogeneity in the 

effect size for the memory domain illuminated some important results. First, sub-analyses 

showed that studies that met US PA guidelines had a significant and large effect 

compared to studies that did not meet guidelines. Previous research has examined effect 

by program duration (1-6+months), session duration (15-60 minutes), and have found 

that moderate and long session duration yield medium and low effect sizes, respectively 

(Colcombe & Kramer, 2003), but none have examined the effect of meeting U.S. PA 

guidelines versus not meeting guidelines. Second, sub-analyses revealed that the study 

that was less than 6 months in length had a significant and large effect size, compared to 

studies that were 6 months or more. This result was in contrast to Colcombe and 

Kramer’s (2003) review, which found that studies with interventions lasting more than 6 
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months had a medium effect size that was larger than both the short (1-3 months) and 

medium (4-6 months) program duration. Despite the disparities between this prior meta-

analysis and the present one, our results may be related to other study characteristics (e.g. 

session frequency, session length), which is why we included an examination of meeting 

US PA guidelines in our sub-analysis. Third, studies that had no treatment control yielded 

a significant and large effect compared to studies with an active control. This finding 

appears intuitive, as previous research has shown that other types of PA (e.g. strength 

training), may improve cognitive function (Van Uffelen et al., 2008), therefore no 

treatment controls may be able to better detect effects of aerobic PA interventions. Lastly, 

sub-analyses revealed that studies that took place outside of the U.S. had a significant and 

large effect, compared to studies in the U.S. Interestingly, this result may be explained by 

the fact that all of the studies outside of the U.S. that contributed an effect size for 

memory implemented interventions that met the U.S. PA guidelines. 

 Overall, sub-analyses from this study should be viewed as exploratory and 

interpreted with caution, as they were developed in attempt to explain heterogeneity and 

were not created a priori. Due to the small number of studies, some of the sub-analyses 

included only one study in the subgroup (e.g. less than 6 months program duration), 

therefore the study represents an effect from that single study rather than an overall 

effect.  

 There are a couple of major mechanisms by which aerobic PA is thought to 

improve memory and executive function. First, aerobic PA has been linked with gray and 

white matter volume increases in the prefrontal and temporal cortices, as well as 

hippocampal volume, (Colcombe et al., 2006) which are specifically associated with 
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executive function and long-term memory function, respectively, as well as dementia and 

AD collectively. In further support, another RCT found that aerobic PA increased 

hippocampal volume, and also found improvement in memory function (Erickson et al., 

2011). According to Erickson et al. (2011), aerobic PA may improve areas that tend to 

show the greatest decline in aging adults (e.g. prefrontal cortex and hippocampus). Both 

memory and executive function tend to decline the most with normal aging, MCI, and 

AD (Kirova, Bays, & Lagalwar, 2015). A second mechanistic pathway is aerobic PA may 

improve cognitive function through increases in brain-derived neurotrophic factor 

(BDNF), insulin-like growth factor 1 (IGF 1) and increased cerebral blood volume 

(CBV) (Vaynman, Ying, & Gomez-Pinilla, 2004; Carro, Trejo, Busiguina, & Torres-

Aleman, 2001; Pereira et al., 2007). . What is unknown is whether aerobic PA, through 

these proposed mechanisms, has a true differential effect on different cognitive domains 

like what was demonstrated in the present meta-analysis (i.e., a large effect for memory 

and a small effect for executive function). Future should examine both the relative impact 

of aerobic PA on multiple cognitive domains and on these potential neurological 

underpinnings. 

 A strength of this meta-analysis was that it included only RCTs which are 

considered the highest quality studies. A second strength is that it examined studies that 

included aerobic PA interventions that were not mixed with other types of PA. By 

selecting only studies with strictly aerobic PA interventions, the review can specifically 

analyze the effect of aerobic PA on memory and executive function. A final strength is 

that more than half of the studies included in this review had an overall low risk of bias.  
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The studies examined in this review had several limitations impacting the quality 

of the evidence, and the conclusions that may be drawn from this review. First, the 

sample size for many of the studies was low, with seven out of nine of the studies having 

fewer than 75 participants (Albinet et al., 2010; Ruscheweyh et al., 2011; Chapman et al., 

2013; Voss et al., 2013; Antunes et al., 2015a; Antunes et al., 2015b; Albinet et al., 

2016). Another limitation of the existing research was that three of the studies did not 

meet the U.S. Department of Health and Human Services recommended guidelines for 

aerobic PA for adults (at least 150 minutes of moderate PA per week or 75 minutes of 

vigorous PA per week) (Piercy, Troiano, & Ballard, 2018). All of the studies lacked long 

term follow-up in order to examine whether significant changes in cognitive function 

were maintained. Several of the studies also lacked representativeness due to exclusion 

criteria which excluded many adults on the basis of certain diseases or disorders, such as 

cancers, heart diseases, diabetes, and depression symptomatology. Several of the studies 

also lacked equal sex distribution, with women making up over 50% of the sample in 

eight out of nine studies. Colcombe and Kramer (2003) found that studies with more 

women yielded greater effect sizes for improvement in cognitive function as a result of 

PA interventions, therefore future studies should examine the potential moderating effect 

of sex.   

  This review indicates aerobic PA alone can improve sedentary adults’ cognitive 

abilities, in memory and executive function. However, the sustainability of this effect is 

unknown. Future RCTs will need to assess cognitive functioning over long-term follow-

up.  Future research also should focus on assessing the dose-response relationship of this 

effect, testing interventions that meet recommended PA guidelines, and examining 
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sociobehavioral and physiological mechanisms of the relationship between aerobic PA 

and improved cognitive function (e.g. socialization, aerobic fitness capacity). Larger 

trials employing more consistent and sensitive batteries of neuropsychological 

assessments are needed for increased rigor and ability to compare results across studies. 

Most prior studies did not include representative or diverse samples or did not report 

these characteristics making generalizability of the results difficult to assess. Future 

studies would benefit from inclusion of a higher proportion of men and diversity in 

race/ethnicity and included comorbidities.   

  The implications of the present review’s results are profound considering that 

aerobic PA is a modifiable lifestyle factor with high potential for delaying or preventing 

the onset of cognitive impairment and dementia. The prevention of cognitive impairment 

of adults has important individual, healthcare, and economic implications. Of particular 

importance is the inclusion of implementation strategies and behavior change techniques 

(e.g. self-reward, graded tasks) to PA intervention, both of which may increase or sustain 

PA in adults, to prevent devastating and costly conditions later in life (Howlett et al., 

2018).  
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Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-

Analysis) flow diagram of study selection process (Moher et al., 2009). 
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Figure 2. Forest plot of the effect sizes for aerobic physical activity interventions on 
memory domain (random effects meta-analysis). Review conducted in August 2019.  

 
 
 
 
Figure 3. Forest plot of the effect sizes for aerobic physical activity interventions on 
executive function domain (random effects meta-analysis). Review conducted in August 
2019.  
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Table 1. Risk of bias in included studies in accordance with Cochrane Collaboration 
Guidelines. 
 

Study Random 
sequence 
generation 

Allocation 
concealment 

Blinding 
(participants 
and trainers) 

Blinding 
(outcome 
assessors) 

Incomplete 
outcome data 

Selective 
outcome 
reporting 

Other 
sources 
of bias  

Albinet et al., 
2010 

+ ? - ? + + + 

Erickson et al., 
2011 

+ ? - ? + + + 

Ruscheweyh et 
al., 2011 

+ ? - + + + + 

Voss et al., 
2013 

+ ? - ? - + + 

Chapman et 
al., 2013 

+ ? - ? + + + 

Vidoni et al., 
2015 

+ + - + + _ + 

Antunes et al., 
2015a 

+ + - + + + + 

Antunes et al., 
2015b 

+ ? - ? ? + + 

Albinet et al., 
2016 

+ ? - ? - + + 

Footnote: low risk=yes; high risk=no; ?=unclear 
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Table 2. Summary of study characteristics of included studies.  

Author Country Subjects 
n 

Gender, 
M/F 
 

Age, 
range 

Intervention(s), 
control/comparator 

Duration/ 
Frequency/ 
Length 

Executive Function and/or 
Memory Assessmenta 

Albinet et 
al., 2010 

France  24 11/13 65-
78 
 

1. Aerobic 
exercise 
(walking, 
running) 

2. Stretching 
control 

3xwk/60 min/3 
months 

 -Wisconsin Card Sorting 
Task (WCST) 

Erickson et 
al., 2011 

USA 120 40/80 55-
80 

1. Aerobic 
exercise 
(walking) 

2. Stretching 
control 

1xwk/40 min/1 
year 

-Spatial Memory Paradigm 
Task 

Ruschewey
h et al., 
2011 

German
y 

62 22/40 50-
72 

1. Nordic Walking 
2. Gymnastics 
3. No treatment 

control 

3xwk/50 min/6 
months 

-Auditory Verbal Learning 
Test (AVLT) 
 

Voss et al., 
2013 

USA 70 25/45 55-
80 

1. Aerobic 
walking  

2. Flexibility, 
toning, and 
balance control 

3xwk/40 min/1 
year 

-Wisconsin Card Sorting 
Task (WCST) 
-Digit Span forward 

Chapman et 
al., 2013 

USA 37 10/27 57-
75 

1. Aerobic 
exercise (bike 
and treadmill)  

2. Wait-list control 

3xwk/60 min/3 
months  

-The Stroop Task  
-Logical Memory (LM) 
delayed  

Vidoni et 
al., 2015 

USA 101 36/65 66-
78 

1. 75 min aerobic 
exercise 

2. 150 min aerobic 
exercise 

3. 225 min aerobic 
exercise  

4. No treatment 
control 

75min-225 min 
per wk/26 wks 

-The Stroop task   
-Logical Memory (LM) 
delayed  

Antunes et 
al., 2015a 

Brazil 51 0/51 60-
70 

1. Aerobic 
exercise 

2. Leisure 
3. No treatment 

control 

3xwk/60 min/6 
months 

-Wisconsin Card Sorting 
Task (WCST) 
-Logical Memory (LM) 
delayed  
 

Antunes et 
al., 2015b 

Brazil 46 46/0 60-
75 

1. Aerobic 
exercise (cycle 
ergometer) 

2. No treatment 
control  

3xwk/60 min/6 
months  

-Free Word Recall Test 

Albinet et 
al., 2016  

France 36 10/26 60-
75 

1. Aquaerobics 
and swimming 

2. Stretching 
control  

2xwk/60 min/21 
weeks 

-The Stroop Task  

 
aAssessments used in the meta-analysis 
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Table 3. Sub-Analyses to Explore Differences in Memory Domain (n=7) 

 N Hedges g (95% C.I.) P 

U.S. Physical Activity 
Guidelines 

   

Meeting  5 1.21 (0.32-2.11) 0.008 

Not meeting  2 -0.12 (-0.41-0.17) 0.41 

Study Length    

<6 months 1 2.99 (2.01-3.97) <.00001 

≥6 months 6 0.48 (-0.06-1.03) 0.08 

Control group    

No treatment 5  1.21 (0.32-2.11) 0.008 

Active control 2 -0.12 (-0.41-0.17) 0.41 

Country    

Outside of the U.S. 3 1.10 (0.25-1.95) 0.01 

U.S.  4 0.58 (-0.35-1.51) 0.22 

Memory Assessment    

Logical Memory (LM) 3 1.40 (-0.21-3.02) 0.09 

Word Recall  2 0.99 (-0.27-2.26) 0.12 

     Digit Span forward 1 -0.04 (-0.53-0.44) 0.86 

     Spatial Memory Task 
        
1 -0.17 (-0.52-0.19) 0.37 
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Table 4. Sub-Analyses to Explore Differences in Executive Function Domain (n=6) 

 N Hedges g (95% C.I.) P 

U.S. Physical Activity 
Guidelines 

   

Meeting  5 0.45 (0.06-0.83) 0.02 

Not meeting  1 0.10 (-0.40-0.60) 0.69 

Study Length    

<6 months 3 0.44 (-0.15-1.04) 0.15 

≥6 months 3 0.30 (-0.10-0.71) 0.14 

Control group    

No treatment 3  0.43 (-0.23-1.09) 0.20 

Active control 3 0.29 (-0.07-0.65) 0.11 

Country    

Outside of the U.S. 3 0.72 (0.27-1.18) 0.002 

U.S.  3 0.11 (-0.22-0.43) 0.52 

Executive Function 
Assessment 

   

    Wisconsin Card        
Sorting Test (WCST) 

 

3 
0.59 (-0.06-1.25) 0.08 

     Stroop Task 3     0.20 (-0.17-0.56) 0.29 
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CHAPTER 3 
 

Objectively Measured Sedentary Behavior and Cognitive Function in Older Adults 

 
According to the World Health Organization (WHO), approximately one-fifth of 

the population will consist of older adults (aged 60+) by the year 2050. With a rapid 

increase in the aging population, there will be an increase in adults with mild cognitive 

impairment (MCI) and dementia. In 2015, it was estimated that 47 million people were 

living with dementia worldwide, and that number is expected to reach 132 million by 

2050 (WHO, 2017). The worldwide costs of dementia were estimated to be $818 billion 

in 2015 and are projected to exceed $2 trillion by 2030 (WHO, 2017). Currently there is 

no cure for AD or dementia, and drugs to treat these disorders focus only on alleviating 

symptoms. According to the World Health Organization (2012), research on dementia 

should be focused on primary prevention, and specifically on modifiable risk factors.  

Sedentary behavior (SB) has been identified as a modifiable risk factor for 

cardiovascular disease, type 2 diabetes, and all-cause mortality (Owen et al., 2010; Ford 

et al., 2012; Booth et al., 2001). More recent evidence also suggests that SB may be 

associated with cognitive function and cognitive decline. In a systematic review that 

examined the association of SB and cognitive function, the authors reported that six out 

of the eight studies (dating back to 1990), reported negative associations between SB and 

cognitive function (Falck et al., 2016). Unfortunately, many of the studies utilized self-

report measures of SB, had small sample sizes, and did not examine potential dose 

response relationships between SB and cognitive function. SB is highly prevalent among 

older adults, along with increased risk for MCI and dementia, thus an important 
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population to study (Matthews et al., 2008). Prior literature has relied almost exclusively 

on self-reported total sedentary time, and therefore it is largely unknown whether other 

aspects of SB (e.g. sedentary bout duration, a measure of overall prolonged, uninterrupted 

SB), should be targeted to reduce negative health outcomes (Diaz et al., 2017). Studies 

that include objective measures of SB are needed to better understand the association 

between SB and cognitive function and to make informed clinical recommendations 

regarding time spent engaging in SB.  

The present study utilized a population-based sample of black and white adults in 

the U.S. aged 60 and up to examine whether total sedentary time and sedentary bout 

duration (separately) increased the odds of incident cognitive impairment. The study also 

examined whether total sedentary time and mean sedentary bout duration were associated 

with changes in memory and executive function domains. We hypothesized that higher 

total sedentary time and higher mean sedentary bout duration would be separately 

associated with higher risk of incident cognitive impairment and decreases in scores on 

memory and executive function assessments. 

Methods 

Study Population 

The Reasons for Geographic and Racial Differences in Stroke (REGARDS) study 

is an ongoing population-based cohort study of black and white adults, enrolled between 

January 2003 to October 2007 in the United States. (Howard et al., 1997; Lanska et al., 

1995; Howard et al., 2005). REGARDS was designed to examine racial and regional 

disparities in stroke. Detailed design and methods for REGARDS are described 

elsewhere (Howard et al., 2005). Briefly, demographic information and medical history 
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were obtained by trained interviewers using a computer-assisted telephone interview 

(CATI). In-home, physical examinations were conducted three to four weeks after the 

telephone interviews. Participants were followed every six months for stroke outcomes, 

yearly for global cognitive status, and every two years for assessments of executive 

function and memory. Objective measures of SB were collected from active REGARDS 

participants from May 2009 to January 2013. All participants gave informed consent and 

the accelerometer sub-study was approved by the institutional review boards of Arizona 

State University, University of South Carolina, and University of Alabama at 

Birmingham. 

Measures 

Sedentary behavior (SB). Methods for accelerometer data collection are 

described in more details elsewhere (Howard et al., 2015). Briefly, an ActicalTM (Mini 

Mitter Respironics, Inc., Bend, OR) was worn over the right hip while attached to a 

waistband and participants were instructed to wear the device during waking hours for 

seven consecutive days. Activity counts were summed over 1-minute epochs and non-

wear periods were defined as ≥150 consecutive minutes of 0 activity counts, based on a 

non-wear algorithm previously validated using REGARDS participants’ daily log sheets 

(Hutto et al., 2013). Sedentary and physical activity variables were averaged across all 

compliant days (≥4 days with ≥10 hours of accelerometer wear) to derive per day values 

(Diaz et al., 2016). Due to high correlation between total sedentary time and wear time, 

the influence of wear time was corrected by standardizing total sedentary time into 16 

hours of wear time a day using the residuals obtained when regressing total sedentary 

time on wear time. For participants with usable data, absolute time spent in SB (0-49 
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counts per minute (cpm)), light-intensity physical activity (LIPA) (50-1064 cpm), and 

moderate to vigorous intensity physical activity (MVPA) (≥1065 cpm) and proportions of 

total time spent in SB, light-intensity physical activity, and moderate to vigorous physical 

activity were calculated (Howard et al., 2015). Sedentary time was expressed in in 30-

minute units/16 hours. Sedentary bouts were defined as consecutive minutes in which the 

accelerometer registered <50 cpm. Sedentary bouts were exclusively continuous periods 

with no interruptions or non-wear intervals.  

 Cognitive function. Cognitive function was assessed during telephone interviews 

using standardized scripts and scoring methods previously described (Wadley et al., 

2011). Participants were assessed for cognitive impairment using the Six-Item Screener 

(SIS) (Callahan et al., 2002), with a score of ≤4 correct responses indicating cognitive 

impairment. The main dependent variable, incident cognitive impairment, was defined as 

a shift from intact cognitive screening status (SIS score of 5 or 6) during the assessment 

closest to the baseline accelerometer measurement (within ±12 months) to impaired 

cognitive screening status (SIS score of ≤4) at the latest follow-up assessment. They were 

also assessed using three cognitive test batteries: Word List Learning (WLL; new 

learning; scores range from 0-30), World List Delayed Recall (WLD; verbal memory; 

scores range from 0-10), and animal fluency (AF; executive function; scores >0) from the 

Consortium to Establish a Registry for Alzheimer’s Disease battery (CERAD) (Morris et 

al., 1989). All instruments have demonstrated usefulness in assessing cognitive decline 

and dementia (Morris et al., 1989). These tests are used to assess memory (WLL, WLD) 

and executive function (AF) (Morris et al., 1989; Nasreddine et al., 2005). Cognitive 

assessments conducted within ±12 months of accelerometer assessment were used as the 
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cognitive assessment baseline. Secondary dependent variables included change in Z-

scores of WLL, WLD (measures of memory), and AF (a measure of executive function), 

calculated using Z-scores from the mean and standard deviation for each test. Analysis 

for this report were based on all available outcome data through December 2019.  

 Covariates. Participant characteristics included age, sex, race (black, white), 

region of current residence (i.e., Stroke Belt, Stroke Buckle, Other continental U.S. 

regions) (Howard et al., 2005), income, highest education level (less than high school, 

high school graduate, some college, college graduate and above), smoking (current, 

never, past), depression symptomatology (measured using questions from the Center for 

Epidemiological Studies Depression questionnaire in the CATI) (Radloff, 1977), self-

reported history of heart disease, self-reported history of myocardial infarction, self-

reported history of stroke, and physician diagnosed stroke. Blood pressure was defined as 

systolic blood pressure ≥140mmHg or diastolic blood pressure ≥90mmHg or self-

reported use of medication for hypertension. Diabetes was defined as fasting glucose 

level of ≥126 ml/dL (≥200 ml/dL if the participant was non-fasting) or self-reported 

medication use for glucose control. Body mass index (BMI) was determined from 

measured height and weight.  

Analytic Sample 

Participants were excluded if they 1) had no record of a SIS within ±12 months of 

accelerometer assessment, 2) were identified as cognitively impaired within ±12 months 

of accelerometer assessment, 3) had no follow-up SIS assessment after the date of 

accelerometer wear, 4) had a stroke between SIS baseline date and the most recent SIS 

follow-up date. The total analytic sample size after these exclusions was 6,236. 
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Statistical Analysis 

 Analyses were conducted using IBM SPSS Statistics Version 25. Logistic 

regression analysis was used to estimate the odds ratio (OR) of incident cognitive 

impairment and the associated 95% confidence interval (CI), with model 1 adjusting for 

age, sex, race, region of residence, education, income, and time interval (between 

assessment baseline and follow-up), and model 2 adjusting for model 1 along with BMI, 

hypertension, smoking, diabetes, depression symptomatology, and history of heart 

disease, myocardial infarction, and stroke. General linear regression models were used to 

assess the association between SB and change in Z-scores for the WLL, WLD (memory 

domain) and AF (executive function domain), controlling for the aforementioned 

covariates in models 1 and 2, and baseline scores in memory and executive function 

domains. Logistic regression and linear regression results were also stratified by race 

(black, white), sex (male, female), and age (<65, ≥65 years), due to known race, sex, and 

age differences in cognitive decline, and the unique composition of the REGARDS 

cohort (Lines, Sherif, & Wiener, 2014; Shadlen et al., 2006; Tang et al., 2001; Sohn et 

al., 2018; WHO, 2012). A p-value of <0.05 was considered significant for all analyses. 

Results 

Table 1 presents analytic sample characteristics. Among the 6,236 participants, 

54.7% were women, 30.4% were black. The mean (±SD) age was 63.33 (8.34) years. SB 

accounted for 77.5% of wear time, equivalent to a mean (±SD) of 12.4 (1.39) hours/day 

over a 16-hour waking day. Mean (±SD) sedentary bout length was 11.23 (7.83) 

minutes/bout. During a mean (±SD) follow-up period of 6.12 years (1.9), there were 539 

(8.6%) cases of incident cognitive impairment. Participants had a mean (±SD) change Z-
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score of 0.02 (0.87) for WLL, 0.008 (0.92) for WLD, and 0.01 (0.83) for AF (see Table 

2). 

Table 3 displays the logistic regression models associating SBs and incident 

cognitive impairment. In model 1, sedentary time and sedentary bout duration were not 

significantly associated with higher odds of incident cognitive impairment for the total 

sample, or by sex, race, or adults <65 years. However, each 30-minute increase in 

sedentary time was significantly associated with a 1.08 greater odds of incident cognitive 

impairment in adults ≥65 years in model 1 (95%CI: 1.03, 1.13) and remained so after 

adjustment in Model 2 (OR: 1.09, 95% CI: 1.04, 1.14, p = 0.001), indicating a 9% 

increase in the likelihood of cognitive impairment for participants over 65 years over an 

average follow-up of 6.12 years.  

Table 4 displays adjusted linear regression models associating SBs and memory 

(WLL, WLD), and SBs and executive function (AF). In the total sample, there was a 

significant negative association between total sedentary time and change in Z-scores for 

WLL in the fully adjusted model (model 2). There were also significant negative 

associations between total sedentary time and change in WLL Z-scores for both sexes 

and age groups, and among white adults. In the total sample, there was a significant 

negative association between mean sedentary bout duration and WLL Z-scores in the 

fully adjusted model. There were also significant negative associations between sedentary 

bout duration and change in WLL Z-scores for women, white adults, and adults ≥65 

years.  

In the total sample, there was a significant negative association between total 

sedentary time and change in Z-scores for WLD in the fully adjusted model (model 2). 
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There were also significant negative associations between total sedentary time and 

change in WLD Z-scores across age groups and for white adults. In the total sample, 

there was a significant negative association between mean sedentary bout duration and 

WLD Z-scores in the fully adjusted model. There were also significant negative 

associations between sedentary bout duration and change in WLD Z-scores for adults ≥65 

years in model 2. 

 In the total sample, there was a significant negative association between 

total sedentary time and change in AF Z-scores, a measure of executive function, in the 

fully adjusted model (model 2). There were also significant negative associations 

between total sedentary time and change in AF Z-scores for men, black adults, and across 

age groups in model 2. There was no significant association between change in AF Z-

scores and mean sedentary bout duration in the total sample, but there were significant 

negative association between change in AF Z-score and mean sedentary bout duration in 

women, and across age groups.  

Discussion 

 This study was one of the first to examine the association of SB and incident 

cognitive impairment and cognitive decline in a large population-based U.S. cohort using 

objective measures. Our hypothesis, that higher total sedentary time and higher mean 

sedentary bout duration would separately be associated with increased odds of incident 

cognitive impairment, and decreased memory and executive function scores, was 

partially supported. This study found that for adults ≥65 years old, a 30-minute increase 

in sedentary time was associated with an 9% increase in incident cognitive impairment, 

but not for other demographic groups. This study also found that higher total sedentary 
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time and higher mean sedentary bout duration were both independently associated with 

decreases in measures of memory (i.e. verbal learning, verbal memory) and executive 

function in the total sample. Stratified analyses found that across sex, age intervals, and 

specifically among white adults, higher sedentary time was associated with decreases in 

verbal learning. Additionally, higher sedentary bout duration was associated with 

decreases in verbal learning specifically for women, and across age groups. Higher total 

sedentary time was also associated with decreases in verbal memory, and specifically for 

white adults and across age intervals. Higher total sedentary bout duration was associated 

with decreases in verbal memory, specifically for adults ≥65 years. Higher sedentary time 

was associated with decreases in executive function, specifically for men, black adults, 

and across age intervals. Higher mean sedentary bout duration was associated with 

decreases in executive function for women, and across age intervals.  

 Our study corroborates prior smaller studies that primarily examined the 

association between SB and cognitive performance and impairment with self-reported SB 

measures (Falck et al., 2017). For example, one study found that odds of incident 

dementia were greater for those who were sedentary (self-reported) in adults 65-79 years 

old (Kivipelto et al., 2008). Our study also found similar results as a large prospective 

study of 502,643 adults aged 37-73 in the UK found that reported sedentary time, 

specifically television viewing time and driving time, were associated with higher odds of 

cognitive decline (including measures of memory and executive function) at follow-up 

(Bakrania et al., 2018), supporting our findings for the association between SB and 

memory and executive function. In contrast to our study, a recent study of five 

international cohorts (Greece, Australia, USA, Japan, and Singapore) with 10,450 adults 
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without dementia (aged 66-75) found no association between sedentary time and “global 

cognitive function” (Maasakkers et al., 2019). Unlike the present study, this study was 

limited by primarily subjective measures of SB and relied on one measure of cognitive 

function for the outcome. Similarly, in one of the few studies that examined objectively 

measured SB and cognitive function, Rosenberg et al. (2016) found that objective SB was 

not related to executive function in adults 67-100 years old. The differences between the 

present study and the aforementioned study may be explained by the fact that the latter 

study was limited by cross-sectional data, and a small sample size (n=307). 

This is the first study to include a SB other than total sedentary time, specifically 

mean sedentary bout duration, in association with memory and executive function. 

According to Diaz et al. (2017), studies have shown that sedentary time accumulated in a 

few long bouts is a distinctly different pattern of behavior compared to many short bouts 

of sedentary time. They also found that longer sedentary bout duration was associated 

with higher risk of mortality (Diaz et al., 2017). Studies that examined mean sedentary 

bout duration and cardiometabolic outcomes led to the prolonger vs. breaker hypothesis 

which asserts that the manner in which sedentary time is accumulated may be an 

important predictor, in addition to total sedentary time (Owen, Healy, Matthews, & 

Dunstan, 2010). The findings in the present study go beyond highlighting the importance 

of reducing sedentary time, but also lend support to “breaking” up sedentary time. 

Previous studies have not examined how SB and cognitive function may be 

associated differentially by race, or age, and only a few studies have examined the 

association by sex. Prior literature suggests that there are differences in both SB and 

cognitive function by these sociodemographic groups. Even within the REGARDS 
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cohort, older adults and black adults had higher sedentary time (Diaz et al., 2018). Adults 

aged 60 and up spend more time being sedentary than any other group, and older adults, 

especially aged 65 and up, are at an increased risk for cognitive impairment (Matthews et 

al., 2008; WHO, 2012).  The current study did find that higher total sedentary time was 

associated with increased odds of incident impairment for adults aged 65 and up, which 

may be partly explained by the higher cases of incident impairment for that age group 

(n=419), potentially making it easier to detect an effect. Adults 65 years and up were also 

the only subgroup with significant associations across all outcomes for both SBs (i.e. 

verbal learning, verbal memory, executive function), highlighting the importance of 

examining modifiable risk factors associated with cognitive decline especially in this age 

group.  

Evidence suggests that black adults have a higher risk of dementia compared to 

whites across many studies, samples, and study designs (Lines, Sherif, & Wiener, 2014; 

Shadlen et al., 2006; Tang et al., 2001). Research suggests that these differences may be 

due to worse cardiovascular health, lower levels of education, levels of physical activity, 

disease management, and income level (Mensah et al., 2005; Larson, Yaffe, & Langa, 

2013; Sachs-Ericsson & Blazer, 2005; Chin, Negash, & Hamilton, 2011; Glymour & 

Manly, 2008). The present study found an association between higher sedentary time and 

decreased executive function in black adults, but did not find an association with either 

measure of memory. In contrast, the study did find an association between higher 

sedentary time and decreased verbal learning and verbal memory in white adults, but not 

for executive function. Many of the variables that account for differences in cognitive 

outcomes for black adults compared to whites were controlled for in this study (e.g. 
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income, education, cardiovascular disease) and future research is needed to explain the 

differences in SB and cognitive function, across race and specifically by domain.  

The present study found that across sex, higher total sedentary time and mean 

sedentary bout duration were associated with decreases in verbal learning for women, but 

not for men, and higher total sedentary time was associated with decreases in executive 

function for men, but not for women. Research suggests that women are at a higher risk 

for cognitive decline and AD (Li & Singh, 2014) which has been attributed to reduced 

estrogen in postmenopausal women, greater cognitive reserve in men, and the influence 

of apolipoprotein E ε4 (a genetic risk factor for AD that affects the probability of 

developing AD in women more than men) (Laws, Irvine, & Gale, 2016). Previous studies 

that have examined differences between men and women in change over time in verbal 

learning, verbal memory, and executive function have revealed mixed results, with some 

finding no significant sex differences, others finding a female advantage, and others 

reporting a male advantage (Laws et al., 2016; Finkel et al., 2003; Finkel, Reynolds, 

Berg, & Pedersen, 2006; de Frias et al., 2006; Karlsson et al., 2015; Gerstoff, Herlitz, & 

Smith, 2006). According to a review of 13 longitudinal studies, there were no sex 

differences in cognitive decline for men and women 60-80 years old (Ferriera et al., 

2014). Previous studies that examined SB and cognitive function have not found 

differences when stratifying by sex (Maasakkers et al., 2019).  

Future studies should examine the potential moderators of cognitive function and 

sedentary time such as race, sex, and age and other socioeconomic indicators across 

memory and executive function domains. Future studies should also examine types of 

sedentary activities in relation to cognitive function, by race, sex, and age. Types of 
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sedentary activities that have been shown to contribute differentially to incident cognitive 

impairment and cognitive decline (e.g. television viewing), may have different 

implications based on differences by race, sex, and age. For example, one study found 

that black adults spent more television viewing compared to white adults (Cohen et al., 

2013). Another study found that adults 65 years and older watch television three times as 

much as young adults (Depp, Schkade, Thompson, & Jeste, 2013). This research 

highlights the need to examine time spent in specific sedentary activities, specifically by 

race and age, in order to make more targeted clinical recommendations for SB.  

The associations observed between high total sedentary time and incident 

cognitive impairment in adults 65 years and older are clinically significant, as they 

highlight the importance of reducing sedentary time for adults in that age group. The six-

item screener (SIS), has previously been shown to have a sensitivity of 88.7 and 

specificity of 88.0 in identifying cognitive impairment and dementia in community 

dwelling older adults (Callahan et al., 2002). The associations observed between higher 

SB and cognitive decline also have clinically important implications, as cognitive decline 

underlies conditions such as mild cognitive impairment and dementia, and even in normal 

aging can lead to decline in complex functional abilities (e.g. driving) (Hamer & 

Stamatakis, 2014; Harada, Love, & Triebel, 2013). Verbal fluency and verbal memory 

are well-established measures with high sensitivity for detecting cognitive decline, 

cognitive impairment, and dementia in adults (Weissberger et al., 2017; Chen et al., 2000, 

Chen et al., 2001; Welsh et al., 1994). 

This study has several strengths. First, objectively measured SB was used to 

examine the association with cognitive function in a large sample of adults. Second, the 
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sample was recruited from a well-characterized cohort of black and white adults in the 

U.S. Third, we were able to explore both incident cognitive impairment and change in 

cognitive function over time in association with total sedentary time, and mean sedentary 

bout duration, which has not been previously examined. Fourth, the results were very 

robust as it adjusted for demographic and clinical characteristics that are associated with 

cognitive function (e.g. diabetes, BMI, heart disease, hypertension, stroke, & depression 

symptomatology), as well as adjusting for MVPA, in order to tease out the independent 

effects of SB. Last, this is one of the first studies to stratify results examining the 

relationship between cognitive function and SB by race, sex, and age. 

 This study had several limitations. Disadvantages of hip-worn accelerometers 

include not being able to identify types of sedentary activities (e.g. television, driving, 

computer use) or capture upper-body movement. Past studies suggest that television 

viewing time and driving time are negatively associated with cognitive function, but 

computer use is positively associated (Bakrania et al., 2018). Additionally, the use of 

standard cut-points to differentiate sedentary time and light, moderate, and vigorous 

physical activity do not account for potential differences in fitness levels, especially in 

older adults. Therefore, measured time in SB may be over- or underestimated. This study 

also did not utilize sedentary time cut-points due to the lack of research establishing 

clinically relevant cut-points in sedentary time, making it difficult to make specific 

clinical recommendations for sedentary time to reduce incident cognitive impairment and 

cognitive decline. One meta-analysis that examined the association between sedentary 

time and mortality in more than one million participants reported a device-based cut-off 

of 9 hours per day, but we were unable to examine this cut-off in our sample, as the study 
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sample mean was 12.4 hours per day. The study also did not account for sleep time, 

which has also been associated with cognitive function in older adults (Xu et al., 2011; 

Lo et al., 2016). There was a lower proportion of usable data for black adults, making it 

difficult to generalize to other REGARDS participants (Howard et al., 2015). Last, only 

seven days of accelerometer data were collected, and data was usable if it was worn for at 

least 10 hours a day for four days, which may lead to a biased representation of habitual 

SB.  

Conclusion 

 Our study, conducted in a large U.S. population-based sample of black and white 

adults, demonstrated that higher levels of total sedentary time were independently 

associated with higher odds of incident cognitive impairment in adults over 65 years old. 

Higher levels of total sedentary time and sedentary bout duration were separately 

associated with both memory and executive performance in this sample, but the 

associations were moderated by age, sex, and race. The current body of research suggests 

that reducing SB might decrease incident cognitive impairment in adults 65 and older. It 

also suggests that reducing SB may reduce cognitive decline, specifically in the memory 

and executive function domains, and differentially by subgroups. Future research is 

needed to develop specific clinical recommendations for amount of time spent in SB for 

older adults to reduce incident cognitive impairment and cognitive decline and to 

understand if combinations of other lifestyle behaviors (e.g. MVPA) can mitigate this 

decline.  
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Table 1. Participant Characteristics (N = 6,236) 

Variable Total 

Age, M (SD), yr  63.3 (8.3) 

Women, n (%) 3,412 (54.7) 

Black, n (%) 1,893 (30.4) 

Stroke-belt, n (%)  

Education, n (%)  

Less than high school 344 (5.5) 

High school graduate 1,398 (22.4) 

Some college 1,661 (26.6) 

College graduate and above 2,833 (45.4) 

Income, n (%)  

     <$20,000 659 (10.6) 

      $20,000-34,999 1,371 (22.0) 

      $35,000-74,999 2,198 (35.2) 

      $75,000+ 1,391 (22.3) 

      Income refused 616 (9.9) 

Current Smoker, n (%) 659 (10.6) 

Hypertension, n (%) 3,167 (50.8) 

Diabetes, n (%) 876 (14) 

Stroke history, n (%) 206 (3.3) 

Heart disease history, n (%)  764 (12.3) 

Myocardial infarction history, n (%) 510 (8.2) 
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Body mass index, M (SD), kg*m-2 28.6 (5.7) 

Depression symptomatology, M (SD) 0.77 (1.60) 

Sedentary time, min/16h, M (SD) 741.5 (83.2) 

Sedentary bout durationa, min/bout, M (SD) 11.2 (7.8) 

Incident cognitive impairment, n (%) 539 (8.6) 

a Mean duration of consecutive minutes in which the accelerometer registered <50 counts/min.  
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Table 2. Baseline and change of memory and executive function assessment raw scores and Z-scores in 
follow-up (Mean (SD)) (Follow-up time: WLL & WLD= 4.6 ± 2.5 years; AF= 5.2 ± 2.2 years) 

Variable Baseline (raw 
score) 

 

 

Change (raw 
score) 

 

 

Baseline Z-score 

 

 

Change Z-
score 

Memory     

 Word List Learning (WLL)a, n=3,269 18.51 (4.82) 0.005 (4.40) -0.006 (1.00) 0.015 (0.87) 

 World List Delayed Recall (WLD)b, n=3,269 6.951 (1.98)       -0.037 (1.90) -0.002 (1.00) 0.008 (0.92) 

Executive Function     

  Animal Fluencyc (AF), n=4,209 17.56 (5.58)       -1.708 (4.65) 0.005 (1.00) 0.007 (0.83) 

a Word List Learning Score (WLL) is from the Consortium to Establish a Registry for Alzheimer’s Disease battery (0-30). 

b Word List Delayed Recall (WLD) is from the Consortium to Establish a Registry for Alzheimer’s Disease battery (0-10). 

cAnimal Fluency (AF) is from the Consortium to Establish a Registry for Alzheimer’s Disease batter (>0). 
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Table 3. Sedentary behaviors and incident cognitive impairment (N = 6,236; Follow-up time = 6.12 ± 1.9 
years) 

 No. of Cases Model 1a Model 2b 

  O.R. (95% C.I.) O.R. (95% C.I.) 

Total 539   

Sedentary time, 30min/16h  0.99 (0.95, 1.03) 0.95 (0.91, 1.00) 

Sedentary bout durationa, min/bout  0.99 (0.98, 1.00) 0.99 (0.98, 1.00) 

Women 274   

Sedentary time, 30min/16h  0.97 (0.91, 1.02) 0.95 (0.90, 1.01) 

Sedentary bout duration, min/bout  1.00 (0.98, 1.1) 0.99 (0.98, 1.01) 

Men 260   

Sedentary time, 30min/16h  1.02 (0.96, 1.08) 1.02 (0.96, 1.08) 

Sedentary bout duration, min/bout  0.99 (0.98, 1.01) 0.99 (0.97, 1.01) 

White 345   

Sedentary time, 30min/16h  0.99 (0.94, 1.04) 0.98 (0.93, 1.03) 

Sedentary bout durationa, min/bout  0.99 (0.98, 1.01) 0.99 (0.97, 1.00) 

Black     

Sedentary time, 30min/16h 192 0.99 (0.92, 1.06) 0.98 (0.92, 1.06) 

Sedentary bout duration, min/bout  1.00 (0.98, 1.01) 1.00 (0.98, 1.01) 

<65 120   

     Sedentary time, 30min/16h  0.99 (0.93, 1.06) 0.97 (0.91, 1.05) 

     Sedentary bout duration, min/bout  1.00 (0.96, 1.03) 1.00 (0.97, 1.03) 

65+ 419   
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     Sedentary time, 30min/16h  1.08 (1.03, 1.13) 1.09 (1.04, 1.14) 

  Sedentary bout duration, min/bout  1.01 (0.997, 1.017) 1.00 (1.00, 1.02) 

aAdjusted by age, sex, race, region of residence, education, income, BMI, and periods of follow-up (sex and race were controlled only 
for total sample). 
bAdjusted by age, sex, race, region of residence, education, income, BMI, hypertension, smoking, diabetes, depression 
symptomatology, history of stroke, history of heart disease, history of myocardial infarction, moderate-to-vigorous intensity physical 
activity, and periods of follow-up (sex and race were controlled only for total sample). 
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Table 4. Association of sedentary behaviors with change in cognitive scores (Follow-up time memory 
domain: WLL= 4.6 ± 2.5 years; executive function domain: AF= 5.2 ± 2.2 years) 

 
Change in WLL Immediate Recall Z-
scorec, n=3,578 Change in WLL Delayed Recall Z-

scorec, n=3,578 
Change of AF Z-score, n=4,252 

 
Model 1a Model 2b 

Model 1a 
Model 2a Model 1a Model 2b 

 
B(SE) B (SE) 

B(SE) B(SE) 
B (SE) B(SE) 

Total       

Sedentary time, 30 min/16h 
-0.023 (0.005)* -0.020 (0.005)* -0.015 (0.006)* 

-0.012 (0.006)* 
-0.011 (0.005)* -0.010 (0.005)* 

Sedentary bout duration, 
min/bout -0.005 (0.002)* -0.005 (0.002)* -0.004 (0.002)* 

 
-0.004 (0.002)* -0.003 (0.002) -0.003 (0.002) 

Women 
      

Sedentary time, 30min/16h 
-0.017 (0.008)* -0.016 (0.008)* 

-0.011 (0.008) 
-0.011 (0.008) -0.005 (0.006) -0.004 (0.006) 

Sedentary bout duration, 
min/bout 

-0.005 (0.002)* -0.005 (0.002)* -0.004 (0.002) 
 

-0.004 (0.002) -0.004 (0.002)* -0.004 (0.002)* 

Men 
      

Sedentary time, 30min/16h 
-0.030 (0.007)* -0.026 (0.007)* 

-0.018 (0.008)* 
-0.013 (0.008) -0.020 (0.007)* -0.019 (0.007)* 

Sedentary bout duration, 
min/bout 

-0.006 (0.003)* -0.005 (0.003) 
-0.006 (0.003) 

-0.004 (0.003) -0.002 (0.003) -0.002 (0.003) 

White 
      

Sedentary time, 30min/16h 
-0.028 (0.006)* -0.026 (0.006)* 

-0.017 (0.006)* 
-0.016 (0.007)* -0.009 (0.006) -0.009 (0.006) 

Sedentary bout duration, 
min/bout 

-0.006 (0.002)* -0.005 (0.002)* 
-0.004 (0.002) 

-0.004 (0.002) -0.003 (0.002) -0.003 (0.002) 

Black        

Sedentary time, 30min/16h 
-0.015 (0.010) -0.007 (0.010) 

-0.007 (0.011) 
-0.002 (0.012) -0.019 (0.008)* -0.016 (0.008)* 

Sedentary bout duration, 
min/bout 

-0.006(0.003)* -0.005 (0.003) 
-0.006 (0.003) 

-0.005 (0.003) -0.005 (0.003)* -0.004 (0.003) 

<65 
  

 
 

 
  

     Sedentary time, 30min/16h 
-0.027 (0.006)* -0.023 (0.007)* 

-0.021 (0.007)* 
-0.018 (0.0067* -0.020 (0.006)* -0.019 (0.006)* 

     Sedentary bout duration, 
min/bout 

-0.005 (0.003)* -0.005 (0.003) 
-0.006 (0.003)* 

-0.004 (0.003) -0.006 (0.002)* -0.006 (0.002)* 

65+ 
  

 
 

 
  

     Sedentary time, 30min/16h -0.058 (0.009)* -0.054 (0.009)* -0.042 (0.009)* -0.037 (0.010)* -0.024 (0.007)* -0.024 (0.008)* 
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    Sedentary bout duration, 
min/bout 

-0.013 (0.003)* -0.012 (0.003)* 
-0.010 (0.003)* 

-0.008 (0.003)* -0.006 (0.002)* -0.006 (0.002)* 

a Adjusted by age, sex, race, region of residence, education, income, BMI, scores at baseline, and periods of follow-up (sex and race 
were controlled only for total sample). 
bAdjusted by age, sex, race, region of residence, education, income, BMI, hypertension, smoking, diabetes, depression 
symptomatology, history of stroke, history of heart disease, history of myocardial infarction, moderate-to-vigorous intensity physical 
activity, and periods of follow-up (sex and race were controlled only for total sample). 
*p<.05 
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CHAPTER 4 

Sleep duration, physical activity, and sedentary time as joint predictors of cognitive 

function in older adults with and without hypertension: NHANES 2011-2014 

Approximately one-fifth of the world population will consist of older adults (aged 

60+) by the year 2050 (World Health Organization, 2012). With this increase, there will 

be accompanying increases in cognitive impairment and dementia, the most commonly 

experienced aging condition by older adults (Marengoni, Winblad, Karp, & Fratiglioni, 

2008). In 2015, it was estimated that 47 million people were living with dementia 

worldwide, and that number is expected to triple by 2050 (World Health Organization, 

2017). The estimated worldwide costs of dementia were $818 billion in 2015 (World 

Health Organization, 2017). Cognitive impairment and dementia have become serious, 

worldwide, social, and economic burdens.  

Many vascular factors and lifestyle behaviors that increase risk for cognitive 

impairment are modifiable. One prominent, modifiable vascular risk factor is 

hypertension, (Kivipelto et al., 2001; Qiu, Winblad, & Fratiglioni, 2005; Williamson et 

al., 2019) which affects greater than 75% of adults ≥65 years (Whelton et al., 2018). 

Lifestyle behaviors that are associated with cognitive function include sleep, physical 

activity (PA), and sedentary time (ST) (Bakrania et al., 2018; Falck, Best, Davis, & Liu-

Ambrose, 2018; Falck, Davis, & Liu-Ambrose, 2017; Johar, Kawan, Thwing, & Karl-

Heinz, 2016; Kivipelto et al., 2001). Short and long sleep duration, low levels of PA, and 

greater ST, are associated with increased risk for hypertension (Calhoun & Harding, 

2010; Dempsey, Larsen, Dunstan, Owen, & Kingwell, 2018; Friedman, Shukla, & Logan, 

2009; Lopez-Garcia et al., 2009; Loprinzi & Joyner, 2016). Although several studies have 
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separately examined the relationships between hypertension and cognitive function, 

hypertension and lifestyle behaviors, and lifestyle behaviors and cognitive function, 

(Falck et al., 2018; Frith & Loprinzi, 2017; Ngandu et al., 2015; Vicario, Martinez, 

Baretto, Casale, & Nicolosi, 2005) few studies have examined the joint associations of 

hypertension, lifestyle behaviors, and cognitive function. Adults with hypertension who 

meet moderate to vigorous PA guidelines have higher levels of cognitive function 

compared to adults with hypertension who do not meet PA guidelines (Frith & Loprinzi, 

2017) however, more research is needed to understand the dose-response relationship 

between PA and cognitive function in older adults without cognitive impairment (Sanders 

Id, Hortobá Gyi, La Bastide-Van Gemert Id, Van Der Zee, & Van Heuvelen, 2019). To 

our knowledge, no studies have examined interactions between hypertension and the 

aforementioned lifestyle behaviors, and the contribution of these behaviors on cognitive 

health among patients with hypertension, despite the assertion that dementia risk factors 

are multifactorial (Ngandu et al., 2015). Although evidence suggests engaging in healthy 

lifestyle behaviors may prevent hypertension and cognitive impairment, further research 

is needed to understand the interplay between these variables in order to create more 

precise clinical recommendations that enhance outcomes.     

 The present study utilized a nationally representative sample of adults in the U.S. 

and aimed to examine whether different subgroups of lifestyle behavior engagement, 

specifically combinations of short, adequate, or long sleep duration with moderate 

physical activity (MPA), vigorous physical activity (VPA), and ST, would be associated 

with cognitive function by hypertension status. We hypothesized that adequate sleep 

duration (7-8.99hr) combined with recommended MPA (≥150min), VPA (≥75min), or 
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ST (≤7hr) would be associated with greater levels of cognitive function, particularly in 

participants with hypertension.  

 

Methods 

Sample and Study Design  

Data in this study were from the National Health and Nutrition Examination 

Survey (NHANES) 2011-2012 and 2013-2014 surveys conducted by the U.S. Centers for 

Disease Control and Prevention (CDC). NHANES used a stratified, multistage 

probability design to recruit a representative sample of the U.S. population. Details on the 

study design and sampling are previously published (US Department of Health and 

Human Services, n.d.). The CDC ethics review board approved the protocol, and all 

participants provided consent. Participants took part in a standardized in-home interview, 

as well as a physical examination at a mobile examination center during which weight, 

height, and blood pressure were collected. The present analysis included a subsample of 

participants who completed cognitive assessments (≥60yrs), with complete sleep 

duration, MPA, VPA, and ST data.  

Measurements 

Hypertension. Hypertension was measured using the average of three manually 

assessed blood pressure (BP) readings, self-reported diagnosis of high blood pressure 

(yes/no), and self-reported use of blood pressure medication (yes/no). In the present 

study, participants were considered to have hypertension if they met any of the following 

definitions: 1) average systolic BP ≥140mmHg, or diastolic BP ≥90mmHg; 2) currently 

taking antihypertensive medication; or 3) a self-reported diagnosis of high BP combined 



  88 

with prevalent hypertension stage 1 as defined by average systolic BP of 130-139mmHg 

or diastolic BP of 80-89mmHg.(Whelton et al., 2018)   

Sleep duration. Habitual sleep duration was self-reported with the following 

question: “How much sleep do you usually get at night on weekdays or workdays 

(hours)?” Participants reported sleep in total hours ranging from 2-11 hours and ≥12. 

Sleep duration was then categorized as <7 (Short), 7-8.99 (Adequate), ≥9 (Long) hours. 

Sleep duration cut-offs were derived from expert consensus recommendations 

(Hirshkowitz et al., 2015; Watson et al., 2015). 

Moderate Physical Activity and Vigorous Physical Activity. Typical MPA and 

VPA were self-reported. Participants were asked in two separate questions whether they 

participate (yes/no) in MPA and VPA. Then, they reported how many days they 

participate in MPA and VPA and how many minutes on a typical day. The days and 

minutes MPA variables were combined to create a categorical variable with defined 

categories of meeting U.S. guidelines for MPA (High-MPA: ≥150min) and not meeting 

guidelines for MPA (Low-MPA <150min). (Piercy et al., 2018) Participants who 

answered no to participating in MPA were added to the Low-MPA group. The days and 

minutes VPA variables were combined to create a categorical variable based on whether 

the participants met guidelines for VPA (High-VPA: ≥75min, and Low-VPA: <75min). 

(Piercy et al., 2018) Participants who answered no to participating in VPA were added to 

the Low-VPA group.  

Sedentary time. ST was self-reported from, “How much time do you spend 

sitting on a typical day?” Sitting time encompassed multiple settings and situations (e.g., 

work, commuting, social, screen time), but not time spent sleeping. Responses were 
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categorized into ≤7hr (Low-ST) and >7hr (High-ST). ST categories were derived from 

self-reported ST cut-offs determined by previous research on all-cause mortality (Ku, 

Steptoe, Liao, Hsueh, & Chen, 2018).  

Sleep duration categories combined with levels of MPA, VPA, and ST. Sleep 

duration categories were combined with levels of MPA, VPA, and ST separately to create 

three different variables, each with six subgroupings. Sleep duration and MPA were 

combined to create the following subgroups: Adequate-sleep+High-MPA [reference 

group] (n= 399), Adequate-sleep+Low-MPA (n=1,294), Short-sleep+High-MPA 

(n=187), Short-sleep+Low-MPA (n=889), Long-sleep+High-MPA (n=55), and Long-

sleep+Low-MPA (n=282). Sleep Duration and VPA were combined to create the 

following subgroups: Adequate-sleep+High-VPA[reference group] (n=130), Adequate-

sleep+Low-VPA (n=1,563), Short-sleep+High-VPA(n=78), Short-sleep+Low-VPA 

(n=998), Long-sleep+High-VPA(n=18), and Long-sleep+Low-VPA (n=319). Sleep 

duration and ST were combined to create the following subgroups: Adequate-sleep+Low-

ST[reference group] (n=963), Adequate-sleep+High-ST (n=730), Short-sleep+Low-ST 

(n=629), Short-sleep+High-ST (n=447), Long-sleep+Low-ST (n=155), and Long-

sleep+High-ST (n=182). 

Cognitive function. The Digit Symbol Substitution Test (DSST) (Wechsler, 

1997), Animal Fluency (AF) (Strauss, E, Sherman, EMS, Spreen, 2006), and Consortium 

to Establish a Registry for Alzheimer’s Disease (CERAD) delayed recall (Morris et al., 

1989) were used to assess cognitive function. The DSST is a component of the Wechsler 

Adult Intelligence Scale-III (Wechsler, 1997) that assesses processing speed, sustained 

attention, and working memory, and is commonly used as a sensitive measure of 
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executive function. The score is the total number of correct symbol number matches, with 

higher scores indicating higher executive function, specifically in the areas of processing 

speed, sustained attention, and working memory (Wechsler, 1997).  

 AF examines categorical verbal fluency, a component of executive function. 

Participants are asked to name as many animals as possible in one minute (one point per 

animal named). Higher scores indicate higher executive function.  

 The word learning subtest from the CERAD assesses immediate and delayed 

recall, a component of delayed memory.(Morris et al., 1989) It consists of three 

consecutive learning trials followed by a delayed recall trial, 8-10 minutes after the third 

learning trial. The maximum score on the delayed recall trial is 10, with higher scores 

indicating higher function in the memory domain.  

Covariates 

Participants self-reported demographics (i.e., age, gender, race/ethnicity, 

education level, household income) according to NHANES categorization (US 

Department of Health and Human Services, n.d.). Covariates also included self-reported 

diagnoses of diabetes and cardiovascular disease (CVD, i.e., congestive heart failure, 

coronary heart disease, heart attack, stroke), depression symptoms (PHQ-9), and body 

mass index (BMI).  

Statistical Analyses 

 IBM SPSS Statistics version 25 was used to conduct the statistical analyses. 

Following NHANES Analytic Guidelines (Center for Health Statistics, 2011), the MEC 

exam sample weights for both survey cycles were combined.  Descriptive statistics of the 

study sample were calculated. Separate, weighted survey linear regression analyses were 
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conducted to assess joint association of sleep duration and MPA, sleep duration and 

VPA, sleep duration and ST on each test of cognitive function. Each model was 

sequentially adjusted for demographics (Model 1: age, sex, race/ethnicity, education 

level, and household income), medical and mental health conditions (Model 2: Model 1 + 

CVD, diabetes status, and depression score), and BMI (Model 3: Model 2 + BMI). Alpha 

level was set at 0.05. Then, Model 4 was created by adding the sleep-by-

activity*hypertension status interaction terms to Model 3. Alpha level was set at 0.1 for 

the interaction terms.  

Results 

Table 1 presents analytic sample characteristics. The sample consisted of 3,057 

adults with mean age of 69.7 years with 17.5% of the sample being ≥80 years. 

Participants were 51.6% female, 46.7% non-Hispanic white, and about half had less than 

a college education. Study-defined hypertension was present in 69.6% of the sample. 

Short and long-sleep were present in 34.6% (n=1,076) and 10.8% (n=337) of the sample, 

respectively. Low-MPA, Low-VPA, and High-ST were present in 79.4% (n=642), 92.7% 

(n=2,883), and 43.8% (n=1,361) of the sample, respectively.  

Sleep Duration-MPA  

Table 2 displays the linear regression models associating scores on the cognitive 

function tests from the sleep duration-MPA groups by hypertension status. There were no 

significant interactions between sleep duration-MPA groups and hypertension status on 

DSST, AF, or CERAD delayed recall. There was a significant main effect for sleep 

duration-MPA groups on DSST after controlling for demographics, but not after 

comorbidities and BMI in models 2 and 3, respectively.  There were no significant main 
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effects for sleep duration-MPA groups on AF. There was a significant main effect for 

sleep duration-MPA groups on CERAD across all models. Participants with Long-

sleep+Low-MPA had significantly worse CERAD scores compared to the reference 

group. 

Sleep Duration-VPA 

Table 3 displays the linear regression models associating scores on the cognitive 

function tests from the sleep duration-VPA groups by hypertension status. In the fully 

adjusted model (model 4) there was a significant interaction between sleep duration-VPA 

groups and hypertension status on AF. Stratified analyses indicated among individuals 

without hypertension, all groups scored significantly worse on AF compared to the 

reference group with the exception of the Short-Sleep+High-VPA group. Among 

individuals with hypertension there were no significant differences between any of the 

groups with the reference group. There were no significant interactions between sleep 

duration-VPA groups and hypertension status on DSST or CERAD delayed recall. 

There were significant main effects for sleep duration-VPA groups on DSST and 

CERAD. Compared to the reference group, participants who reported Low-VPA with any 

combination of sleep duration had significantly worse DSST scores. Compared to the 

reference group, participants with Long-sleep+Low-VPA had significantly lower 

CERAD delayed recall.   

Sleep Duration-ST  

Table 4 displays the linear regression models associating scores on the cognitive 

function tests from the sleep duration-ST groups by hypertension status. There was a 

significant interaction between sleep duration-ST groups and hypertension status on AF. 
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Stratified analyses indicated among individuals without hypertension, participants who 

reported Adequate-sleep+High-ST had significantly better AF scores whereas 

participants with Long-sleep+Low-ST, had significantly worse AF scores compared to 

the reference group (i.e., Adequate-sleep+Low-ST). There were no significant 

associations among participants with hypertension. There was a significant interaction 

between sleep duration-ST groups and hypertension status on CERAD delayed recall. 

Stratified analyses indicated among individuals without hypertension that participants 

with Short-sleep+High-ST or Adequate-sleep+High-ST had significantly greater CERAD 

delayed recall compared to the reference group. There were no significant associations 

among participants with hypertension. There was no significant interaction between sleep 

duration-ST groups and hypertension status on DSST. 

There was a significant main effect for sleep duration-ST groups on DSST. 

Participants who engaged in Long-sleep+High-ST had significantly worse DSST scores, 

compared to the reference group.  

Discussion 

Our study was one of the first to examine, among non-cognitively impaired older 

adults, whether a vascular risk factor (i.e., hypertension) modifies the predictive impact 

of various levels of engagement in lifestyle behaviors (clinically meaningful 

subgroupings of sleep duration combined with MPA, VPA, and ST) on cognitive 

function. Our hypothesis, that meeting recommended combinations of lifestyle behaviors 

would confer higher levels of executive function and memory than suboptimal 

combinations of lifestyle behaviors, and that these relationships would be modified by 

hypertension, was partially supported. 
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This study found that hypertension status did not modify the relationships 

between combinations of sleep duration amounts with MPA levels on any of the 

cognitive function tests; however, hypertension status did modify the relationships 

between sleep duration with VPA and ST on categorical verbal fluency and memory 

recall. Among hypertensive participants, there were no significant differences between 

the different combinations of lifestyle behaviors on categorical verbal fluency and 

memory recall, whereas among non-hypertensive participants there were differences. 

Participants without hypertension not meeting VPA recommendations across all amounts 

of sleep duration as well as long sleepers meeting VPA recommendations had worse 

categorical verbal fluency, whereas the associations between sleep duration and ST 

groups with categorical verbal fluency and memory recall were mixed. Additionally, 

regardless of hypertension status, significantly poorer, general executive functioning was 

found among participants not meeting VPA recommendations across all amounts of sleep 

duration as well as participants with both long sleep duration and higher ST. Similarly, 

regardless of hypertension status, not meeting MPA or VPA recommendations in 

combination with long sleep duration was associated with poor memory recall. 

One commonality found in our results is that across activity levels, long sleep 

duration was associated with poor cognitive function. Previous studies have found that 

self-reported long and short-sleep were significantly associated with increased likelihood 

of poor performance in memory and executive domains (Lo, Groeger, Cheng, Dijk, & 

Chee, 2016). While the biological mechanisms that underlie the relationship between 

cognitive function and short sleep duration are better characterized (Singh & Newman, 

2011; Stenholm et al., 2011; Bosch et al., 2018; Sofi et al., 2011), the association with 
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long sleep duration remains unclear. Sleep is important in order to clear beta-amyloid in 

the brain, a component found in the brain of patients with Alzheimer’s disease (AD) 

(Ooms et al., 2014). However, after a certain amount, lengthy sleep duration has also 

been associated with chronic, low-grade inflammation which can negatively affect brain 

structure (Satizabal, Zhu, Mazoyer, Dufouil, & Tzourio, 2012) and increase the risk of 

vascular dementia and AD (Singh & Newman, 2011). Long sleep duration also may be a 

symptom of other underlying pathologies that may increase risk for poor cognitive 

function (Ayas et al., 2003; Yaggi, Araujo, & McKinlay, 2006). Further, long sleep 

duration may be a proxy for substantial time-in-bed perhaps indicative of a sedentary 

lifestyle and/or physical ailments that prevent greater engagement with PA (Stenholm, 

Kronholm, Bandinelli, Guralnik, & Ferrucci, 2011). 

Long sleep duration in combination with low levels of MPA or VPA, or high 

levels of ST is associated with poorer memory recall and/or executive function. Evidence 

suggests that long sleep duration is independently associated with memory impairment in 

older adults (Xu et al., 2011). On the other hand, greater PA improves memory 

consolidation potentially through enhanced brain derived neurotrophic factor (BDNF) 

and increased endocannabinoid signaling (Bosch et al., 2018). Thus, in combination, long 

sleep duration and low activity levels and higher ST may be a particularly deleterious 

combination, although whether their interaction may have additive or synergistic effects 

on future memory and executive function impairments is undetermined.  

Regardless of sleep duration, our results indicated that for all participants not 

meeting recommended VPA guidelines was associated with poorer general executive 

function. Similarly, among people without hypertensions, low levels of VPA was 
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associated with poorer categorical verbal fluency. In contrast, participants with 

hypertension obtained lower (than non-hypertensive participants) and relatively uniform 

scores on this domain of executive function across combined sleep duration and VPA 

subgroups. Thus, engaging in VPA regardless of the amount of sleep habitually obtained 

may nonetheless be protective of executive function, but for certain subdomains of 

executive function greater vascular risk may attenuate this VPA benefit. However, 

considering this is cross-sectional data, it cannot be ruled out that poorer executive 

function may decrease the likelihood of engaging in VPA and thus the relationship found 

may not represent heightened risk from a prior history of inadequate VPA.  Nonetheless 

the literature suggests that VPA is associated with better performance on cognitive tasks 

including speed, memory, mental flexibility, and global cognition, (Angevaren et al., 

2007; Hamer & Chida, 2009; Laurin, Verreault, Lindsay, MacPherson, & Rockwood, 

2001; Sofi et al., 2011) and  38% less risk for cognitive decline (Sofi et al., 2011). Our 

results suggest these benefits may be apparent regardless of habitual sleep duration with 

some ambiguity regarding its combination with long sleep duration and may depend on 

present vascular risk. Future studies should examine the prospective, protective effects of 

VPA among patients with hypertension with varying habitual sleep durations to make 

clinical recommendations.  

Our results revealed that hypertension status modified the relationship between 

combinations of sleep duration and ST levels on categorical verbal fluency and delayed 

memory recall. Across both cognitive assessments, individuals without hypertension 

significantly varied in their performance across sleep duration-ST subgroups. Some of 

these subgroups performed better than the reference group and others worse, oftentimes 
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counterintuitively. Similar mixed results were found for executive function. These results 

should be interpreted with caution due to limited research on clinically meaningful cut-

point thresholds for ST (Ku et al., 2018) especially in combination with other lifestyle 

behaviors, the biased nature of self-reported ST, and the relationships between ST and 

cognitive function. Prior research suggests persistent ST is independently associated with 

impairment in glucose and lipid metabolism, and CVD, which are all associated with 

cognitive decline and dementia (Tremblay, Colley, Saunders, Healy, & Owen, 2010; Ford 

& Caspersen, 2012; Newman et al., 2005). In a study examining the 24-hour activity 

cycle, results indicated that reallocating 30 minutes of ST a day to either sleep or PA was 

associated with better levels of CVD risk biomarkers (Buman et al., 2014). Given the 

limited literature, clinical cut-offs need to be developed for ST, and future studies should 

prospectively examine how reallocating ST to sleep or PA may be related to cognitive 

function.   

Our study has several strengths and limitations. Noted strengths include a 

nationally representative sample, and examining lifestyle behaviors in combination and 

the modifying effect of hypertension. Also, several areas of cognitive function within the 

executive function and memory domains were examined. Limitations include all lifestyle 

behavior assessments were self-reported and subject to potential recall bias. While we 

were able to use clinically meaningful cut-offs for all except ST, in the future objective 

measures of sleep, MPA, VPA, and ST would be needed. The study was also limited in 

that some of the subgroups had smaller sample sizes, which may have reduced the power 

to detect reliable coefficients among some subgroups. 
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Conclusion 

Sleep, MPA, VPA, and ST, along with hypertension are independently associated 

with cognitive function. However, their joint impact is less understood.  The current 

study found that combinations of sleep with MPA, VPA, and ST yield significant 

associations with cognitive performance in executive and memory domains among older 

adults, and in some instances, differentially by hypertension status. Future studies should 

examine the longitudinal combined associations of lifestyle behaviors on cognitive 

function among patients at varying levels of vascular risk.  
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Table 1. Participant characteristics 
Variable Mean 

(n) 
SD (%) 

Age 69.7 6.84 
Gender   

Male 1505 48.4 
Female 1605 51.6 

Race/Ethnicity   
Mexican American 284 9.1 
Other Hispanic 317 10.2 
Non-Hispanic White 1452 46.7 
Non-Hispanic Black 757 24.3 
Other 300 9.6 

Education Level   
Less than 9th grade 392 12.6 
9th-11th grade 449 14.4 
High school grad/GED 719 23.1 
Some college/associates 
degree 

853 27.4 

College graduate or 
above 

693 22.3 

Household Income   
<20,000 745 24.2 
20,000-99,999 1664 54 
≥100,000 405 13 
Other 269 8.6 

Hypertension (Yes) 2164 69.6 
Diabetes (Yes) 743 23.9 
CVD (Yes) 659 21.2 
Body Mass Index 29.06 6.36 
Depression (PHQ-9) 3.23 4.37 
Cognitive Assessments   

Digit Symbol 
Substitution Test 

45.66 17.32 

Animal Fluency 16.32 5.55 
CERAD Delayed Recall 5.79 2.39 

Note. CVD= cardiovascular disease; PHQ-9= 
Patient Health Questionnaire 9; MPA= 
moderate physical activity; VPA= vigorous 
physical activity; ST= sedentary time 
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Table 2. Linear Regression Models Examining Associations between Cognitive Function and Sleep Duration + Minutes 
MPA  
  Model 1  Model 2  Model 3  
  Main 

Effects  
 Main 

Effects 
 Main 

Effects 
 

Cognitive 
Assessment 

Groups M(SE) Wald 
F  

M(SE) Wald 
F 

M(SE) Wald 
F 

DSST  Wald F(5,28)=2.88, 
p=.032 

Wald F(5,28)=1.17, 
p=.350 

Wald F(5,28)=.966, 
p=.455 

 ref = ≥ 150 MPA + 7-8.9hr 
sleep 

53.60(.77)  52.98(.73)  53.42(.70)  

 ≥ 150 MPA + <7hr sleep 53.49(1.3) .005 53.67(1.3) .197 54.16(1.27) .218 
 ≥ 150 MPA + ≥9hr sleep 52.33(2.3) .294 51.57(2.1) .402 51.90(2.13) .477 
 <150 MPA + 7-8.99hr sleep 52.33(.44) 2.08 52.25(.41) .699 52.74(.41) .683 
 <150 MPA + <7hr sleep 50.41(.64) 7.97** 51.36(.66) 2.17 52.09(.69) 1.40 
 <150 MPA + ≥9hr sleep  49.44(1.3) 6.84* 50.14(1.18) 3.61 50.62(1.23) 3.31 
Animal 
Fluency 

 Wald F(5,28)=2.33, 
p=.069 

Wald F(5,28)=1.73, 
p=.160 

Wald F(5,28)=1.66, 
p=.176 

 ref = ≥ 150 MPA + 7-8.9hr 
sleep 

18.73(.35)  18.68(.34)  18.74(.34)  

 ≥ 150 MPA + <7hr sleep 18.51(.53) .142 18.52(.55) .079 18.59(.55) .059 
 ≥ 150 MPA + ≥9hr sleep 18.63(.84) .010 18.58(.83) .011 18.59(.84) .022 
 <150 MPA + 7-8.99hr sleep 17.93(.19) 4.63 17.94(.20) 4.15 18.00(.21) 3.96 
 <150 MPA + <7hr sleep 17.40(.27) 8.07 17.64(.26) 5.56 17.70(.28) 5.03 
 <150 MPA + ≥9hr sleep 16.94(.44) 9.41 17.07(.44) 8.21 17.05(.45) 8.33 
CERAD 
Delayed 
Recall 

 Wald F(5,28)=3.99, 
p=.007 

Wald F(5,28)=3.84, 
p=.009 

Wald F(5,28)=4.16, 
p=.006 

 ref = ≥ 150 MPA + 7-8.9hr 
sleep 

6.18(.16)  6.15(.16)  6.19(.16)  

 ≥ 150 MPA + <7hr sleep 6.39(.27) .428 6.37(.27) .509 6.41(.26) .507 
 ≥ 150 MPA + ≥9hr sleep 5.62(.52) .972 5.61(.55) .360 5.62(.55) .961 
 <150 MPA + 7-8.99hr sleep 6.21(.10) .036 6.23(.11) .652 6.26(.11) .202 
 <150 MPA + <7hr sleep 6.22(.09) .061 6.31(.08) .360 6.30(.09) .455 
 <150 MPA + ≥9hr sleep 5.53(.17) 6.82* 5.59(.17) 5.51* 5.56(.17) 6.73* 
*P<.05 ;**P<.01; Note. Adjusted for demographics, cardiovascular disease, depression, diabetes, and BMI.  
Footnote: No interaction with hypertension status  
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Table 3. Linear Regression Models Examining Associations between Cognitive Function and Sleep Duration + Minutes VPA 
  Model 1 Model 2 Model 3                        Model 4 
  Main 

Effects  
 Main 

Effects 
 Main 

Effects  
 No Hypertension  Hypertension  

Cognitive 
Assessment 

Groups M(SE) Wald F  M(SE) Wald F M(SE) Wald F M(SE) Wald F M(SE) Wald 
F 

DSST  Wald F(5,28)=6.55, p=.000 Wald F(5,28)=3.72, p=.010 Wald F(5,28)=3.51, p=.014     

 ref = ≥ 75 
VPA + 7-

8.9hr 
sleep 

57.00(1.4)  56.43(1.4)  56.79(1.4)      

 ≥ 75 VPA 
+ <7hr 
sleep 

54.50(1.7) .972 54.43(1.9) .589 54.72(1.9) .622     

 ≥ 75 VPA 
+ ≥9hr 
sleep 

57.48(2.2) .038 56.32(2.3) .002 56.64(2.3) .004     

 <75 VPA 
+ 7-

8.99hr 
sleep 

52.20(.43) 10.29* 52.01(.38) 8.36* 52.17(.40) 8.85*     

 <75 MPA 
+ <7hr 
sleep 

50.60(.59) 19.19**  51.48(.59) 10.93* 51.88(.60) 10.09*     

 <75 MPA 
+ ≥9hr 
sleep  

49.28(1.2) 16.99** 49.86(1.5) 11.78*  49.99(1.2) 12.18*      

Animal 
Fluency 

 Wald F(5,28)=9.13, p=.000 Wald F(5,28)=8.90, p=.000 Wald F(5,28)=9.49, p=.000 Wald F(5,28)=9.98, p=.000 Wald F(5,28)=1.95, p=.118 

 ref = ≥ 75 
VPA + 7-

8.9hr 
sleep 

21.11(.64)  21.00(.64)  21.14(.65)  22.68(.92)  19.85(.98)  

 ≥ 75 VPA 
+ <7hr 
sleep 

18.82(.45) 7.18* 18.79(.44) 6.77*  18.95(.44) 6.59*  21.35(.84) 1.01 16.69(.64) 7.38 

 ≥ 75 VPA 
+ ≥9hr 
sleep 

17.43(.77) 13.79† 17.22(.77) 14.87† 17.37(.79) 14.73†  15.65(.64) 43.15†  19.29(1.4) .104 

 <75 VPA 
+ 7-

8.99hr 
sleep 

17.95(.19) 22.05† 17.95(.20) 20.50† 18.01(.20) 21.32†  19.07(.33) 13.66†  17.29(.16) 7.17 

 <75 VPA 
+ <7hr 
sleep 

17.65(.24) 26.99† 17.84(.23) 22.54† 17.91(.23) 23.12†  19.07(.45) 10.04† 17.11(.31) 7.14 

 <75 VPA 
+ ≥9hr 
sleep 

17.04(.37) 34.6†  17.13(.35) 33.64†  17.12(.36) 35.38†  17.72(.53) 21.44†   16.78(.58) 7.58 

CERAD 
Delayed 
Recall 

 Wald F(5,28)=2.96, p=.029 Wald F(5,28)=3.08, p=.024 Wald F(5, 28)=3.00, 
p=.027 

    

 ref = ≥ 75 
VPA + 7-

8.9hr 
sleep 

6.34(.21)  6.31(.22)  6.38(.23)      

 ≥ 75 VPA 
+ <7hr 
sleep 

6.12(.26) .356 6.12(.26) .265 6.18(.26) .298     

 ≥ 75 VPA 
+ ≥9hr 
sleep 

6.00(.36) .886 5.93(.37) 1.06 6.00(.37) 1.08     

 <75 VPA 
+ 7-

8.99hr 
sleep 

6.18(.10) .671 6.20(.10) .328 6.22(.10) .606     

 <75 VPA 
+ <7hr 
sleep 

6.27(.08) .117 6.35(.07) .024 6.34(.07) .039     

 <75 VPA 
+ ≥9hr 
sleep 

5.51(.18) 6.70* 5.56(.18) 5.38* 5.53(.19) 6.24*     

*P<.05 ;**P<.01; †P<.05-.01; Note. Adjusted for demographics, cardiovascular disease, depression, diabetes, and BMI.  
Footnote: Variables with no data for “no hypertension” and “hypertension” did not yield a significant interaction 
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Table 4. Linear Regression Models Examining Associations between Cognitive Function and Sleep Duration + Sedentary Time (ST)  
  Model 1  Model 2  Model 3                         Model 4 
  Main 

Effects  
 Main 

Effects 
 Main 

Effects 
 No 

Hypertension 
 Hypertension  

Cognitive 
Assessment 

Groups M(SE) Wald 
F  

M(SE) Wald 
F 

M(SE) Wald 
F 

M(SE) Wald 
F 

M(SE) Wald 
F 

DSST  Wald F(5,28)=3.90, 
p=.008 

Wald F(5,28)=3.05, 
p=.025 

Wald F(5,28)=2.82, 
p=.035 

    

 ref = ≤ 7 
hr ST + 
7-8.9hr 
sleep 

53.01(.56)  52.53(.49)  52.66(.52)       

 >7 hr ST 
+ 7-8.9hr 

sleep 

52.12(.65) .890 52.29(.62) .077 52.53(.67) .017     

 ≤ 7 hr ST 
+ <7hr 
sleep 

50.73(.86) 6.2* 51.46(.82) 1.69  51.76(.84) 1.13     

 >7 hr ST 
+ hr <7hr 

sleep 

51.32(.95) 3.04 52.26(1.0) .063 52.83(1.1) .021     

 ≤ 7 hr ST 
+ ≥9hr 
sleep 

51.59(1.9) .66 51.89(1.8) .139 52.03(1.8) .135     

 >7hr ST 
+ ≥9hr 
sleep  

48.71(1.1) 15.18** 49.17(1.0) 14.81** 49.32(1.0) 12.52**     

Animal 
Fluency 

 Wald F(5,28)=2.96, 
p=.029 

Wald F(5,28)=3.45, 
p=.015 

Wald F(5,28)=3.47, 
p=.014 

Wald F(5,28)=5.33, 
p=.001 

Wald F(5,28)=1.25, 
p=.313 

 ref = ≤ 7 
hr ST + 
7-8.9hr 
sleep 

18.01(.21)  17.97(.23)  18.04(.23)  18.88(.40)  17.56(.25)  

 >7 hr ST 
+ 7-8.9hr 

sleep 

18.71(.29) 4.15†  18.78(.29) 5.94†  18.85(.29) 5.58†  20.68(.51) 7.86†  17.35(.26) .380 

 ≤ 7 hr ST 
+ <7hr 
sleep 

17.29(.31) 3.69 17.52(.32) 1.41 17.62(.32) 1.19 18.82(.53) .010 16.78(.32) 4.44 

 >7 hr ST 
+ hr <7hr 

sleep 

18.47(.35) 1.28 18.71(.32) 3.6 18.80(.34) 3.52 20.46(.72) 3.46 17.49(.39) .025 

 ≤ 7 hr ST 
+ ≥9hr 
sleep 

16.75(.50) 4.76†  16.76(.47) 4.71†  16.80(.46) 5.00†  16.15(.85) 6.90†  17.75(.43) .150 

 >7hr ST 
+ ≥9hr 
sleep  

17.65(.46) .445 17.65(.44) .448 17.63(.46) .628 19.16(.83) .085 16.40(.91) 1.61 

CERAD 
Delayed 
Recall 

 Wald F(5,28)=6.35, 
p=.000 

Wald F(5,28)=6.24, 
p=.001 

Wald F(5,28)=5.53, 
p=.001 

Wald F(5,28)=5.00, 
p=.002 

Wald F(5,28)=2.15, 
p=.089 

 ref = ≤ 7 
hr ST + 
7-8.9hr 
sleep 

6.11(.12)  6.11(.12)  6.14(.12)  6.36(.17)  6.00(.16)  

 >7 hr ST 
+ 7-8.9hr 

sleep 

6.44(.13) 4.21†  6.47(.13) 5.65†  6.51(.14) 5.50†  7.01(.19) 9.24†  6.10(.14) .376 

 ≤ 7 hr ST 
+ <7hr 
sleep 

6.02(.09) .414 6.07(.09) .052 6.10(.08) .052 6.28(.15) .138 6.05(.13) .118 

 >7 hr ST 
+ hr <7hr 

sleep 

6.67(.12) 10.6†  6.75(.13) 13.29†  6.73(.13) 10.62†  7.38(.19) 16.66†  6.20(.12) 1.54 

 ≤ 7 hr ST 
+ ≥9hr 
sleep 

5.39(.21) 8.00†  5.40(.22) 7.25†  5.41(.21) 7.78†  5.60(.33) 3.91 5.33(.30) 3.29 

 >7hr ST 
+ ≥9hr 
sleep  

5.79(.20) 2.04 5.83(.19) 1.65 5.80(.20) 2.35  6.32(.30) .017 5.38(.30) 3.37 

*P<.05 ;**P<.01; †P<.05-.01; Note. Adjusted for demographics, cardiovascular disease, depression, diabetes, and BMI.  
Footnote: Variables with no data for “no hypertension” and “hypertension” did not yield a significant interaction 
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CHAPTER 5 

Conclusion 

This body of research sought to explore relationships between cognitive function 

and physical activity (PA), sedentary behavior (SB), and sleep, independently and in 

conjunction, in mid-life to older adults with no known cognitive impairment. Aging is 

associated with cognitive decline, and lifestyle behaviors such as PA, SB, and sleep, may 

mitigate this decline. Previous research has primarily examined lifestyle behaviors using 

the “single risk factor approach,” despite evidence that dementia risk factors are 

multifactorial, and may interact (Ngandu et al., 2015). This body of research provided 

evidence to support the association between aerobic PA and improved cognitive function, 

SB and incident cognitive impairment and cognitive function declines, and the joint 

association of sleep and different levels of PA and ST on cognitive function by 

hypertension status.  

The Effect of Aerobic Physical Activity Interventions on Memory and Executive 

Function Domains 

 The first aim of this body of research was to examine the effect of aerobic 

physical activity on memory and executive function domains. Aerobic physical activity 

may delay cognitive decline related to aging, especially in the domains of memory and 

executive function, but previous systematic reviews and meta-analyses have yielded 

mixed results (Colcombe et al., 2006; Young et al., 2015; Colcombe & Kramer, 2003; 

Sofi et al., 2011). This systematic review and meta-analysis included RCTs that 

examined the effect of aerobic physical activity on memory and/or cognitive function in 

sedentary adults aged 50 and up, with no known cognitive impairment. It was 
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hypothesized that participants in the aerobic physical activity intervention would have 

better cognitive function, specifically in memory and executive function domains, 

compared to the no treatment control or active comparator. This systematic review and 

meta-analysis analyzed 9 RCTs, and each RCT contributed a single effect size for 

memory and/or executive function. Results from the random effects meta-analysis 

suggested a large effect size for aerobic physical activity interventions on memory, and a 

small effect on executive function, in post intervention. There was significant 

heterogeneity for memory, therefore sub-group analyses were performed to explore 

potential differences. The sub-analyses yielded several significant effect sizes, including 

a significant larger effect for studies that met U.S. physical activity guidelines, a study 

that was less than six months in length (to be interpreted with caution), studies that had a 

no treatment control group, and studies that took place outside of the U.S.  

 Strengths of this systematic review and meta-analysis include the inclusion of 

RCTs, which are considered the highest quality studies, and allow researchers to observe 

cause and effect of interventions on outcomes of interest. This study also examined 

studies that included aerobic physical activity interventions, in contrast to previous 

reviews that have included mixed physical activity interventions, when examining 

“aerobic physical activity”. A final strength is that more than half of the studies in the 

review had an overall low risk of bias.  

 Limitations of this systematic review and meta-analysis include small sample 

sizes in several of the studies, lack of consistency of cognitive measures across studies, 

and a lack of representativeness in the studies.  
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The authors concluded that aerobic physical activity may improve executive 

function and memory in sedentary adults without cognitive impairment, but the 

sustainability of this effect is unknown. Future RCTs should address cognitive 

functioning over long-term follow-up, the dose-response relationship of this effect, and 

should include consistent and sensitive neuropsychological assessments. Future studies 

should also include more representative samples, including higher proportions of men, 

diversity in race and ethnicity, and comorbidities that are associated with cognitive 

decline and impairment (e.g. cardiovascular disease, depression symptomology, 

diabetes).  

 

The Association between Sedentary Behavior and Incident Cognitive Impairment 

and Cognitive Function 

 The second aim of this body of research was to examine the association between 

sedentary behavior on incident cognitive impairment, and on memory and executive 

function. Several studies have found that SB may be associated with cognitive function, 

but previous research has been limited by small sample sizes, cross-sectional design, and 

subjective measures (Falck et al., 2017). There is limited literature examining SB and 

cognitive function in older adults, who are at an increased risk for both SB and cognitive 

impairment (Matthews et al., 2008; WHO, 2012).  

The study sought to examine the association between SB, including total 

sedentary time, and mean sedentary bout duration (a measure of overall prolonged, 

uninterrupted SB), separately, and incident cognitive impairment, as well as the 

association between SB and cognitive function over time in adults ≥60 years. It was 
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hypothesized that higher SB would be associated with higher odds of incident cognitive 

impairment, and would be separately associated with decline in cognitive function, 

specifically in memory (verbal learning and verbal memory) and executive function 

domains, independent of MVPA. This study found that in a population-based cohort of 

black and white adults, over an average follow-up time of 6.12 years, higher SB was 

significantly associated with higher odds of incident cognitive impairment for adults ≥65 

years, after adjusting for MVPA, and relevant demographic and clinical variables. 

Additionally, this study found that higher total sedentary time and higher mean sedentary 

bout duration were separately significantly associated with worse scores in the memory 

and executive function domains.   

 Strengths of this study include the use of objectively measured SB, a large sample 

size, and the use of several measures of cognitive function. Additional strengths include 

examining other patterns of sedentary behavior (i.e. sedentary bouts), and adjustment for 

demographic and clinical characteristics associated with cognitive function, as well as 

adjustment for MVPA, to tease out the independent effects of SB. This was also one of 

the first studies to stratify the relationships between SB and cognitive function by race, 

sex, and age.  

 Limitations of this study include disadvantages associated with hip-worn 

accelerometers, such as inability to identify specific types of sedentary behavior (e.g. 

television, driving, computer use), or to capture upper body movement. In addition, only 

7 days of accelerometer data were collected, and data were usable if it was worn for at 

least 10 hours/day for 4 days, which may lead to a biased representation of habitual SB. 

Another limitation was the lack of cut-points due to limited literature on cut-points for SB 
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linked to cognitive function or other poor health outcomes, and an overall high mean 

sedentary time in the sample. This study was also unable to account for sleep time, which 

has been associated with cognitive function in older adults.   

The authors concluded that greater SB is associated with higher odds of incident 

cognitive impairment in adults ≥65 years, and with declines in memory and executive 

function in adults ≥60 years. This research suggests that SB should be reduced to 

decrease incident cognitive impairment in adults 65 years and up and to decrease 

cognitive decline, specifically in the memory domain and executive function domains.  

The Joint Associations of Sleep Duration, Physical Activity, and Sedentary time on 

Cognitive Function 

 The final aim of this body of research was examine the associations of the 

previous lifestyle behaviors that were examined (i.e. physical activity, sedentary 

behavior) in conjunction with sleep duration, on cognitive function, in adults with and 

without hypertension. Many vascular factors and lifestyle behaviors that increase risk for 

cognitive impairment are modifiable. Lifestyle behaviors that have been associated with 

cognitive function include PA, sedentary time, and sleep (Bakrania et al., 2018; Falck, 

Best, Davis, & Liu-Ambrose, 2018; Falck, Davis, & Liu-Ambrose, 2017; Johar, Kawan, 

Thwing, & Karl-Heinz, 2016; Kivipelto et al., 2001). Research also suggests that 

hypertension is a prominent modifiable risk factor for cognitive impairment, and has also 

been associated with short and long sleep duration, low levels of PA, and greater ST 

(Kivipelto et al., 2001; Calhoun & Harding, 2010; Dempsey, Larsen, Dunstan, Owen, & 

Kingwell, 2018; Friedman, Shukla, & Logan, 2009; Lopez-Garcia et al., 2009; Loprinzi 

& Joyner, 2016). Few studies have examined the joint associations of lifestyle behaviors 
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on cognitive function, despite the assertion that dementia risk factors are multifactorial 

(Ngandu et al., 2015).  

 This study sought to examine whether different combinations of lifestyle behavior 

engagement (i.e. short, adequate, or long sleep duration, with MPA, VPA, and ST), 

would be associated with cognitive function by hypertension status. We hypothesized that 

adequate sleep duration combined with recommended MPA, VPA, or ST, would be 

associated with greater levels of cognitive function, particularly in participants with 

hypertension. This study found that in a nationally representative sample of adults in the 

U.S., ≥60 years with no known cognitive impairment, physically inactive, non-

hypertensive adults had worse verbal fluency regardless of sleep duration compared to 

non-hypertensive, good-sleeping, physically active adults. In addition, physically inactive 

older adults regardless of sleep duration, and sedentary long-sleepers had worse executive 

function. Last, physically inactive long-sleeping older adults had poorer memory recall 

compared to good sleeping, physically active adults.   

Strengths of this study included having a nationally representative sample, 

examining lifestyle behaviors in combination and the modifying effect of hypertension, 

and including several measures of cognitive function. Limitations included use of self-

reported measures for lifestyle behaviors, cross-sectional design, and small sample sizes 

in some of the subgroups. 

The authors concluded that combinations of sleep with MPA, VPA, and ST, yield 

significant associations with cognitive performance in executive and memory domains 

among older adults, and in some instances by hypertension status.  
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Integration of Studies 

 This body of research examined the association of multiple lifestyle behaviors 

(i.e. PA, SB, and sleep), separately, and in conjunction, with cognitive function and 

cognitive impairment in mid-life to older adults, with no known cognitive impairment. 

Chapters two and three examined the associations of single lifestyle behaviors, 

specifically the independent effect of aerobic physical activity on cognitive function, and 

the association between objectively measured SB and incident impairment on cognitive 

function, and cognitive impairment. Chapter four integrated the lifestyle behaviors 

included in the previous chapters, specifically PA and ST, with sleep, to examine a more 

complex association of lifestyle behaviors and cognitive function, while also examining 

interactions with hypertension, another known risk factor for cognitive impairment and 

dementia.  

 Across all studies, lifestyle behaviors were associated with memory and executive 

function, independently (PA, SB), and in conjunction (e.g. long sleep and low levels of 

MPA or VPA, long sleep and high ST) in mid-life to older adults with no known 

cognitive impairment. Previous research has supported the association between these 

lifestyle behaviors and memory and executive function, but few have examined the 

combined associations of PA, SB, and sleep (Angevaren et al., 2007; Hamer & Chida, 

2009; Laurin et al., 2001; Sofi et al., 2011; Zhu et al., 2017; Falck et al., 2017; Lo et al, 

2016). Based on the systematic review and meta-analysis contained in this body of 

research, and the existing literature, PA, specifically aerobic PA, appears to have the 

most evidence to improve executive function and memory in adults without cognitive 

impairment. In addition, evidence from this research also supports that current U.S. PA 
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guidelines (≥150 minutes/week of MPA or ≥75 minutes/week of VPA) (Piercy et al., 

2018) may serve as clinically meaningful cut-offs for PA and cognitive function, but 

further research is needed to understand the dose-response, specifically for MPA versus 

VPA. Evidence from this research also suggested that SB, independent of MVPA was 

associated with cognitive function, but further research is needed to understand the 

relationship, and to develop clinically meaningful cut-offs for SB. Evidence from this 

body of research also supported that short and long sleep duration, were associated with 

cognitive function, in some cases regardless of PA, and in some cases when combined 

with levels of ST, but more experimental and longitudinal research is needed to examine 

this relationship, and to provide clinically meaningful cut-offs. In addition to the lifestyle 

behaviors, this research also revealed that hypertension status modified the relationship 

between certain combinations of lifestyle behaviors for executive function and memory 

domains, but the results were counter-intuitive at times, potentially due to lack of 

clinically meaningful cut-offs for ST, small sample size in certain subgroups, and 

subjective measures. Overall, this body of research supports the association between PA, 

SB, and sleep, independently, and for some, in conjunction, with cognitive function, 

highlighting the importance of examining all three in future research. 

Conceptual Framework 

 The lifestyle behaviors and risk factors contained in this dissertation and their 

association with cognitive impairment and dementia, may be further elucidated by a 

conceptual framework that posits that the behaviors and their potential pathways may be 

linked to vascular and neurodegenerative brain pathologies that can lead to cognitive 

impairment and dementia.  Studies have shown that PA is associated with increased grey 
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and white matter density in the hippocampus, temporal, prefrontal regions of the brain 

(Erickson et al., 2009; Gordon et al., 2008; Colcombe et al., 2003). PA is also associated 

with increased BDNF and IGF-1, which is associated with improved neuronal survival 

and synaptic plasticity (Carro et al., 2001; Berchtold et al., 2001).  

The associations between SB and cognitive function are not as well understood, 

but may be related to the impaired lipid and glucose metabolism, decreased medial lobe 

thickness, poor glycemic control, and reduced cerebral blood flow (Tremblay et al., 2010; 

Panza et al., 2006; Craft, 2009; Siddarth et al., 2018; Wheeler et al., 2017; Carter et al., 

2018). SB may also be related to cognitive decline through its association with chronic 

diseases (e.g. cardiovascular disease, diabetes), that are also associated with cognitive 

impairment and dementia (Owen et al., 2010; Ford et al., 2012; Booth et al., 2001; Lees 

et al., 2004).  

The associations between sleep and cognitive function are complex, and evidence 

suggests that the relationship is bidirectional. Studies suggest that sleep deprivation may 

lead to increased concentration of beta-amyloid (Ju et al., 2014), specifically in regions 

that are implicated in AD (Cordone et al., 2019; Lucey et al., 2017; Shroki-Kojori, 2018). 

Sleep deprivation is also associated with disruption of the glymphatic system, a waste 

clearance system that mainly functions during sleep, and with dysfunction of the blood 

brain barrier (Jessen et al., 2015; Sweeney & Zlokovic, 2018). Long sleep duration has 

been associated with chronic, low-grade inflammation, which can negatively affect brain 

structure, and increase risk of vascular dementia and AD. Long sleep duration may also 

be a symptom of other underlying pathologies that are risk factors for cognitive 
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impairment and dementia (e.g. cardiovascular disease, diabetes) (Yaggi et al., 2006; Ayas 

et al., 2003).  

There is little research on the pathophysiology of lifestyle behaviors and risk 

factors in conjunction and cognitive function. Several studies have elucidated negative 

health outcomes that may occur as a result of joint lifestyle risk factors. In a study that 

examined sleep duration and PA, low PA was strongly associated with long sleep 

duration (Bellavia et al., 2013). In a systematic review, the authors found that PA 

promoted increased sleep duration, regardless of mode or intensity, and that sleep 

deprivation decreased the likelihood of participation in recommended levels of PA 

(Dolezal et al., 2017). In one study, lack of sleep and insufficient PA was associated with 

significantly worse cognitive function, and participation in PA and appropriate sleep 

duration was associated with better cognitive performance in young adults (Sosso & 

Raouafi, 2016). Sedentary behavior has also been associated with short and long sleep 

duration (Lakerveld et al., 2016; Stefan, Horvatin, & Baic, 2019). One cross-sectional 

study found that screen time, leisure time, and total SBs are associated with short sleep 

duration (<7 hours), and screen time and total SB are associated with long sleep duration 

(>8 hours) (Stefan et al., 2019). In one study that examined the association between sleep, 

PA, SB, and BMI, and all-cause mortality, they found that participants who were in 

unhealthy categories for all four of the lifestyle risk factors (sleep <7 hours a day, MVPA 

≤1 hour/week, television viewing ≥3 hours a day, and BMI ≥25) had significantly higher 

all-cause and cancer mortality (Xiao, Keader, Hollenbeck, & Matthews, 2014). This 

study highlights the increased risk of negative health outcomes for individuals who have 
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unhealthy levels of multiple lifestyle behaviors, but further research is needed to examine 

the risk of the joint association of lifestyle behaviors and cognitive function.  

Strengths and Limitations 

 This is one of the first bodies of research to include PA, SB, and sleep, separately, 

and in conjunction in association with cognitive function and cognitive impairment in 

mid-life to older adults with no known cognitive impairment. Additional strengths of this 

body of research include use of the methodology of a systematic review and meta-

analysis examining RCTs. Additionally, chapters three and four had large sample sizes, 

chapter three utilized accelerometer data, and chapter four utilized a nationally 

representative sample. The research was limited by secondary data-analysis, and use of 

cross-sectional data, and subjective measures in chapter four.  

Implications for Research, Practice, and Policy 

Research  

 Future research should include longitudinal and intervention studies of PA, SB, 

and sleep, and cognitive function, which are necessary to obtain a full picture of the 

relationship between PA, SB, sleep and cognitive function in healthy older adults. There 

is currently a large body of evidence for the effect of PA on cognitive function, but 

experimental research is needed to understand the independent effects of SB and sleep on 

cognitive function, and the combined effects of PA, SB, and sleep on cognitive function. 

Previous research has suggested that the association between SB and executive function 

in adults can be attenuated by MVPA, and has also found that lower SB and higher PA 

were associated with better cognitive performance in adults, but this research is limited 

by cross-sectional study designs, small sample sizes, and subjective measures (Edwards 
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& Loprinzi, 2017; Falck et al., 2017). Previous research that examined sleep and 

cognitive function has found associations between short and long sleep duration and 

lower cognitive function (Spira, Chen-Edinboro, Wu, & Yaffe, 2015). One study found 

that self-reported short (<7 hours/day) and long sleepers  (>8 hours/day) had worse 

cognitive function compared to adults who slept 7-8 hours a day, and that long sleep in 

mid-life was associated with 1.8 times the odds of developing Alzheimer’s disease when 

compared to adults who slept 7-8 hours a day (Virta et al., 2013). In a systematic review 

of observational studies, Devore, Grodstrein, and Schernhammer (2016) reported that in 

one-third of the studies, extreme sleep duration was associated with worse cognitive 

function in older adults. The authors of this study concluded that while observational 

studies have produced mixed results, more studies have suggested that long (as opposed 

to short) sleep duration is associated with worse cognitive function. In addition to the 

association between short and long sleep duration and cognitive function in adults, 

several studies have also found that greater changes in sleep duration (both increased and 

decreased) over time (e.g. from mid-life to late-life) are associated with worse cognitive 

function, highlighting the importance of examining changes in sleep over time in addition 

to the association of sleep duration and cognitive function in adults (Devore et al., 2016; 

Devore et al., 2015; Hahn, Wang, Andel, & Fratiglioni).  

Many of the studies that have examined sleep and cognitive function are limited 

by self-reported sleep data, and cross-sectional or cohort data, and none have examined 

the joint association of sleep and PA or SB. Based on evidence provided in this body of 

research for each of the three lifestyle behaviors examined, and evidence that dementia 

risk factors are multifactorial, future research on PA, SB, and sleep should examine the 
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joint association of these lifestyle behaviors, that occur across the 24-hour day, on 

cognitive function. According to Rosenberger et al. (2019), examining PA, SB, and sleep 

across the 24-hour activity cycle should be the new paradigm for PA research due to the 

fact that past research has primarily examined how one activity influences an outcome, 

despite the fact that time is finite, the activities often influence each other, and time spent 

in one displaces time spent in another (Rosenberger et al., 2019). Isotemporal substitution 

models have been suggested as the most appropriate statistical tool to examine these 

associations between reallocation of 24-hours activities, especially for inactive and 

sedentary behaviors and health outcomes (Galmes-Panades et al., 2019; Colley, Michaud, 

& Garriguet, 2018; Yates et al., 2015; Lerma et al., 2018). One study that examined the 

effects of replacing sedentary time with sleep, light, or MVPA on executive function, 

found that replacing SB with MVPA or sleep was associated with better executive 

function across several measures in “low-active” adults aged 60-79 (Fanning et al., 

2017). This study was limited by small sample size, self-reported measures of sleep, and 

only measured one cognitive domain. Previous research that utilized isotemporal 

substitution modeling to examine how activities across the 24-activity cycle has found 

that reallocating sedentary time to physical activity or sleep can reduce negative health 

outcomes (e.g. cardiovascular disease risk biomarkers, cardiometabolic risk factors, 

insulin sensitivity, obesity, physical function) (Buman et al., 2014; Galmes-Panades et 

al., 2019, Yates et al., 2015; Colley et al., 2018; Lerma et al., 2018). To date, studies that 

have used isotemporal substitution modeling have been limited to cross-sectional and 

observational study designs, but future studies examining the 24-hour activity cycle and 

cognitive function should be used to inform multimodal intervention studies. This 
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research is especially important for researchers to be able to design interventions that can 

target multiple behaviors in order to increase time spent in behaviors associated with 

cognitive improvement and decrease time spent in behaviors associated with cognitive 

decline and cognitive impairment. 

Future research should also consist of multimodal lifestyle interventions that 

include interventions for PA, SB, and sleep, to improve cognitive function and reduce 

cognitive decline and dementia in midlife to older adults. To date, there have been no 

randomized controlled trials that have examined the combined effect of PA, SB, and 

sleep interventions on cognitive function. According to Kivipelto, Mangialasche, and 

Ngandu (2018), multimodal lifestyle interventions that target several risk factors of 

dementia and AD are necessary due to the multifactorial nature of dementia and AD. In 

one of the few large, randomized controlled trials, that examined the effect of a 

multidomain lifestyle intervention (diet, exercise, cognitive training, and vascular risk 

monitoring) researchers found that participants in the intervention group improved 

significantly compared to the control group (Ngandu et al., 2015). To date, relevant 

lifestyle behaviors like SB and sleep have not been examined in a multimodal 

intervention with PA, therefore their value add is unknown, despite evidence that they are 

associated with cognitive function and cognitive decline, independently and in 

combination with PA (Dolezal et al., 2017; Lakerveld et al., 2016; Stefan et al., 2019). 

Theoretical foundation. Most of the current literature examining the effect of 

PA, SB, and sleep interventions on cognitive function in mid-life to older adults lack 

interventions driven by a theoretical foundation for behavior change. Behavioral 

scientists assert that in order for behavior change interventions to be effective, and to 
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eventually be delivered for the purpose of population-level health outcomes, they should 

be based on behavioral theories (Hagger & Weed, 2019). Future research on the effect of 

PA, SB, and sleep interventions on cognitive function should be driven by behavioral 

theories that have evidence for behavior change for the target lifestyle behaviors. In some 

cases, components drawn from multiple theories may be the most advantageous to 

promote behavior change. For example, a review of theories used to drive PA 

interventions found that Social Cognitive Theory (SCT) (Bandura, 1977) was one of the 

most widely used theoretical models, and specifically found that the construct of “self-

efficacy” was the most powerful predictor of physical activity adoption and maintenance, 

in a variety of health and PA contexts (e.g. weight loss, PA in older adults) (Buchan, 

Ollis, Thomas, & Baker, 2012; McCauley, Blissmer, Katula, & Duncan, 2000; Dallow & 

Anderson, 2003). Self-efficacy is thought to influence goal setting, the ability to persist in 

the presence of obstacles, and the capacity to cope with setbacks, which all influence 

engagement in behaviors. In a recent study that examined social cognitive models on 

sleep behavior researchers found that self-efficacy also had the greatest effect on sleep 

behavior, by indirectly influencing positive expectations, increasing social support, and 

increasing goals (Knowlden, Robbins, & Grandner, 2018). In addition to SCT, 

components from the Theory of Planned Behavior (Ajzen, 1991), and Self-Determination 

Theory (SDT) (Deci & Ryan, 2000) have been widely used across PA research, 

specifically the intention of behavior, and autonomous (identified and intrinsic) 

regulations, respectively (Buchan et al., 2012). While the aforementioned behavior 

change theories have demonstrated effectiveness for health behavior change, they are 

limited by their focus on the individual and ignore the complex nature of behavior change 
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that often includes multiple levels. Overall, traditional models of behavior change rely 

heavily on programs and interventions that can be planned and controlled, which does not 

translate to the real world, making it difficult to implement sustained behavior change 

(Buchan et al., 2012). Therefore, ecological models, such as the Social Ecological Theory 

(Stokols, 2000), that focus on individual differences as well as environmental, policy, and 

health behavior factors, should be considered when designing lifestyle behavior 

interventions. In addition to including multiple components from different theories of 

behavior change, future multimodal lifestyle interventions should also select components 

based on each lifestyle behavior included. For example, most studies that have used 

theoretical foundations for SB interventions have relied heavily on social-cognitive 

models of behavior change (e.g. SCT, theory of planned behavior), which may not 

adequately address “habit-like” behavior (Compernolle et al., 2019; Gardner et al., 2016). 

Habit-like behavior, like SB, requires specific behavior change techniques, due to the fact 

that it is typically performed without conscious decision making and with little reasoning 

(Compernolle et al., 2019; Conroy et al., 2013). Hermsen, Frost, Renes, & Kerkhof 

(2016), found that self-monitoring can disrupt prior habits by bringing the behavior into 

conscious awareness. A recent systematic review and meta-analysis of studies that 

examined self-monitoring to reduce SB found that objective self-monitoring as a 

behavior change technique has the potential to reduce SB (Compernolle et al., 2019). 

Based on the evidence, a multimodal intervention trial might consist of components from 

SCT to improve PA and sleep, and on self-regulation to decrease SB. In addition to 

including components from traditional behavior change theories, the inclusion of 

components from theories that consider other factors of behavior change, such as the 
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social ecological model, should be considered in the design of the interventions due to the 

individual differences and health characteristics of mid-life to older adults. In addition to 

including theoretical components for behavior change in future interventions, the 

effectiveness of those components to inform behavior change, specifically 24-hour 

activity behaviors, will need to be examined to inform practice and policy.   

Practice 

 The current body of research provides researchers, individuals, and healthcare 

providers information about the associations between PA, SB, and sleep and cognitive 

function in mid-life to older adults. Given that PA, SB, and sleep have important 

implications for cognitive health (in addition to other health outcomes), and that older 

adults are the most sedentary population, providers should discuss with their patients the 

importance of getting adequate PA, reducing ST, and getting adequate sleep. While there 

are no current guidelines for SB, current U.S. PA guidelines (≥150 minutes/week of MPA 

or ≥75 minutes/week of VPA), and national sleep guidelines (7-9 hours for adults 26-64; 

7-8 hours for adults 65+) for adults should be prescribed to mid-life to older adults, 

taking into account their abilities and comorbidities (e.g. cardiovascular disease, physical 

disability, MCI). Future research, outlined above, should provide the basis for providers 

to make informed prescriptions for adequate levels of PA, SB, and sleep to reduce 

cognitive decline, cognitive impairment, and dementia in midlife to older adults. If the 

interventions are supported, evidence guided programming should be implemented to 

sustain healthy PA, SB, and sleep behaviors and community programs tailored for older 

adults should be developed and improved based on the theoretical foundations for the 
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interventions. Healthcare workers and communities should work together to promote 

healthy lifestyle behaviors, especially among older adults. 

Policy 

 Based on evidence for the associations between PA, SB, and sleep, future health 

policies should be developed using research that identifies appropriate levels of PA, SB, 

and sleep to prevent cognitive impairment and dementia among the general population. 

Canada and Australia have developed “24-hour movement guidelines” that include 

guidelines for PA, SB, and sleep, for children and teenagers, but currently none exist for 

midlife to older adults (Tremblay et al., 2017). The U.S. should create 24-hour movement 

guidelines for mid-life to older adults to inform the prevention of a multitude of health 

outcomes, including cognitive health, associated with PA, SB, and sleep. Due to the 

increasing aging population, and resulting increasing rates of cognitive impairment and 

dementia, prevention and treatment of dementia has been declared a public health priority 

(WHO, 2012). The World Health Organization (WHO) (2017) has developed a global 

action plan for 2017-2025 for the response to dementia. In this plan, they provide 

proposed actions for international, regional, and national stakeholders to promote and 

make available population health strategies that are “age-inclusive, gender-sensitive and 

equity-based at national, regional, and international levels” to support a “socially active 

lifestyle that is physically and mentally healthy for all” (WHO, 2017, p. 20). They also 

proposed that member states link dementia outreach with other programs that promote 

healthy lifestyles to prevent noncommunicable diseases, and that member states deliver 

and promote evidence based interventions that are gender, age, disability, and culturally 

sensitive, and that they deliver training for health professionals, especially primary care 
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providers, so they are equipped to manage modifiable risk factors and advise patients on 

risk reduction (WHO, 2017). They also proposed that the administrative governing 

bodies work to “integrate the reduction and control of modifiable dementia risk factors 

associated with dementia into national health planning processes and development 

agendas” and “support the formulation and implementation of evidence-based, 

multisectoral interventions to reducing the risk of dementia” (WHO, 2017, p. 18). Last, 

they proposed that the evidence base be strengthened and that the evidence to reduce 

potentially modifiable risk factors be shared and disseminated via a public database of 

prevalence of risk factors, and consequences of not reducing them (WHO, 2017).  

 In conclusion, the research included in this body of work has highlighted the 

importance of examining lifestyle behaviors including PA, SB, and sleep and vascular 

risk factors, such as hypertension, in association with cognitive function and cognitive 

impairment in older adults. Future observational and intervention studies should be 

performed to examine the independent effects of SB and sleep, and the combined effects 

of PA, SB, and sleep on cognitive function, to develop meaningful clinical cut-offs and to 

inform further research, practice, and policy.  
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Aerobic Physical Activity: Physical activity that causes an increase in heart rate and 

breathing to become labored (Piercy et al., 2018). 

Alzheimer’s Disease (AD): The most common form of dementia, often characterized by 

deterioration in memory, thinking, and behavior (American Psychiatric Association, 

2013). 

Cognitive decline: Refers to a decrease in cognitive domains. 

Cognitive function: Refers to mental abilities such as learning, thinking, remembering, 

reasoning, problem solving, attention, decision making.  

Cognitive impairment: Cognitive decline that is greater than expected for a person’s age, 

but does not meet the criteria for dementia (Geda, 2014). 

Dementia: Decline in one or more cognitive domains (e.g. memory, executive function, 

attention) that is accompanied by a decline in previous levels of functioning (American 

Psychiatric Association, 2013). 

Executive function: Cognitive domain responsible for attention, planning and organizing, 

multitasking, switching focus, and problem solving. 

Memory: Cognitive domain responsible for encoding, storing, and retrieving information. 

Mild cognitive impairment (MCI): Cognitive impairment that is greater than expected for 

a person’s age, but does not meet criteria for dementia (Geda, 2014).   

Moderate physical activity (MPA): Physical activity that has effort equivalent to brisk 

walking (Piercy et al., 2018). 

Vigorous physical activity (VPA): Physical activity that has effort equivalent to running 

or jogging (Piercy et al., 2018) 

Moderate to vigorous physical activity (MVPA) 
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Physical Inactivity: Not meeting physical activity guidelines (Sedentary Behavior 

Research Network, 2012).  

Sedentary behavior (SB): Any waking activity in a sitting or reclining position, 

characterized by low energy expenditure (Sedentary Behavior Research Network, 2012). 

Sedentary time (ST): Time spent in sedentary behavior (expressed in hours or minutes). 

Sedentary bout: A measure of overall prolonged, uninterrupted sedentary behavior (Diaz 

et al., 2019). 

Sleep duration: Time spent in sleep (expressed in hours). 
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AD: Alzheimer’s Disease 

AF: Animal Fluency 

BMI: Body Mass Index  

CERAD: Consortium to Establish a Registry for Alzheimer’s Disease battery 

CVD: Cardiovascular Disease  

DSST: Digit Symbol Substitution Test  

MCI: Mild Cognitive Impairment 

MPA: Moderate Physical Activity 

MVPA: Moderate to Vigorous Physical Activity 

NHANES: National Health and Nutrition Examination Survey 

PA: Physical Activity 

REGARDS: The Reasons for Geographic and Racial Differences in Stroke (REGARDS) 

Study 

ST: Sedentary Time 

SB: Sedentary Behavior 

VPA: Vigorous Physical Activity 

WLL: Word List Learning 

WLD: Word List Learning Delayed Recall 
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STATE GOVERNMENT DATA DISTRIBUTION AGREEMENT 
FOR 

The REasons for Geographic and Racial Differences in Stroke (REGARDS) Study 
(PI – George Howard, DrPH) 

 
 

The Board of Trustees of The University of Alabama for The University of Alabama at Birmingham (UAB), a 
constitutionally created public corporation of the State of Alabama, and Arizona State University (Name of Recipient 
Organization) hereby enter into this Distribution Agreement as documented by the signatures of authorized 
representatives of the above parties below. 

 
INTRODUCTION 

 
The National Institute of Neurological Disorders and Stroke (NINDS), NIH supported collection of data from 
participants in the REGARDS study, hereafter referred to as the “Study.” The Study participants are a well- 
characterized population that provides a rare and valuable scientific resource. The NINDS and the researchers it 
supports have a responsibility to assure that that data collected with public funds be made available, on appropriate 
terms and conditions, to the largest possible number of qualified investigators in a timely manner. 

 
Data collected by the Study have been stripped of all personal identifiers but the wealth of data available on them 
might make possible the individual identification of some subjects. To protect the confidentiality and privacy of  
these participants, the Recipient who is granted access to these data must adhere to the requirements of this 
Distribution Agreement. Failure to comply with this Distribution Agreement could result in denial of further access  
to Study Data. Violation of the confidentiality requirements of this agreement is considered a breach of 
confidentiality and requesting investigators may be liable to legal action on the part of Study participants, their 
families, or the U. S. Government. 

 
The Study Investigators have made a substantial long-term contribution in establishing and maintaining the database. 
UAB seeks to encourage appropriate collaborative relationships by outside investigators with the Study Investigators 
and to ensure that the contribution of the Study Investigators is appropriately acknowledged. 

 
DEFINITIONS 

 
For purposes of this agreement, "Data" refers to the information that have been collected and recorded from 
participants in REGARDS. Data from Study participants were collected through the periodic examinations and 
follow-up contacts conducted specified in the Study protocol and Investigators' grants with NINDS. 

 
A “REGARDS Study Investigator” is defined as a research investigator who was listed as an Investigator on the 
REGARDS study grant. 

 
The "Recipient" and his/her Organization may be a non-profit or for-profit organization or corporation. The Recipient 
requests access to REGARDS data at its sole risk and at no expense to REGARDS and NINDS. [‘Recipient’ refers to 
a REGARDS study investigator, ancillary study PI and/or lead author if this data request is for an approved 
manuscript and/or ancillary study proposal.] 
AGREED TERMS AND CONDITIONS 

 
It is mutually agreed as follows: 

 
1. Research Project. These Data will be used by Recipient Principal Investigator solely in connection with the 
"Research Project", specifically described in Exhibit A: Title of Manuscript and/or Ancillary Study Proposal. 
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2. Non-transferability of Agreement. This Distribution Agreement is not transferable. Recipient agrees that 
substantive changes made to the Research Project, and/or appointment by Recipient of another investigator to 
complete the Research Project, require execution of a new Distribution Agreement in which the new investigator 
and/or new Research Project are designated. 

 
3. Non-Identification of Subjects. Recipient agrees that Data will not be used, either alone or in conjunction with any 
other information, in any effort whatsoever to establish the individual identities of any of the subjects from whom 
Data were obtained. 

 
4. Use Limited to Research Project. Recipient agrees that Data will not be used in any research that is not disclosed 
and approved as part of the Research Project. 

 
5. No Distribution of Data. Recipient agrees to retain control over Data, and further agrees not to transfer Data, with 
or without charge, to any other entity or any individual. 

 
6. Study Personnel, Agents and Contractors. Recipient assumes the responsibility that any personnel, agents and 
contractors who will use or will have access to the Data, agree to be bound by the same restrictions and conditions 
that apply to the Recipient with respect to the Data. 

 
7. Notification of Publication to UAB. Prompt publication or any public disclosure of the results of the Research 
Project is encouraged. Recipient agrees to read and abide by the REGARDS Publications and Presentations Policies 
and Procedures, and if applicable, the Ancillary Studies Policies and Procedures. This includes notification of the 
REGARDS Coordinating Center in advance as to when and where a publication (or other public disclosure) of a 
report from the Research Project will appear. This also includes agreeing to provide to the REGARDS Coordinating 
Center, in advance of its appearance, a copy of any manuscript or other public disclosure document. 

 
8. Acknowledgments. Recipient agrees to acknowledge the contribution of the REGARDS Investigators in any and 
all oral and written presentations, disclosures, and publications resulting from any and all analyses of Data, whether 
or not Recipient is collaborating with REGARDS investigators. The manuscript should include the standard 
acknowledgement of REGARDS investigators and funding source that is available from the REGARDS administrator 
(email). If the Research Project involves a collaboration with REGARDS investigators then recipients will 
acknowledge REGARDS investigators as co-authors, as appropriate, on any publication. 

 
9. Non-Data. Notwithstanding the definition of “Data” or the agreed Terms and Conditions of this Distribution 
Agreement, Recipient’s obligations under this Distribution Agreement shall not extend to any information: 

 
a. that can be demonstrated to have been publicly known at the time of disclosure; or 

 
b. that can be demonstrated to have been in the possession of or that can be demonstrated to have been readily 

available to Recipient from another source (with no duty to any party to keep the information confidential) 
prior to the disclosure; or 

 
c. that becomes part of the public domain or publicly known by publication or otherwise, not due to any 

unauthorized act by Recipient; or 
 

d. that can be demonstrated as independently developed or acquired by Recipient without reference to or 
reliance upon Data provided under this Agreement; or 
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e. that is required to be disclosed by law, provided the Recipient takes responsible and lawful actions to avoid 
and/or minimize such disclosure. 

 
10. Non-Endorsement Liability. Recipient agrees not to claim, infer, or imply Governmental endorsement of the 
Research Project, the entity, or personnel conducting the Research Project or any resulting commercial product(s) 
except as described in paragraph 8, “Acknowledgements.” UAB, a constitutionally created public corporation of the 
State of Alabama, cannot waive immunity conferred by Ala. Const, Article 1 § 14. The exclusive forum in which a 
claim can be asserted against UAB is the State of Alabama Board of Adjustment. UAB maintains self-insurance 
coverage applicable to the negligent acts and omissions of its officers and employees, which occur within the scope 
of their employment by UAB. UAB has no insurance coverage applicable to third-party acts, omissions or claims,  
and can undertake no obligation that might create a debt of the State Treasury. 

 
11. Recipient's Compliance with IRB Requirements. Recipient acknowledges that the conditions for use of these  
Data must comply with the policies and procedures of the Recipient's Institutional Review Board (IRB) operating 
under an Office of Human Research Protections (OHRP) - approved Assurance and in accordance with Department 
of Health and Human Services regulations at 45 CFR Part 46 (or equivalent if Recipient is outside the U.S.)  
Recipient agrees to comply fully with all such conditions. Recipient agrees to report promptly to the REGARDS 
Executive Committee any proposed change in the Research Project and any unanticipated problems involving risks to 
subjects or others to the extent required by applicable law. This Agreement is made in addition to, and does not 
supersede, any of Recipient’s institutional policies or any local, State, and/or Federal laws and regulations which 
provide additional protections for human subjects. Recipient must attach as Exhibit B a copy of the approval or 
exemption documentation from his/her institution’s IRB. 

 
12. Liability Provision. The Recipient agrees to be responsible for any and all claims that arise as a result of the 
negligent acts and omissions of Recipient, its officers, employees and agents arising from the use and /or disclosure 
of Data. UAB, a constitutionally created public corporation of the State of Alabama, cannot waive immunity 
conferred by Ala. Const, Article 1 § 14. The exclusive forum in which a claim can be asserted against UAB is the 
State of Alabama Board of Adjustment. UAB maintains self-insurance coverage applicable to the negligent acts and 
omissions of its officers and employees, which occur within the scope of their employment by UAB. UAB has no 
insurance coverage applicable to third-party acts, omissions or claims, and can undertake no obligation that might 
create a debt of the State Treasury.  Data Recipient agrees to obtain and maintain professional liability coverage in  
the amounts of $1 million per occurrence/3 million aggregate of the occurrence type of coverage in connection with 
its use and /or disclosure of the Data provided by pursuant to the Distribution Agreement. Nothing in this agreement 
should be construed as a waiver of any immunity enjoyed by UAB, its employees, agents and assignees, or the 
Recipient. 

 
13. Amendments. Amendments to the substantive terms of this Distribution Agreement must be made in writing and signed 
by authorized representatives of all parties. However, additional Exhibit As may be added to the agreement by UAB upon 
approval from the REGARDS Executive Committee. 

 
14. Term and Termination. This Agreement becomes effective on the last date of signature, and unless terminated earlier, 
will remain in effect for a period of five (5) years. UAB may terminate this Distribution Agreement if Recipient is in 
default of any condition of this Distribution Agreement and such default has not been remedied within 30 days after the 
date of written notice by UAB’s Authorized Representative of such default. 

 
15. Disqualification, Enforcement. Failure to comply with any of the terms specified herein may result in disqualification 
of Recipient from receiving additional Data from this study and from other studies. Appendix A – January 2010 Page 4 

 
16. Accurate Representations. Recipient expressly certifies that the contents of any statements made or reflected in this 
document are truthful and accurate. 
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Signatures 
 

Authorized representative of Recipient Organization: 
 

Name and Title Debra Murphy 

Organization: Arizona State University 

Mailing Address: 660 S Mill Avenue 

Email address: Debra.Murphy@asu.edu 

Telephone number: 480 965 2179 Fax number: 480 965 7772 
 
 

Signature: Date: 12 0919 
 

Recipient Investigator Information: 
 

Name and Title:  Megan E. Petrov, PhD; Assistant Professor   
 

Mailing Address:_550 N. 3rd  Street MC: 3020 Phoenix AZ 85044   
 

E-Mail Address:    Megan.Petrov@asu.edu   
 

Telephone Number:    602-496-2297  Fax Number: _ 
 

Signature: 
 

Date: 12-6-2019 
 

[Send partially executed draft to Meg Stewart (megstewart@uab.edu)] 
 

UAB: 
 

Name and Title: Melinda T. Cotten. Associate, Vice President Research Business Operations 
 

Organization: The Board of Trustees of the University of Alabama for the University of Alabama at Birmingham 

Signature:    

Date: 
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