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Physical Activity and Cognition: A Mediating Role
of Efficient Sleep

Kristine A. Wilckens
Department of Psychiatry, University of Pittsburgh School of Medicine, Pittsburgh,

Pennsylvania

Kirk I. Erickson
Department of Psychology, University of Pittsburgh, Pittsburgh, Pennsylvania

Mark E. Wheeler
School of Psychology, Georgia Institute of Technology, Atlanta, Georgia

Objective: Physical activity benefits executive control, but the mechanism through which this benefit
occurs is unclear. Sleep is a candidate mechanism given that it improves with exercise and has
restorative effects on the prefrontal cortex. The present cross-sectional study examined the mediating
role of sleep in the relationship between physical activity and executive control in young and older
adults. Participants: Young (n = 59) and older (n = 53) community-dwelling adults ages 21–30 and
55–80. Methods: Participants wore an accelerometer for one week to assess sleep efficiency, total
sleep time, and physical activity, operationalized as metabolic equivalent of task (METs) during time
spent awake. Cognition was assessed in the laboratory across multiple measures of executive control,
memory recall, and processing speed. Mediation analyses tested the role of sleep efficiency in the
cross-sectional relationship between METs and cognitive performance accounting for age, sex, and
education. Results: METs were significantly associated with performance before, but not after
accounting for covariates. METs were associated with sleep efficiency but not total sleep time.
Sleep efficiency, but not total sleep time, mediated the relationship between METs and working
memory, switching, verbal ability and fluency, and recall. Age group did not moderate the mediating
role of sleep efficiency in the relationship between METs and performance. Conclusion: Sleep
efficiency is one pathway by which physical activity may be associated with executive control
across young and older adults.
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Physical activity and sleep are positively associated with cognition, particularly memory con-
solidation and executive control. Executive control processes are responsible for the planning,
initiating, and monitoring of complex goal-directed behavior (Royall et al., 2002), such as
working memory, switching, and controlled memory retrieval processes (Bixby et al., 2007;
Colcombe & Kramer, 2003; Colcombe et al., 2004; Erickson, Hillman, & Kramer, 2015;
Hillman, Erickson, & Kramer, 2008; Pace-Schott & Spencer, 2011; Walker, 2009; Wilckens,
Erickson, & Wheeler, 2012). The direct link between sleep and executive control is supported by
the negative impact of sleep loss on multiple domains of cognition (Goel, Rao, Durmer, &
Dinges, 2009). Further, deeper stages of sleep, such as slow-wave sleep involve neural syn-
chrony generated by the prefrontal cortex (Steriade, McCormick, & Sejnowski, 1993) which
may enhance efficiency of the executive control network to support executive processing
(Wilckens, Hall, Nebes, Monk, & Buysse, 2016). It is unclear however, what mechanisms
(i.e., mediators) link physical activity with executive control.

Physical activity, defined by any bodily movement that results in energy expenditure, and
exercise, which is the planned, structured, and repetitive engagement in physical activity
(Caspersen, Powell, & Christenson, 1985), are positively related to sleep, specifically sleep
efficiency, sleep latency, and sleep depth (Kline et al., 2013; Montgomery & Dennis, 2002; Reid
et al., 2010; Tworoger et al., 2003; Youngstedt, 2005). Recent studies have demonstrated that
higher sleep efficiency (the amount of time in bed spent sleeping) is associated with greater
executive control abilities in young and older adults (Blackwell et al., 2006; Nebes, Buysse,
Halligan, Houck, & Monk, 2009; Wilckens et al., 2016). In contrast to sleep efficiency, where
higher values are associated with better executive control, longer total sleep time is rarely
associated with better executive control in adults, particularly older adults (Blackwell et al.,
2006; Cavuoto et al., 2016; Nebes et al., 2009). Rather, longer self-reported sleep duration that
may include brief bouts of wakefulness has been associated with poorer performance (Lo,
Groeger, Cheng, Dijk, & Chee, 2016). This dissociation between sleep efficiency and total
sleep time may be due to the dampened sleep drive and greater sleep fragmentation that can
occur with longer sleep durations (Harrison & Horne, 1996; Monk, Buysse, Begley, Billy, &
Fletcher, 2009; Youngstedt & Kripke, 2004) and the greater likelihood of progressing through
sleep stages that benefit the prefrontal cortex with higher sleep efficiency (Wilckens et al., 2012).
Thus sleep efficiency is a candidate sleep feature that may mediate the relationship between
physical activity and executive control across the adult lifespan (Wilckens et al., 2012).

Given the positive relationships between physical activity, sleep efficiency, and prefrontally
based processes (Blackwell et al., 2006; Nebes et al., 2009; Wilckens et al., 2016), the present
study tested the hypothesis that sleep efficiency mediates the cross-sectional relationship
between physical activity and multiple domains of executive control. These included working
memory, switching, inhibition, verbal ability and fluency (Jurado & Rosselli, 2007), as well as
delayed recall, a controlled memory process dependent on the prefrontal cortex (Buckner, 2003)
due to critical search and post-retrieval monitoring processes (Tomita, Ohbayashi, Nakahara,
Hasegawa, & Miyashita, 1999; Velanova et al., 2003). In contrast, we hypothesized that
mediation models with processing speed would not be significant, based on evidence that
exercise interventions, physical activity, and sleep efficiency are tenuously linked to processing
speed (Colcombe & Kramer, 2003; Lim & Dinges, 2010; Nebes et al., 2009). Because total sleep
time is less often associated with executive control in adults (Blackwell et al., 2006; Nebes et al.,

2 WILCKENS, ERICKSON, WHEELER



2009; Wilckens et al., 2016), we hypothesized that total sleep time would not be a significant
mediator in the relationship between physical activity and executive control domains.

There is equivocal evidence regarding age-related changes in the importance of physical
activity and sleep to executive control (Duffy, Willson, Wang, & Czeisler, 2009; Young,
Angevaren, Rusted, & Tabet, 2015). Thus, although the present study was designed to test the
above hypotheses, we also conducted an exploratory moderated mediation analysis to test
whether sleep efficiency similarly mediated the relationship between physical activity and
executive control across young and older adulthood (Lopez, 2008). We hypothesized that despite
anticipated negative effects of age on each of these factors, the mechanisms linking these factors
would be unaffected by age. Therefore, mediating associations involving sleep efficiency would
not be moderated by age.

METHODS

Participants

One hundred and twenty-eight community-dwelling volunteers, ages 21 to 30 and 55 to 80, were
recruited to participate in cognitive testing over two sessions separated by oneweek during which sleep
was assessed. All participants provided written informed consent in line with the University of
Pittsburgh’s Institutional Review Board. Participants were paid at a rate of $10 per hour of cognitive
testing andwere paid $50 forwearing an accelerometer device tomeasure sleep and physical activity for
one week. Exclusion criteria included a self-reported diagnosis of depression, current psychiatric
medication use, dependence on drugs or alcohol, or a diagnosis of a neurodegenerative disease reported
by the participant at screening.Moodwas assessed by self-report questionnaire for descriptive purposes,
but was not used as exclusion criteria. Self-reported sleep apnea was assessed but was also not used as
exclusion criteria partly justified by evidence that mild to moderate sleep apnea has little impact on
cognitive function (Quan et al., 2014; Quan et al., 2006). All participants had normal or corrected-to-
normal vision. Participants were excluded from the present analyses if they wore the accelerometer
armband for less than four days (n=3), if they did not return for the second cognitive testing session (n =
10), or in the case of technical malfunction during the computer-based portion of the experiment (n= 3).
All participants had Mini-Mental State Exam (MMSE) scores ≥ 26. To maximize statistical power for
mediation analyses, and to maximize individual variation in relation to sleep, physical activity, and
cognition, participants were not excluded based on any other criteria for the present analyses including
sleep criteria. Table 1 provides participant characteristics in the final sample of 59 young and 53 older
participants.

Protocol Overview

Participants completed a battery of assessments over two sessions, each taking place between 9:00 a.m.
and 3:00 p.m., depending on the participant’s preference. Participants were given an accelerometer
armband to wear for one week between the two visits. The first session included computer-based tasks,
self-report questionnaires, and instructions for wearing the accelerometer and completing a sleep diary.
The second session included paper-and-pencil neuropsychological tasks. The computer-based tasks and
self-report questionnaires at the first session lasted approximately 2 hr. Computer-based tasks were
performed consecutively with approximately 2 min intervening between tasks. Following the
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computer-based tasks, participants could take a break before completing self-report questionnaires. At
the second session, the paper-and-pencil tasks lasted approximately 1 hr. Paper-and-pencil based tasks
were performed consecutively with no breaks.

Cognitive tasks

Cognitive abilities were assessed using the computer-based and paper-and-pencil-based tasks. In
selecting cognitive tasks, our goal was to measure a wide array of tasks that would tap multiple
domains within the umbrella of executive control based on evidence that tasks dependent on the
prefrontal cortex are more relevant to sleep and physical activity (Kramer et al., 1999; Wilckens
et al., 2012). Within that umbrella were working memory, task switching, inhibition, and verbal
fluency. Additionally, given the dependence of controlled memory processes on the prefrontal cortex
(Buckner, 2003) and their proposed dependence on sleep (Wilckens et al., 2012), we extended our
assessment of executive tasks to memory recall. Finally, we aimed to contrast executive control
domains with traditional tests of processing speed, which have been associated with temporo-parietal
white matter integrity (Turken et al., 2008).

Computer-based tasks were two working memory tasks: Sternberg task (Sternberg, 1966) and
the N-back task (Jaeggi et al., 2003; Lee et al., 2012), a cued task-switching paradigm

TABLE 1
Age Differences in Mean (SD) or Frequency (%) for Demographic and Health Characteristics, Physical Activity,

Sleep, and Cognitive Performance

Young Older Difference t(110) p

N 59 53
Age 23.05 (2.42) 62.68 (6.08) 46.17 < 0.001
Education 16.09 (1.65) 15.22 (3.05) 1.90 0.06
N Female 38 (64.4%) 36 (67.9%) 0.38 0.689
N African American/Black 7 (11.9%) 14 (26.4%)
N Asian 3 (5.1%) 0
N Caucasian/White 48 (81.4%) 39 (73.6%)
N Pacific Islander 1 (1.7%) 0
MMSE 29.58 (0.70) 28.89 (1.03) 4.18 < 0.001
Geriatric Mood Scale 2.04 (2.29) 1.50 (2.25) 1.19 0.237
BMI 24.91 (6.07) 29.07 (5.85) 3.68 < 0.001
N Smoker 4 (6.8%) 14 (26.4%) 2.91 0.004
Self-report sleep apnea 0 8 (15%) 3.44 0.001
METs 1.87 (0.34) 1.51 (0.32) 5.65 < 0.001
Sleep Efficiency 0.83 (0.07) 0.82 (0.09) 0.47 0.643
Total sleep time (mins) 382.51 (59.80) 355.83 (67.76) 2.21 0.029
Working Memory 0.12 (0.45) –0.13 (0.57) 2.60 0.010
Switching 0.29 (0.60) –0.32 (0.628) 5.32 < 0.001
Inhibition 0.12 (0.49) –0.12 (0.47) 2.65 0.009
Verbal Ability & Fluency 0.20 (0.63) –0.22 (0.77) 3.13 0.002
Memory Recall 0.36 (0.86) –0.40 (1.00) 4.26 < 0.001
Processing Speed 0.50 (0.55) –0.56 (0.74) 8.71 < 0.001

METs were limited to minutes awake. MMSE reflects score using the backwards spelling of the word world.
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(Wilckens, Woo, Erickson, & Wheeler, 2014), and two inhibitory control tasks: color-word
Stroop task (Stroop, 1935) and a Flanker task (Gothe et al., 2014). Several of these tasks have
been used previously in studies testing a wide range of executive tasks (Lee et al., 2012). The
paper-and-pencil-based tasks were trail-making tasks A and B (Reitan, 1958; Wechsler, 1997),
the digit-symbol substitution task (Wechsler, 1997), the National Adult Reading Test (Nelson &
Willison, 1991), categorical and lexical fluency tasks (Borkowski, Benton, & Spreen, 1967), and
the Consortium to Establish a Registry for Alzheimer’s Disease (CERAD; Morris et al., 1989).
These tasks are further described in the supplementary materials section.

Across all response time measures in computerized tasks, we accounted for processing speed
and general age-related slowing by calculating costs in response time. Costs reflected the
difference between response times associated with correct trials on the easier task condition
and those of the more difficult task condition. To reduce the number of statistical tests
performed, relevant conditions for each task were transformed to z-scores and averaged to arrive
at each of six cognitive domains (Wilckens, Woo, Kirk, Erickson, & Wheeler, 2014). Working
memory was assessed with accuracy and response time costs on the Sternberg and N-back tasks.
Switching was assessed with Trails B switch costs (Trails B minus Trails A) and accuracy and
response time switch costs on the cued task-switching paradigm. Inhibition was assessed with
percent interference (incongruent/congruent)/congruent*100) from the Stroop task and Flanker
task. Verbal Ability and Fluency were assessed with words read correctly on the National Adult
Reading Test and number of words verbally generated within 60 s in the categorical and lexical
fluency tasks. Each of these are a test of verbal ability and are highly correlated with one another
(Crawford, Moore, & Cameron, 1992). Memory recall was assessed with number of words
correctly recalled on the CERAD delayed recall task, with recall taking place after a delay of
approximately 10 min. Delayed word recognition from the CERAD was collected as an “auto-
matic” (i.e., not requiring executive control) form of memory, but performance on this task was
at ceiling across groups and was therefore excluded from the present analyses. Processing speed
was assessed with Trails A (time to complete) and the number of correct symbols written on the
digit-symbol substitution test within 60 s. One young participant did not complete the Stroop
task, and was therefore excluded from analyses with Inhibition. Because performance in all
cognitive domains is represented in terms of z-scores, performance ranged from –2.31 to 1.82
across young and older adults. In each domain, higher scores indicate better performance (higher
accuracy and lower RT costs).

Physiological data collection

A SenseWear® armband was used to estimate participants’ physical activity and sleep.
Participants were asked to wear the armband for one week between the two experiment sessions.
Sleep efficiency was chosen as the measure of sleep continuity based on existing data showing
that sleep efficiency and sleep latency are associated with physical activity, and sleep efficiency
with executive control, but additionally given established limitations with estimating sleep
latency with actigraphy (Slater et al., 2015; Tryon, 2004).

Pertinent to physical activity, the SenseWear device estimated the average metabolic equiva-
lent of task (METs) every 60 s. The METs measure was calculated by the device using a
proprietary algorithm that takes into account the participant’s age, height, weight, and energy
expenditure based on sensor data including activity, skin conductance, and heat flux. From the
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minute-to-minute MET estimates produced by the SenseWear device, METs during wakefulness
were averaged to obtain a single measure of daily physical activity outside of time spent
sleeping. This measure of METs while awake was chosen to assess the overall level of physical
activity throughout the week. The device has been shown to correlate well with energy
expenditure measured with indirect calorimetry during exercise (Casiraghi et al., 2013).

Pertinent to sleep, the SenseWear device estimated on a minute-by-minute basis whether
participants were lying down or asleep based on body axis, heat flux, activity, galvanic skin
response, body temperature, and near body temperature. These additional measures avoid issues
with overestimation of sleep when the armband is off the body (Sunseri et al., 2009). This device
has been shown to have 90% concordance with polysomnography during sleep (Sunseri et al.,
2009). Participants also recorded when they went to bed for the final time and got out of bed
each day they wore the accelerometer. These records were used with the SenseWear actigraphy
data to define the nighttime sleep bout. From the sleep and lying down estimates within the
nighttime sleep bout, average sleep efficiency (time spent asleep/time lying down) and average
total sleep time were calculated. By calculating the average across the week of accelerometer
time with a minimum of four days per participant, we made the assumption that the MET, sleep
efficiency, and total sleep time averages reflected participants’ habitual behavior.

Statistical analyses

Relationships among physical activity, sleep, and cognitive variables were tested with
Pearson correlations and hierarchical regression analyses controlling for age, sex, and education.
Bootstrapping mediation and moderated mediation analyses were tested with conditional process
modeling using the Process macro in Statistical Package for the Social Sciences (SPSS; Hayes,
2013). Five thousand bootstrap samples were run with a 95% confidence interval. For all
primary mediation analyses, awake METs was the independent variable, sleep efficiency
(Figure 1a) or total sleep time (Figure 1b) were the proposed mediators, and a given cognitive
domain was the dependent variable.

Additionally, given that higher sleep efficiency may lead to more physical activity (Lambiase,
Gabriel, Kuller, & Matthews, 2013), we statistically tested whether physical activity mediated
the relationship between sleep efficiency and executive control (presented in the supplementary
materials section).

The present study was designed to have adequate power to test the mediation models
described above based on recommended sample sizes of Fritz & MacKinnon (2007). As an
exploratory analysis, we further tested whether age group moderated the mediating role of
sleep efficiency in the relationship between physical activity and cognition. For moderated
mediation analyses, age group was the proposed moderator. Moderated mediation was
tested in two ways: at the level of the association between physical activity and sleep
efficiency and at the level of the association between sleep efficiency and cognition
(Figure 1c). Although there is evidence that sleep time has both linear and nonlinear
relationships with cognition, this is particularly the case for self-reported sleep, which
often includes brief bouts of wakefulness (Lo et al., 2016). In addition, the turning point at
which longer sleep times become detrimental may differ between young and older adults
(Steptoe, Peacey, & Wardle, 2006). Such a nonlinear model would therefore require a
separate analysis between the young and older group, which would be underpowered here.
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Thus, the present report focuses on linear relationships. Age, sex, and education were
included as covariates in all mediation and moderated mediation analyses. In all cases,
separate analyses were run for each sleep variable and each cognitive domain.

To address potential confounds of day-to-day sleep variability, sleep apnea, and vigorous
bouts of exercise, three sets of sensitivity analyses were run: To rule out day-to-day variability
in total sleep time as a potential confound in the relationship between sleep efficiency and
cognition, sensitivity analyses included the standard deviation in total sleep time across days as
a covariate for significant mediating associations of sleep efficiency. To address the potential
role of sleep apnea in the links between sleep efficiency, physical activity, and cognition, we
used participants’ self-reported diagnoses of sleep apnea as a covariate in significant mediation
analyses. Finally, to assess whether significant mediating associations were driven by bouts of
exercise, as opposed to overall physical activity, we controlled for average minutes spent in
moderate to vigorous physical activity (six or more METs).

FIGURE 1 Set of hypothesized (a) and alternative (b & c) mediation models: (a) hypothesized model whereby
sleep efficiency is mediator in the relationship between physical activity and executive control; (b) total sleep time
as a mediator in the relationship between physical activity and executive control; (c) age a moderator of the
mediating role of sleep efficiency in the relationship between physical activity and executive control.
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The main requirement for mediation is that the indirect effect of the independent variable
(physical activity) through the mediator (sleep) on the dependent variable (cognition) be
significant. Using the bootstrapping approach, there is no requirement that relationships between
the independent variable and dependent variable be significant due to potential unmeasured
suppressor variables (Gelfand, Mensinger, & Tenhave, 2009; Preacher & Hayes, 2008; Zhao,
Lynch, & Chen, 2010). Thus, we tested mediation for all relationships between METs and
performance regardless of whether the bivariate relationship was statistically significant.

RESULTS

Bivariate Relationships Among Physical Activity, Sleep Efficiency, and Cognition

Bivariate relationships involving METs and each sleep and cognitive domain are presented
in Table 2. METs and sleep efficiency were significantly associated with one another after
controlling for covariates. METs and total sleep time were not significantly related before
or after accounting for covariates. There were significant zero-order correlations between
METs and cognition for working memory, inhibition, recall, and processing speed.
However, these relationships were no longer significant after accounting for age, sex,
and education (Table 2). Sleep efficiency was significantly associated with each cognitive
domain, except for inhibition, which was marginally significant (Figure 2; Supplementary
material Table 6).

Indirect (Mediating) Role of Sleep in the Relationship Between Physical Activity and
Cognition

Consistent with our primary hypothesis, sleep efficiency significantly mediated the rela-
tionship between METs and working memory, switching, verbal ability & fluency, and
recall (Table 3). Sleep efficiency was a marginally significant mediator for inhibition

TABLE 2
Associations Among METs, Sleep Variables, and Cognitive Variables

Zero-order correlations with METs (r) p Fully adjusted regression (β) p

Sleep Efficiency 0.15 0.114 0.23 0.037
Total Sleep Time 0.13 0.170 0.08 0.452
Working Memory 0.20 0.038 0.13 0.251
Switching 0.15 0.108 –0.08 0.449
Inhibition 0.22 0.021 0.08 0.436
Verbal Ability & Fluency 0.15 0.112 –0.01 0.908
Recall 0.19 0.042 0.04 0.670
Processing Speed 0.43 < 0.001 0.13 0.131

Fully adjusted regression model includes age, sex, and education as covariates. Significant associations are high-
lighted in bold font.
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(significant with a 90% confidence interval). These mediating associations with sleep
efficiency remained significant after controlling for variability in total sleep time, self-
reported sleep apnea, and moderate to vigorous activity (all confidence intervals excluded

FIGURE 2 Beta values for associations between METs, sleep efficiency, and each cognitive domain accounting
for age, sex, and education. †p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001. Line thickness represents the strength
of the association. Nonsignificant relationships are represented by dotted lines. Exact p values for regressions
between sleep efficiency and performance are presented in the supplementary materials section. Other p values are
presented where results are reported.

TABLE 3
Indirect Mediating Role of Sleep Efficiency on the Relationship Between Mets and Cognition

Domain Effect (Boot SE) Lower: Upper 95% Confidence Interval

Working Memory 0.08 (0.06) 0.001: 0.28
Switching 0.14 (0.08) 0.023: 0.36
Inhibition 0.05 (0.04) –0.002: 0.15
Verbal Ability & Fluency 0.15 (0.09) 0.02: 0.41
Recall 0.13 (0.08) 0.01: 0.35
Processing Speed 0.08 (0.06) –0.0004: 0.26

Significant mediation is highlighted in bold font.
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zero). Total sleep time was not a significant mediator in the relationship between METs
and any cognitive domain (Table 4).

Moderated Mediation With Age Group

Age group did not moderate the mediating role of sleep efficiency at the level of the
association between METs and sleep efficiency as illustrated in Figure 2 (coefficient =
0.02, se = 0.05, t = 0.38, p = 0.70; p = 0.74 for inhibition in which n = 111). Nor was
moderated mediation significant for age group at the level of the association between sleep
efficiency and any cognitive domain (Supplementary Material Table 7).

Summary of results

Figure 2 illustrates the results in the context of the mediation and moderated mediation
models with sleep efficiency. METs were significantly associated with performance before, but
not after accounting for covariates. METs were associated with sleep efficiency but not total
sleep time. Sleep efficiency, but not total sleep time, mediated the relationship between METs
and working memory, switching, verbal ability and fluency, and recall. Age group did not
moderate the mediating role of sleep efficiency in the relationship between METs and cognition.

DISCUSSION

Physical activity and sleep efficiency are often associated with executive control (Colcombe &
Kramer, 2003; Erickson et al., 2015; Nebes et al., 2009; Wilckens et al., 2016; Wilckens, Woo,
Erickson, et al., 2014). Here we report, for the first time, that sleep efficiency significantly
mediates cross-sectional associations between physical activity and cognition; in this case,
executive control. This novel finding fits in line with the broad view that uninterrupted sleep
may promote brain health and that this process may be facilitated through physical activity.

Sleep efficiency was a significant, or in the case of inhibition, a marginally significant
mediator in the relationship between METs and each cognitive domain, except for processing
speed. These findings are consistent with the view that physical activity specifically benefits
executive control, as opposed to having domain general links with cognition, including domains
that decline with aging, such as processing speed (Salthouse, 1996). Accordingly, these findings

TABLE 4
Indirect Mediating Role of Total Sleep Time in the Relationship Between Mets and Cognition

Domain Effect (Boot SE) Lower: Upper 95% Confidence Interval

Working Memory 0.02 (0.04) –0.03: 0.17
Switching 0.03 (0.05) –0.03: 0.18
Inhibition 0.01 (0.02) –0.01: 0.10
Verbal Ability & Fluency 0.02 (0.04) –0.02: 0.20
Recall 0.02 (0.04) –0.03: 0.17
Processing Speed 0.02 (0.03) –0.02: 0.14
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suggest that physical activity is linked to executive control through efficient sleep, and that this
link is partially independent of age. Aging has a robust effect on processing speed, and
processing speed has been posited to underlie many age-related cognitive deficits (Salthouse,
1996). The current findings are not necessarily at odds with this view, nor are they at odds with
the view that age-related decrements are disproportionately sensitive to executive control (West,
1996). Rather, these findings demonstrate that there is a link between physical activity, sleep
efficiency, and executive control that is independent of age and may be most relevant for
prefrontal-based cognitive processes. Nonetheless, future studies using latent constructs across
a range of cognitive tasks to disentangle processing speed and executive control will be
necessary to identify the role of processing speed in associations examined here.

Total sleep time did not mediate the relationship between physical activity and executive
control. This may be partially explained by the lack of a relationship between physical activity
and total sleep time. Further, in contrast to total sleep time, measures of sleep continuity such as
sleep efficiency are most consistently associated with executive control among adults (Blackwell
et al., 2006; Nebes et al., 2009; Wilckens et al., 2016). Thus it is not merely any aspect of sleep
that mediates the relationship between physical activity and cognition, but rather ease of falling
asleep and staying asleep (Buysse, 2014) that may be a critical link between physical activity
with executive control.

Awakenings during sleep are less likely to occur during the deepest stage of sleep, slow-wave
sleep (Neckelmann & Ursin, 1993). Slow-wave sleep involves neural synchrony predominantly
over the prefrontal cortex, reflecting synchronized depolarizing of neurons (Steriade et al., 1993).
Such neural synchrony over the prefrontal cortex may potentiate synapses within networks
important for executive control. Slow-wave sleep has been shown to increase with exercise
(Kline et al., 2013), and is linked to executive control and memory consolidation (Anderson &
Horne, 2003; Mander et al., 2013; Wilckens et al., 2016). One proposed mechanism supporting a
link between physical activity and sleep is the restoration hypothesis, which proposes that energy
expenditure stimulates a restoration process whereby sleep allows the body and brain to recuperate
(Buman & King, 2010; Driver & Taylor, 2000; Lopez, 2008). Accordingly, slow-wave sleep has
been proposed to preferentially “restore” prefrontal cortex function (Anderson & Horne, 2003;
Maquet et al., 1997; Muzur, Pace-Schott, & Hobson, 2002; Picchioni, Duyn, & Horovitz, 2013;
Wilckens et al., 2016). Additionally, low sleep efficiency may reflect the disruption of multiple
sleep features involved in cognition, including stage N2 spindles and rapid eye movement sleep.
Future research will determine whether the sleep mechanism linking physical activity with
executive control is synchronized neural firing, a restoration processes, or a combination of
sleep features working together to enhance executive control.

Age group did not moderate the mediating role of sleep efficiency in any cognitive domain.
This finding suggests that sleep efficiency’s mediating role applies across age groups. It should
be noted, however, that while our sample size across age groups was sufficiently large to test
mediation, it may have been underpowered to test hypotheses of moderated mediation (Fritz &
MacKinnon, 2007). Future studies should further examine the effect of age on relationships
involving physical activity and sleep efficiency with executive control. Further, this study did
not recruit participants between the ages of 30 and 55. Thus, these results may be missing
information about changes in the mediating role of sleep efficiency on the relationship between
physical activity and executive control across the adult lifespan.
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Despite an established literature demonstrating a relationship between physical activity and
executive control (Erickson et al., 2015; Hillman et al., 2008), associations between METs and
executive domains were no longer significant after accounting for age, sex, and education in the
present sample. However, the intuitive rationale that a direct relationship between physical
activity and cognition must first be established before mediation can be tested is inaccurate
(Zhao et al., 2010). The direct relationship between physical activity and cognition reflects the
total relationship with cognition including the proposed mediator of sleep efficiency as well as
other mediators not measured here, some of which may suppress the association between
physical activity and cognition (Preacher & Hayes, 2008; Zhao et al., 2010). Thus, only the
indirect association is required to establish mediation (Preacher & Hayes, 2008).

The lack of an association between physical activity and performance, after accounting for
covariates, could be interpreted as consistent with published meta-analyses reporting little effect
of exercise on executive control (Kelly et al., 2014; Young et al., 2015). However, such
“negative” meta-analysis findings are likely due to a number of factors, including heterogeneity
in scientific rigor among randomized control trials and absence of critical factors such as
adherence (Kelly et al., 2014). Indeed, as described above, heterogeneity of the current sample
likely contributed to the suppression of the relationship between physical activity and perfor-
mance. The current findings suggest that objective sleep should also be measured in exercise
trials to determine whether exercise benefits are more successful in improving executive control
when sleep efficiency is also enhanced.

Despite growing acknowledgement that physical activity, sleep, and executive control are
linked (Garcia & Gunstad, 2015; Lopez, 2008; Vitiello, 2008; Wilckens et al., 2012), there are
very few studies that have examined all of these factors together in one study. In a pilot study of
12 participants, Benloucif et al. (2004) found that both subjective sleep quality and neuropsy-
chological performance improved with two weeks of physical activity. However, this study was
not sufficiently large to test a mediation model as reported here. Lambiase et al. (2014) found
that the relationship between sleep efficiency and neuropsychological performance was dimin-
ished at higher levels of physical activity, suggesting that higher physical activity may counteract
negative effects of poor sleep efficiency. Notably as a contrast, sensitivity analyses reported here
revealed that higher levels of physical activity did not explain the significant mediation results.
This finding suggests that a broader measure of physical activity as tested here can account for
sleep efficiency-related differences in cognition. A number of reviews have posited sleep as a
mediator in the relationship between physical activity and cognition (Lopez, 2008; Vitiello,
2008; Wilckens et al., 2012), but this is the first published study to our knowledge to investigate
and demonstrate sleep as a mechanism linking physical activity and cognition, in this case,
executive control.

Limitations and Future Directions

One major limitation of the present study was the cross-sectional design. As a result, causal
mediation cannot be established. Rather, statistical mediation used here may be used to
generate hypotheses for future exercise intervention studies (Kraemer, Kiernan, Essex, &
Kupfer, 2008).

There are some pros and cons in the use of the accelerometer armband for measuring
sleep and physical activity. The device measures sleep similarly to more commonly used
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actigraphic devices, but it further takes into account additional physiological measures
such as skin conductance and heart rate, which arguably makes the device more sensitive
to sleep and wakefulness. Though polysomnographic sleep is considered the gold standard
for sleep measurement, there have been some validation studies for SenseWear against
established sleep and physical activity metrics. Based on the findings of these validation
studies, there remains a possibility that the current results may have been influenced by an
underestimation or overestimation in sleep or METs. For instance, despite overall 90%
concordance with polysomnography, the SenseWear device shows 50% concordance with
polysomnography during short periods of wakefulness, suggesting that sleep efficiency
may have been underestimated in the current study. Nonetheless, in line with the goal of
measuring habitual sleep in the participant’s natural sleep environment, there are many
advantages with using actigraphy over traditional polysomnography. For instance, this
approach allowed for sampling over multiple nights in the participants’ normal sleep
environment with minimal interference from equipment and wires. Measures of habitual
sleep may be more effective in revealing the chronic effects of sleep on cognition. Further,
although objective actigraphic and polysomnographic measures are typically favored over
self-report measures, there is evidence for stronger relationships between sleep and cogni-
tion for self-report measures, specifically in poor sleepers (Bastien et al., 2003). This
suggests that there are aspects of nighttime wakefulness important for cognition, for which
objective measures may be either overly sensitive or unable to measure with traditional
methods. Thus, one goal for future work will be to disentangle the critical underlying sleep
features supporting the link between physical activity and executive control as captured by
the variety of sleep measurement techniques.

The present study measured sleep efficiency, which includes both sleep latency and
nighttime awakenings; both have been associated with physical activity in prior studies
(Kline et al., 2013; Reid et al., 2010). However, issues with defining sleep onset under-
mine the validity of actigtaphically measured sleep latency (Slater et al., 2015; Tryon,
2004). Thus, it is unclear based on the current findings what aspect of sleep efficiency is
the critical mediator in the relationship between physical activity and executive control.
Although the neural processes underlying slow-wave sleep remain a plausible mechanism
linking sleep efficiency to both exercise and executive control, we cannot draw conclu-
sions about sleep stages using actigraphy.

There are established age differences in the time of day preferable for cognitive
performance between young and older adults (Hasher, Goldstein, & May, 2005). The
present study did not control for time of day, but it did accommodate individual partici-
pants’ preferences. This study would have benefited from a time-of-day control or manip-
ulation. Nonetheless, such a control would have likely enhanced the strength of
associations by increasing the signal-to-noise ratio.

Finally, although the present study benefited from a wide range of sleep behaviors across
participants, the inclusion of participants regardless of sleep disorders could have influenced the
current findings. For instance, sleep apnea is related to both cognition (Emamian et al., 2016;
Fulda & Schulz, 2001) and physical activity (Iftikhar, Kline, & Youngstedt, 2014). Sensitivity
analyses provide preliminary evidence that the present mediation findings are independent of
sleep apnea. However, sleep apnea may have been underestimated in the current sample. Future
work using well-validated and objective measures of sleep apnea are critical to determine if the
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benefits of physical activity to executive control through sleep are driven by sleep efficiency
broadly or partly through symptoms of sleep apnea.

Conclusion

Sleep efficiency, but not total sleep time, was found to statistically mediate the nonsignificant
relationship between physical activity and a variety of measures of executive control. This
mediating role of sleep efficiency applies across young and older adults, suggesting that the
sleep mechanisms linking physical activity with executive control in prior studies may be similar
across the adult lifespan.
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