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Background. Sleep and physical activity are both important for cognition. However, few cognitive function studies 
include comprehensive measurement of both sleep and physical activity. The purpose of this study was to examine the 
independent and interactive associations of sleep and physical activity in relation to cognitive function in older women.

Methods. A subset of 121 women from the Healthy Women Study, mean age 73.3 ± 1.7 years, wore an actigra-
phy sleep monitor, physical activity accelerometer, and kept sleep and physical activity diaries for 7 consecutive days.  
Executive function was measured with the Digit Symbol Substitution Test and the Trail Making Test B. Verbal fluency 
was assessed with a word generation task.

Results. In adjusted models, greater actigraphy-assessed sleep efficiency was associated with more correct responses 
on the Digit Symbol Substitution Test (β = 0.35, SE = 0.15, p < 0.02). Sleep was not associated with verbal fluency. A 
significant interaction (p < 0.05) was observed between accelerometer-assessed physical activity and actigraphy-assessed 
sleep efficiency. Specifically, lower sleep efficiency was associated with poorer performance on both the Digit Symbol 
Substitution Test and the Trail Making Test B among women with low levels of physical activity but not among women 
with high levels of physical activity.

Conclusions. Our findings suggest that greater levels of physical activity may attenuate the negative impact of poor 
sleep on executive function in older women, with the clearest effects observed using direct measurements of sleep and 
physical activity.
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AGE-rELATED declines in cognitive processes are 
well documented (1), with executive functions at espe-

cially high risk for deteriorating with age (2,3). Executive 
functions (ie, attention, reasoning, impulse control, work-
ing memory) enable an individual to manage time, plan, 
organize, remember details, and behave appropriately (4). 
Performance of both complex activities (eg, using the 
phone, preparing a meal, driving) (5) and basic activities of 
daily living (eg, bathing, eating, dressing) (6) are affected 
by executive function. Thus, preserving executive function 
is vital for everyday functioning as well as for maintaining 
autonomy and quality of life, which is of great public health 
importance.

Sleep (7,8) and physical activity (PA) (9–11) are 
thought to be important for cognitive function. However, 
few studies of cognitive function include comprehensive 
measurement of both sleep and PA. Additionally, few 
studies have considered how PA may affect the asso-
ciations between sleep and cognitive function. Studying 
these relationships in older women may be particularly 
pertinent given the high prevalence of sleep disturbances 

(12,13) and low levels of PA (14,15) generally observed 
among this population subgroup. Moreover, preservation 
of executive function in woman may have the most pro-
found implications for public health because women live 
longer than men and are subsequently at greater risk for 
Alzheimer’s disease (16).

The purpose of this study was to assess the associa-
tions of both sleep and PA with cognitive function in older 
women. We hypothesized that poor sleep and low PA would 
be associated with worse cognitive function. Additionally, 
we examined the moderating effect of PA on associations 
between sleep and cognitive function. Importantly, we con-
sidered both direct (ie, device-based) and self-reported (ie, 
diary) measurements of sleep and PA.

Methods

Study Design and Participants
The Healthy Women Study is a prospective cohort study 

designed to assess cardiovascular health across the meno-
pausal transition. Detailed descriptions of the Healthy 
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Women Study are published elsewhere (17). Briefly, 
between 1983 and 1984 premenopausal women (42–50 
years) without hypertension or diabetes were recruited. 
Eligible women (N = 541) were assessed at baseline and 
approximately 2, 5, and 8 years postmenopause. An ancil-
lary study was added to the Healthy Women Study proto-
col in 2010–2011, which collected sleep, PA, and cognitive 
function data on a subset of women.

Participants in the ancillary study underwent seven con-
secutive days of 24-hour sleep–wake monitoring. Direct 
measures of sleep and PA were obtained using an acti-
graphic sleep monitor worn on the nondominant wrist and 
an accelerometer worn on the dominant hip, respectively. 
Participants were instructed to wear both devices at all times 
during the day and night for the 7-day period; however, the 
accelerometer was removed when bathing or doing water 
activities. Self-reported measures of sleep and PA were 
assessed via sleep and PA diaries completed each day by the 
participant. Cognitive function was assessed on a separate 
visit. Participants provided written informed consent and 
the protocol was approved by the University of Pittsburgh 
institutional review board.

Measures

Sleep.—Actigraphy.—The Actiwatch-2 (Mini Mitter 
Division of respironics Inc.) contains speed and motion-
sensitive sensors and has been previously validated as a 
direct measurement of sleep (18). Data from the Actiwatch 
were downloaded and analyzed using Actiware software 
with a 60-second epoch. Bed times and wake times from the 
sleep diary were used to define rest intervals for calculation 
of sleep–wake variables. Actigraphy variables considered 
here were total sleep time (within the bedtime and wakeup 
time) and sleep efficiency (total sleep time/time in bed × 
100%). Average values over the week were computed for 
participants with at least four nights of actigraphy data.

Sleep diary.—Upon waking each morning, participants 
recorded the time they woke up and the time they went to 
bed the previous night. They also reported the amount of 
time it took to fall asleep and the number and minutes of 
awakenings during the night. Self-reported total sleep time 
and sleep efficiency were calculated from these parameters. 
Weekly averages of diary-reported sleep variables were 
computed for participants who completed the sleep diary 
for a minimum of 3 days.

Physical activity.—Accelerometer.—The ActiGraph 
GT1M accelerometer (Pensacola, FL) was used as a direct 
assessment of PA. The ActiGraph GT1M accelerometer is a 
small (3.8 × 3.7 × 1.8 cm), uniaxial monitor that measures 
acceleration in the vertical plane. The reliability and validity 
of the ActiGraph GT1M accelerometer have been described 
previously (19,20). Data were collected in 10-second 

epochs but reintegrated and reported as 60-second epochs 
for comparison with the Actiwatch data. Accelerometer 
data were downloaded and screened for daily wear time. 
Daily wear time was determined by removing any intervals 
of nonwear (≥20 minutes of no detected movement) and any 
periods of sleep, as indicated by the Actiwatch. Daily sum-
mary estimates were computed if daily wear time was at 
least 10 hours. Daily activity counts from the accelerometer, 
expressed as counts per minute per day (ct·min−1·d−1), were 
calculated using summed daily counts detected over daily 
wear time periods. Time spent per day (min·d−1) in mod-
erate to vigorous physical activity (MVPA) was computed 
by summing the accumulated time spent above the moder-
ate intensity threshold value (>760 ct·min−1) proposed by 
Matthews and colleagues (19). The MVPA cutoff value 
of 760 ct·min−1 represents an intensity of three metabolic 
equivalents. Average values over the week were computed 
for participants who had a minimum of four valid days of 
accelerometer data.

PA diary.—Participants completed a 7-day PA diary 
in which they recorded any leisure-time physical activity 
(LTPA) that lasted at least 10 minutes. The total amount of 
time spent doing LTPA each day (min·d−1) was calculated 
by summing the time, in minutes, for all activities reported 
that day. Additionally, the overall volume of LTPA each day 
was calculated as the product of the duration and frequency 
of each reported activity, weighted by an estimate of the 
metabolic equivalent value (21) of each recorded activity 
(MET·h·d−1). All participants completed the PA diary for 
7  days. Weekly averages for diary-reported PA variables 
were computed by averaging the daily PA estimates over 
the week.

Cognitive function.—Global cognition.—The Modified 
Mini-Mental State Examination (3MS) (22) is an expanded 
version of the Mini-Mental State Examination (23) and 
assesses early signs of cognition dysfunction. Scores on 
the 3MS range from 0 to 100, with higher scores represent-
ing better overall cognition. 3MS scores ≥80 are generally 
considered to represent normal cognitive function (24). One 
participant was missing data for the 3MS.

Executive function.—Two tests were used to assess exec-
utive function: the Digit Symbol Substitution Test (DSST) 
(25,26) and the Trail Making Test (Trails A  and B) (27). 
The DSST measures attention, psychomotor speed, visual 
spatial skills, and set shifting, which are reflective of execu-
tive function. Participants were asked to provide the corre-
sponding symbol for a series of digits by referring to a key 
(ie, nine digit-symbol pairs) that was provided. The score 
on the DSST is the total number of correct responses in 90 
seconds; higher scores reflect better executive function. The 
Trail Making Test provides information on visual search, 
scanning, speed of processing, and mental flexibility (28), 
with lower (ie, faster) times for completion reflecting better 
executive function. Trails A required participants to draw a 
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line sequentially connecting numbers (eg, 1-2-3) as quickly 
as possible without lifting the pencil off the page. If an error 
was made, the experimenter indicated the error and allowed 
the participant to correct the mistake and continue the task. 
Trails B was similar except numbers and letters were alter-
nated in a progressive sequence (eg, 1-A-2-B). Completion 
times were measured for Trails A and Trails B. One par-
ticipant was missing data for Trails A.  Given the incom-
plete data and lack of significant findings for Trails A, only 
results from Trails B are presented here.

Verbal fluency.—Participants completed a word genera-
tion task to assess their letter and animal fluencies (29). For 
letter fluency, participants named as many words as possi-
ble that began with the letters F and S for 60 seconds each. 
Participants were instructed not to say numbers, proper 
names, or different variations of the same word (eg, fall, 
falling, fallen). For animal fluency, participants named as 
many animals as possible in 60 seconds. The total number 
of correct responses for letters (F + S) and animals were 
calculated.

Covariates.—Education and race were assessed at the 
baseline exam. Education was categorized into three groups 
(≤high school, some college or vocational training, ≥college 
graduate) for analysis. All other covariates were measured 
at the 2010–2011 exam. Height (meters [m]) and weight 
(kilograms [kg]) were measured with a stadiometer and cal-
ibrated balance beam scale, respectively. Body mass index 
was calculated as kg/m2. Medical history, including medica-
tion use, was assessed via questionnaire. Depressive symp-
toms were assessed with the Beck Depression Inventory 
(30). One question on the Beck Depression Inventory per-
taining to sleep was removed for analyses. Current hyper-
tension was defined as participant self-report of ever having 
high blood pressure and current antihypertensive use. Sleep 
medication use was considered as a covariate but was not 
associated with the outcomes and did not affect any of the 
models. Therefore, sleep medication was not included as 
a covariate in the final analyses. race was also considered 
as a covariate but was not included in the final analysis 
because more than 90% of the sample was white.

Analytic Plan
Average weekly values for each sleep and PA variable, 

as detailed above, were used in all analyses. Non-normal 
variables were transformed for analyses. PA variables were 
square root transformed; Trails B and depressive symptoms 
scores were log transformed.

Spearman rank order correlation coefficients were used 
to assess the associations between direct and self-reported 
(a) sleep estimates and (b) PA estimates. Simple linear 
regression models were used to assess the unadjusted asso-
ciations of sleep and PA variables with cognitive func-
tion. Multiple regression models were used to determine 

the independent association of each sleep and PA variable 
with cognitive function after adjustment for age, education, 
body mass index, hypertension, and depressive symptoms. 
Separate models were constructed for each executive func-
tion (DSST, Trails B) and each verbal fluency (letters, ani-
mals) tasks as outcome variables.

Next, we considered whether PA moderated the influ-
ence of sleep on cognitive function. Interactions between 
each sleep variable and each PA variable were assessed 
via cross-product terms in regression models. When a sig-
nificant interaction was detected, relationships between the 
sleep variable and the cognitive function task were exam-
ined stratified by a median split of each PA variable. An 
alpha level of 0.05 was used for all analyses.

Results
Data from 121 women who completed sleep, PA, and 

cognitive function protocols were included for analysis. 
Characteristics of the participants are presented in Table 1. 
Women were mostly white and well educated. Furthermore, 
the 3MS median score was well above the normal clinical 
cutoff, with only one woman having a 3MS score below 80. 
Findings were similar when excluding this participant from 
analyses (data not shown).

Self-reported total sleep time was highly correlated with 
actigraphy-assessed total sleep time (r = 0.70, p < .001); 
whereas, self-reported sleep efficiency was less correlated 
with actigraphy-assessed sleep efficiency (r = 0.19, p < 
.05). PA variables were all significantly correlated (p < 
.01).

Sleep and Cognitive Function
In unadjusted models, lower actigraphy-assessed sleep 

efficiency was associated with poorer performance on 
both executive function tasks. However, when adjusting 
for covariates, greater actigraphy-assessed sleep efficiency 
remained significantly associated only with more correct 
responses on the DSST (β = 0.35, SE = 0.15, p < .02). 
Shorter diary-reported total sleep time was associated with 
less time to complete Trails B, which remained significant 
when adjusting for covariates (β = 0.001, SE = 0.001, p < 
.04). No other sleep variables were associated with perfor-
mance on executive function tasks. Additionally, no sleep 
variable was associated with verbal fluency.

PA and Cognitive Function
In unadjusted models, more minutes of accelerometer-

assessed MVPA was significantly associated with higher 
scores on the letter fluency (β = 0.69, SE = 0.32, p < .04) 
task. However, this association was attenuated when adjust-
ing for covariates. In adjusted models, only minutes of diary-
reported LTPA was significantly associated with longer time 
to complete Trails B (β = 0.001, SE = 0.001, p < .02).
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Interaction Between Sleep and PA
Accelerometer-derived PA significantly modified the 

association between actigraphy-assessed sleep efficiency 
and executive function (Figure  1). Worse sleep efficiency 
was associated with poorer performance on the DSST 
(adjusted interaction p < .04) and the Trails B (adjusted 
interaction p < .03) tasks primarily among participants 
with low levels of accelerometer-assessed MVPA. Similar 
results were found using average accelerometer counts 
as the PA variable. Diary-reported LTPA did not modify 
the relationship between sleep and executive function. 
Interactions between sleep and PA were not significant for 
verbal fluency.

Table  2 shows the associations between actigraphy-
assessed sleep efficiency and executive function tasks by a 
median split of each PA variable. Worse sleep efficiency was 
associated with poorer performance on the DSST among 
participants with low levels of both accelerometer-derived 
(p < .001) and diary-reported (p ≤ .03) PA. Similar results 
were found for Trails B.  Actigraphy-assessed sleep effi-
ciency was not associated with executive function among 
individuals high in PA.

In additional analyses, we considered performance on the 
Trail Making Test as a difference score (Trails B time − 
Trails A time) and results were unchanged.

Discussion
Few cognitive function studies include detailed assess-

ment of both sleep and PA. Notably, the present study 
examined the independent and joint influences of both 
direct and self-reported measures of sleep and PA in associ-
ations with cognitive function. Our findings in older women 
suggest that greater levels of PA may attenuate the negative 
impact of poor sleep on executive functions, with the most 
robust effects observed using direct measurements of sleep 
and PA.

Previous work has demonstrated that sleep and PA are 
independently associated with cognitive function and most 
markedly with executive functions (7,9). In the present 
study, we hypothesized that poor sleep would be associ-
ated with worse cognitive function and that greater levels 
of PA would be associated with better cognitive function. 
Our results provide some evidence that actigraphy-assessed 
sleep efficiency and accelerometer-determined PA were 
associated with performance on cognitive function tasks in 
the hypothesized directions. However, these findings were 
modest and inconclusive. Interestingly, findings from main 
effect models were unimpressive for both direct assessment 
and self-reported measures of sleep and PA.

Although we observed limited independent associa-
tions between sleep and PA variables with performance 

Table 1. Descriptive Characteristics of the Sample of Women (N = 121) From the Healthy Women Study

range

Age, mean (SD), y 73.3 (1.7) 68–77
BMI, mean (SD), kg/m2 27.7 (5.1) 18.5–45.1
White, n (%) 111 (91.7)
Education, n (%)
 High school or less 28 (23.1)
 Some college 23 (19.0)
 4-y degree or higher 70 (57.9)
Hypertension, n (%) 51 (42.2)
Sleep medication use, n (%) 16 (13.2)
Beck Depression Inventory, median (IQr) 5.0 (6.0) 0–19
Sleep
 Actigraphy sleep time, mean (SD), min 396.6 (53.3) 234.9–499.6
 Actigraphy efficiency, mean (SD), % 84.7 (6.2) 66.6–98.2
 Diary sleep time, mean (SD), min 420.0 (60.2) 285.0–588.8
 Diary efficiency, mean (SD), % 92.9 (5.8) 67.3–99.5
Physical activity

 Accelerometer count average, median (IQr), ct·min−1·d−1 190.5 (91.1) 59.3–594.1

 Accelerometer MVPA, median (IQr), min·d−1 61.9 (45.8) 9.7–185.5

 Diary LTPA, median (IQr), min·d−1 49.3 (38.9) 0.0–212.1

 Diary LTPA, median (IQr), MET·h·d−1 2.0 (2.4) 0.0–100.1

Cognitive function
 Modified Mini-Mental State Examination, median (IQr)* 97.0 (5.0) 73–100
 Digit Symbol Substitution Test, mean (SD), # correct 49.3 (9.9) 21–73
 Trail Making Test A, median (IQr), s* 36.0 (13.5) 16–71
 Trail Making Test B, median (IQr), s 80.0 (40.0) 40–240
 Letter fluency (F + S), mean (SD), # correct 28.26 (7.9) 1–29
 Animal fluency, mean (SD), # correct 17.74 (4.7) 11–49

Notes: BMI = body mass index; IQr = interquartile range; LTPA = leisure-time physical activity; MET = metabolic equivalent; MVPA = moderate to vigorous 
intensity physical activity; SD = standard deviation.

*N = 120.
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on cognitive function tasks, a significant interaction was 
observed between actigraphy-assessed sleep efficiency and 
accelerometer-assessed PA in relation to executive func-
tion. Notably, actigraphy-assessed sleep efficiency was 
associated with worse performance on both the DSST and 
the Trails B tasks primarily among less active women. 
Moreover, the interaction between direct assessments of 
sleep efficiency and PA was significant for both average 
activity counts and time spent in higher intensity activi-
ties (ie, MVPA), suggesting that overall activity volume, 
and not just higher intensity activity, may be important for 
buffering the effects of poor sleep on executive function. 

Although the formal interaction test between actigraphy-
assessed sleep efficiency and self-reported PA was not 
statistically significant, in stratified models, a similar pat-
tern was observed across all PA estimates (accelerometer, 
diary). We consider this to be an important finding given 
the aging population and the high prevalence of sleep dis-
turbances observed among older women. Thus, greater lev-
els of PA in older women may offer protection against the 
detrimental effects of poor sleep on executive function, in 
addition to the other well-documented benefits of a physi-
cally active lifestyle.

In the present analytic sample, actigraphy-assessed sleep 
efficiency, but not total sleep time, was associated with exec-
utive function. These findings are consistent with Blackwell 
and colleagues (31) who reported that actigraphy-assessed 
sleep efficiency, but not total sleep time, was associated 
with executive function. Similar findings have also been 
reported using polysomnography measures of sleep (32,33). 
Perhaps sleep disturbance or sleep quality, rather than the 
total amount of time spent sleeping, is most important for 
executive function. It is also interesting that only actigra-
phy-assessed sleep efficiency, and not diary-reported sleep 
efficiency, showed associations with executive function. 
However, self-reported sleep is often discrepant from direct 
measures, with some evidence to suggest that women report 
greater discrepancies than men (13,34). Consistent with pre-
vious work, only a modest correlation between actigraphy-
assessed and diary-reported sleep efficiency was observed 
in the present study. Thus, including both direct and self-
reported measures of sleep, especially in studies of women, 
is important given the distinctness of these measures and the 
potential for these measures to have differential associations 
with cognitive function or other health outcomes.

The study had several limitations. The sample was pri-
marily white, well-educated, older women with good 
overall cognition, which may affect the external validity 

       Low physical activity 
       High physical activity 

Figure 1. Unadjusted associations between actigraphy-assessed sleep effi-
ciency and Digit Symbol Substitution Test (DSST) scores by median split of 
accelerometer-assessed physical activity.

Table 2. Associations Between Actigraphy-Assessed Sleep Efficiency and Executive Function by Median Split of Physical Activity Variables

DSST Trails B*

B (SE) p value B (SE) p value

Low physical activity (N = 61)

 Accelerometer counts, ct·min−1·d−1† 0.86 (0.21) <0.001 −0.03 (0.01) 0.002

 Accelerometer MVPA, min† 0.80 (0.20) <0.001 −0.02 (0.01) 0.006

 Diary LTPA, min·d−1† 0.63 (0.23) 0.008 −0.02 (0.01) 0.08

 Diary LTPA, MET·h·d−1† 0.52 (0.23) 0.03 −0.02 (0.01) 0.04

High physical activity (N = 60)

 Accelerometer counts, ct·min−1·d−1† −0.12 (0.20) 0.56 0.004 (0.01) 0.56

 Accelerometer MVPA, min† −0.13 (0.21) 0.55 0.003 (0.01) 0.69

 Diary LTPA, min·d−1† 0.11 (0.20) 0.54 −0.003 (0.01) 0.57

 Diary LTPA, MET·h·d−1† 0.25 (0.21) 0.24 −0.01 (0.01) 0.20

Notes: Covariates: age, education, body mass index, hypertension, and depressive symptoms. DSST = Digit Symbol Substitution Test; LTPA = leisure-time physi-
cal activity; MET = metabolic equivalent; MVPA = moderate to vigorous physical activity; Trails B = Trail Making Test B. 

*Log transformed.
†Square root transformed.
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of related study findings. Furthermore, our results may be 
biased based on the subset of women who were willing and 
able to complete all study measures. We measured sleep and 
PA across an entire week close in time to cognitive function 
testing. However, this week may not be reflective of habit-
ual sleep or PA patterns of the participants. Additionally, we 
are unable to separate the acute versus chronic influences of 
these behaviors. We did not examine any potential mecha-
nisms whereby high levels of PA might buffer the impact of 
poor sleep on executive function, which is an important area 
for future work. Finally, our cross-sectional study design 
prohibits us from determining causality.

The study’s strengths include concurrent collection 
of direct and self-reported measures of both sleep and 
PA activity over an entire week in the participant’s natu-
ral environment. We measured cognitive function in two 
domains (executive function, verbal fluency). Our results 
suggest that the joint influence of sleep and PA may not 
generalize across all cognitive domains and may be specific 
to executive function. Moreover, we measured executive 
function with two commonly used tasks and found simi-
lar results across tasks. Although future work is needed to 
confirm our findings, our results underscore the importance 
of considering both sleep and PA in future cognitive func-
tion studies.
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