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Objectives: Physical activity (PA) and total sleep time (TST) are each associated with cognition; however, whether
these relationships vary by age and biological sex is unclear. We examined the relationships of PA or TST with
cognition, and whether age and sex moderated these relationships, using baseline data from the Canadian
Longitudinal Study on Aging (CLSA; 2010–2015).
Study design: A cross-sectional analysis of participants from the Comprehensive cohort of the CLSA with complete
PA and sleep data (n = 20,307; age range 45–86 years).
Main outcome measures: PA and TST were measured using the Physical Activity Scale for the Elderly (PASE) and
self-reported TST over the past month. Cognition was indexed using a three-factor structural equation model (i.
e., memory, executive function, and verbal fluency).
Results: Non-linear restricted cubic spline models indicated that PA and TST explained statistically significant (p
< 0.01) but modest variance of each cognitive domain (<1 % of 23–24 % variance). Age and sex did not
moderate associations of PA with any cognitive domain. However, age and sex moderated relationships of TST
with cognition, whereby: 1) associations of TST with memory decreased with age for males and females; and 2)
males and females had different age-associated relationships of TST with executive function and verbal fluency.
Conclusions: PA and TST modestly contribute to multiple domains of cognition across middle and older adult
hood. Importantly, the association of PA with cognition does not appear to vary across middle or older adult
hood, nor does it vary by biological sex; however, TST appears to have a complex relationship with multiple
domains of cognition which is both age- and sex-dependent.

1. Introduction
Aging is associated with multi-faceted changes in cognition [1],
affecting the domains of memory, executive function (a broad set of
planning and problem solving abilities), and verbal fluency, among
others [2]. Lifestyle factors such as physical activity (PA) and sleep may
be pivotal to blunting cognitive decline [3]. Of particular importance,
emerging evidence indicates that there are age and sex differences in

how PA and sleep are related to cognition [4,5].
PA is a key determinant of cognitive health from midlife into older
adulthood [3]. For example, regular PA of ≥150 min/week can reduce
the risk of dementia by up to 28 % [6]. Aging is associated with declines
in PA levels [7]; however, it is unclear whether the association between
PA and cognitive performance is moderated by age. The strongest evi
dence that PA promotes cognition comes from studies of older adults
[8], but far less is known about how PA is associated with cognition in
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middle-aged adults.
Good sleep is also associated with lower risk of cognitive decline and
dementia [3]. Sufficient total sleep time (TST) appears to be critical for
cognition, as the neurocognitive deficits following acute sleep loss are
experienced almost universally and include impairments across multiple
cognitive domains [9]. TST declines naturally with age [10], but age is a
key moderator in the association between sleep and cognition whereby
older adults are particularly susceptible to the impacts of poor sleep on
cognitive performance [11]. Importantly, both long and short TST are
related to poorer cognition [12], and while adverse changes in TST are
associated with declines in cognitive performance in both middle and
older adulthood [13], it is still unclear whether there are age-associated
differences in the relationships of TST with cognition.
PA and sleep also share a complex relationship with each other and
cognition [3]. For example, Wei and colleagues [14] found that for older
adults sleeping ≤7 h/night, higher PA was associated with better
cognition. For older adults sleeping >7 h/night, PA was not consistently
associated with cognitive performance; TST longer than 7 h/night was
associated with worse cognitive function. It is unknown whether there
are age-associated differences in the relationships of PA or TST with
cognition.
It is also unclear if the relationships of PA and TST with ageassociated cognition vary by biological sex. Males are more physically
active than females irrespective of age [7], and females experience
greater age-associated deficits in TST than males [10]. There are also
differences in cognition between the sexes [15]; females perform better
on tests of verbal learning and memory, while males outperform females
on tests of visuospatial ability. The strength of association between PA
and cognition may also be different for females and males [4]. For
instance, females who are physically inactive at midlife experience more
pronounced cognitive decline than females who are physically active at
midlife, as well as males irrespective of their PA level [16]. Sleep loss
also affects females more than males [5]. These findings highlight that
we do not currently understand the complex relationships of PA and TST
with age-associated cognition, and whether these phenomena vary by
biological sex.
We therefore conducted a cross-sectional analysis using baseline data

from the Canadian Longitudinal Study on Aging (CLSA) to examine the
relationships of PA or TST with cognition, and whether these relation
ships vary by age and biological sex.
2. Methods
2.1. Participants
The CLSA is a Canadian multi-centre study of 51,338 participants
between the ages of 45 and 85 years at the time of recruitment [17]. We
included participants from the Comprehensive cohort (n = 30,097).
During the baseline assessment (2010–2015), participants completed
assessments of neuropsychological testing, in addition to providing data
on demographic, lifestyle, physical, clinical, psychological, and eco
nomic measures. We excluded participants 1) with a self-reported his
tory of cognitive impairment, dementia, Parkinson's disease, or stroke;
2) who did not complete PA or sleep questionnaires; and 3) who did not
use the same language across all neuropsychological tests (i.e., some
tests completed in French, some tests in English). Our final sample
consisted of 20,307 participants (Fig. 1). All research conducted as part
of the CLSA abides by the requirements of the Canadian Institutes of
Health Research and relevant institutions for ethical conduct and pri
vacy protection in health research. We received ethics approval from the
University of British Columbia's Clinical Research Ethics Board (H1901838). All subjects gave written informed consent.
2.2. Demographics and other covariates
Self-reported age in years, biological sex, educational attainment,
income, smoking status, and height and weight (used to calculate body
mass index [BMI]) were assessed. The test language (English or French)
during the neuropsychological testing session was also indexed. In
addition, basic and instrumental activities of daily living (ADL) capa
bility was indexed using the Older American Resources and Services
(OARS) scale [18]. Depression symptoms were indexed using the Center
for Epidemiologic Studies Short Depression Scale (CESD-10) [19].

Fig. 1. STROBE Diagram for participants from the comprehensive cohort of the Canadian Longitudinal Study on Aging (CLSA).
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2.3. Cognitive performance

2.6.1. Age and sex differences in PA and TST
We first examined age and sex differences in PA and TST by sepa
rately regressing PASE score and subjective TST onto a set of predictors
(age, sex, BMI, income, educational attainment, ADL, and CESD-10).
Given that PA, TST, and cognition have non-linear associations with
age [1,7,10], we applied a restricted cubic spline transformation to these
variables in the regression models to allow for non-linear associations
[26]. This transformation consists of specifying knots in the distribution
of the predictor variable (e.g., age) and then allowing for distinct cubic
curves between those knots. Curves are restricted to a linear form at the
two tails (i.e., between the minimum score and the first and again be
tween the last knot and the maximum score) to avoid overfitting. In the
current study, three knots were specified for our continuous predictors.
In addition to the main effects of all predictors, interactions with age and
sex were included. A separate model was conducted for PA and TST. We
calculated total R2 to determine the extent which our model explained
PA and TST.
To evaluate individual predictors, we calculated statistical signifi
cance using F-tests and effect sizes using partial R2's. All predictors were
retained in each model regardless of the p-value associated with their Ftest values. We then ranked variables by their order of importance (i.e.,
partial R2).

We assessed cognition using a three-factor cognitive model which we
previously developed to characterize the cognitive function of partici
pants in the CLSA [20]. The following cognitive measures collected
during the CLSA were included in our model: the Mental Alternation
Test, Rey Auditory-Verbal Learning Test, animal fluency, Stroop Test
(Victoria version), Controlled Oral Word Association Test, and choice
reaction time. Descriptions of the testing procedures can be found
elsewhere [21]. Briefly, we used a structural equation model with
confirmatory factor analysis wherein we compared three possible
structures for characterizing the cognitive function of CLSA participants:
1) a single cognitive factor in which all six cognitive tests were loaded
onto a common latent variable; 2) a two-factor model in which Rey
Auditory-Verbal Learning Test was loaded onto a common latent vari
able of Memory, while Mental Alteration Test, animal fluency, Stroop,
Controlled Oral Word Association Test, and choice reaction time were
loaded onto a common latent variable of Executive Function; and 3) a
three-factor model where in addition to the common latent variable of
Memory, we loaded Mental Alteration Test, Stroop and choice reaction
time onto a common latent variable (Executive Function), and animal
fluency and Controlled Oral Word Association Test loaded onto a com
mon latent variable (Verbal Fluency). After assessing the fit of each
model, we determined that the three-factor model (i.e., Memory, Exec
utive Function, and Verbal Fluency) had the best fit for characterizing
the cognitive function of participants. Model fit statistics for the threefactor model are described in Supplementary material S1A, and indi
cated good model fit [20]. The standardized path estimates for the final
three-factor model are described in Supplementary material S1B. Stan
dardized scores for each domain of cognitive function were determined
for each participant.

2.6.2. Age and sex differences in the relationships of PA or TST with
cognition
To examine age and sex differences in the associations of PA or TST
with cognition, we regressed each cognitive domain onto the same set of
predictors (as well as cognitive testing language used), and included PA
or TST as the major independent variable of interest. We examined age
and sex differences in the relationship of PA with cognition while ac
counting for TST, and then separately investigated age and sex differ
ences in the association of TST with cognition while controlling for PA.
For each model, we binned participants into five-year age groups (i.e.,
45–49 years, 50–54 years, etc.) by sex and then PA and TST were
standardized within these age groups. This was done in order to account
for age and sex differences in PASE score and subjective TST. For
instance, middle-age adults likely have different low, medium, and high
raw values of PASE score than older adults, and these values would also
differ between males and females. Given the bi-directional relationship
of PA and TST [3], each model of PA included age-standardized TST as a
covariate and each model of TST included age-standardized PA as a
covariate.
We then specified restricted cubic splines with three knots for values
of PA and TST included in each model, as well as for age. Each model
included two- and three-way interactions between our major indepen
dent variable of interest (i.e., PA or TST), age, and sex. The importance
of age, sex, our major independent variable of interest, and their 2- and
3-way interactions, were determined by calculating partial R2's and pvalues from F-tests. We graphed each model separately for males and
females using simple slopes (i.e., 25th percentile and 75th percentile
values) for PA or TST.

2.4. Physical Activity Scale for the Elderly
We measured PA using the Physical Activity Scale for the Elderly
(PASE). The PASE is a questionnaire designed to assess PA among adults
aged 55+ years [22]. The questionnaire has good evidence of validity
against actigraphy (r = 0.49; [23]), and good evidence of test-retest
reliability (r = 0.75; [22]). Scores range from 0 to 793 with higher
scores indicative of greater PA levels. In the initial development of the
PASE, mean scores by age group and biological sex were as follows: 1)
65–69 years: Males = 144.3, Females = 112.7; 2) 70–75 years: Males =
102.4, Females = 89.1; and 3) >75 years: Males = 101.8; Females =
62.3.
2.5. Subjective TST
Subjective TST was indexed using self-reported average hours of
sleep. Participants were asked, “During the past month on average how
many hours of actual sleep did you get at night?” Using this index is
common in large epidemiological studies [24], and has evidence of
validity (r = 0.47) and reliability (r = 0.64) compared to quantitative
sleep assessments such as wrist-worn actigraphy [25].

3. Results
3.1. Sample characteristics

2.6. Statistical analysis

Table 1 summarizes the study sample. Participant mean age was 62
years (SD = 10 years). Fifty-one percent of the sample was female, and
80 % had a university degree or higher. Ninety-three percent of par
ticipants reported no ADL problems. Age and sex differences in cognition
in Memory, Executive Function, and Verbal Fluency are described in
Supplementary material S2. Mean PASE score was 164.92 (SD = 78.23)
which is slightly higher than the average PASE score for older adults
[22]. Average self-reported TST was 6.81 h/night (SD = 1.19 h/night)
which is slightly shorter than the recommended TST of 7 h/night for
older adults [27].

Analyses were conducted using R version 4.0.1 (r-project.org). Our
statistical analysis code can be found on GitHub (https://github.
com/ryanfalck/CLSA_PA_Sleep). For each model, we adjusted p-values
for false discovery rate (FDR) using a 5 % FDR significance threshold.
Our structural equation model for characterizing cognitive function was
conducted in lavaan version 0.6-10. All regression models were con
structed using ordinary least squares regression in rms version 6.0-0. We
then visualized all regression models using ggplot2 version 3.3.5.
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3.2. Age and sex differences in PASE score and TST

Table 2
Age and sex differences in cognitive performance, Physical Activity Scale for the
Elderly (PASE) score, and total sleep time.

Table 2 describes age and sex differences in PASE score, TST, and
cognitive performance. Fig. 2 illustrates the variance in PASE score and
TST based on age and sex differences. Partial R2 for each predictor are
described in Table 3. Our models explained 29 % of the variance in PASE
score and 5 % of the variance in TST.
Age was the most important contributor to the model of PASE score
(R2 = 16 %; p < 0.001); CESD-10 score was the most important
contributor to the model of TST (R2 = 4 %; p < 0.001). Biological sex
was the second most important contributor to the model of PASE score
(R2 = 2 %; p < 0.001), and the third most important to the models of TST
(R2 < 1 %; p < 0.001). The interaction of age and sex was the sixth most
important contributor to PASE score (R2 < 1 %; p < 0.001) and the fifth
most important contributor to TST (R2 < 1 %; p < 0.001).
As illustrated in Fig. 2, results indicate that 1) PASE score was lower
with increasing age, while TST was longer with greater age; 2) males had
higher PASE score from middle to older adulthood, while females had
longer TST from middle adulthood until approximately 70 years; and 3)
male vs. female differences in PASE score and TST attenuated with age.

Memorya

a

Executive function

3.3. Age and sex differences in the relationships of PASE score and TST
with cognition

Verbal fluencya

Figs. 3–5 describe age by sex differences in the associations of PASE
score and TST with cognition. Partial R2 for each predictor are described
in Table 4. Models examining the association of PASE score with
cognition explained 23–34 % of the variance. Across each of these
models, age was the most important predictor (R2 range: 9–17 %; p <
0.001). Biological sex was the second most important predictor for our
model of Memory (R2 = 6 %; p < 0.001), and the fifth most important
predictor for our models of Executive Function (R2 = 1 %; p < 0.001)
and Verbal Fluency (R2 = 1 %; p < 0.001). PASE score was the seventh
most important predictor for Memory (R2 < 1 %; p = 0.004) and Ex
ecutive Function (R2 < 1 %; p < 0.001), and the sixth most important
predictor for Verbal Fluency (R2 < 1 %; p < 0.001). Two- and three-way

PASE score

Table 1
Participant characteristics (N = 20,307).
Participant characteristic

Mean (SD)

Age
Females, n (%)
Body mass index (kg/m2)
Educational attainment, n (%)
Less than high school diploma
High school diploma
Some college
College degree or higher
Income level, n (%)
<$20,000
$20,000–$50,000
$50,000–$100,000
$100,000–$150,000
>$150,000
Activities of daily living, n (%)a
No ADL problems
Mild ADL problems
Moderate ADL problems
Severe ADL problems
Total ADL problems
CESD-10 scoreb
French language cognitive testing
Cognitive function (standardized scores)
Memory
Executive function
Verbal fluency
Physical Activity Scale for the Elderly score
Subjective total sleep time (h/night)

62.1 (9.9)
10,346 (50.9 %)
27.8 (8.6)

a
b

Total sleep time (h/
night)

876 (4.3 %)
1763 (8.7 %)
1466 (7.2 %)
16,174 (79.8 %)

a

834 (4.3 %)
3875 (20.2 %)
6827 (35.5 %)
4036 (21.0 %)
3644 (19.0 %)

Age
group

Males
N

Mean (SD)

N

Mean (SD)

45–54
years
55–64
years
65–74
years
75–84
years
85+ years

2655

0.3 (1.4)

2874

0.85 (1.49)

3356

3601

0.56 (1.44)

2407

0.04 (1.39)

1417

45–54
years
55–64
years
65–74
years
75–84
years
85+ years

2655

− 0.15
(1.32)
− 0.65
(1.28)
− 1.39
(1.20)
− 1.83
(0.96)
2.3 (3.06)

2874

− 0.77
(1.34)
− 1.07
(1.43)
2.38 (2.92)

3356

0.53 (3.73)

3601

0.98 (3.21)

2445

2407

45–54
years
55–64
years
65–74
years
75–84
years
85+ years

2655

− 1.47
(3.98)
− 4.25
(4.68)
− 4.97
(3.89)
1.40 (2.91)

2874

− 1.20
(3.89)
− 3.60
(4.55)
− 5.32
(4.69)
1.66 (2.89)

3356

0.29 (2.98)

3601

0.82 (2.90)

2445

2407

45–54
years
55–64
years
65–74
years
75–84
years
85+ years

2655

45–54
years
55–64
years
65–74
years
75–84
years
85+ years

2655

− 1.10
(3.00)
− 2.88
(3.12)
− 3.47
(2.54)
229.46
(77.90)
184.91
(75.23)
147.19
(63.56)
119.35
(58.53)
106.11
(70.47)
6.62 (1.08)

2874

− 0.75
(3.02)
− 2.38
(3.09)
− 3.97
(2.96)
196.82
(71.82)
158.07
(71.38)
125.13
(56.87)
98.94
(47.79)
86.43
(62.32)
6.74 (1.21)

3356

6.78 (1.13)

3601

6.81 (1.25)

2445

6.91 (1.13)

2407

6.91 (1.24)

1456

7.01 (1.19)

1417

6.81 (1.30)

49

7.29 (1.12)

47

7.15 (1.56)

2445
1456
49

1456
49

1456
49

3356
2445
1456
49

Females

47

1417
47

1417
47
2874
3601
2407
1417
47

Standardized scores for each cognitive domain.

interactions of PASE score with age and sex did not significantly
contribute to any model of cognition. As summarized in Figs. 3A, 4A,
and 5A, higher PASE score was associated with better Memory, Execu
tive Function, and Verbal Fluency, irrespective of age or sex.
Models examining the association of TST with cognition explained
23–34 % of the variance; age was the most important predictor in each
of these models (R2 range: 9–17 %; p < 0.001), while sex was the second
most important contributor for the model of Memory (R2 = 6 %; p <
0.001), and the fifth most important for Executive Function (R2 = 1 %; p
< 0.001) and Verbal Fluency (R2 = 1 %; p < 0.001). TST was the seventh
most important predictor for Memory (R2 < 1 %; p < 0.001) and Ex
ecutive Function (R2 < 1 %; p < 0.001), and sixth for Verbal Fluency (R2
< 1 %; p < 0.001). Age by TST interactions was the ninth most important
predictor for Memory (R2 < 1 %; p = 0.0123) and ninth for Verbal
Fluency (R2 < 1 %; p < 0.001); the interaction of age by TST was the
eleventh most important contributor to Executive Function (R2 < 1 %; p
= 0.0181). Sex by TST interactions were the eleventh most important

18,816 (92.9 %)
1378 (6.8 %)
44 (0.2 %)
14 (0.1 %)
2 (0.1 %)
4.97 (4.43)
3731 (18.4 %)
0.00 (1.52)
0.00 (4.22)
0.00 (3.30)
164.92 (78.23)
6.81 (1.19)

Classified using the Older American Resources and Services (OARS) scale.
Center for Epidemiologic Studies Short Depression Scale.
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Fig. 2. Summary of age and sex differences in physical activity and total sleep time (TST). A) Age and sex differences in Physical Activity Scale for the Elderly (PASE)
score. B) Age and sex differences in subjective total sleep time.

predictor for Memory (R2 < 1 %; p = 0.201), and did not contribute
significantly to the model. The interactions of sex and TST significantly
contributed to our models of Executive Function and Verbal Fluency,
and were the thirteenth (R2 < 1 %; p = 0.024) and eleventh most
important predictors (R2 < 1 %; p = 0.030), respectively. The three-way
interaction of age, sex, and TST was the twelfth most important pre
dictor for Memory (R2 < 1 %; p = 0.108), but did not significantly
contribute to the model. Three-way interactions of age, sex, and TST was
fourteenth most important predictor for Executive Function (R2 < 1 %;
p = 0.013), and the twelfth most important predictor for Verbal Fluency
(R2 < 1 %; p = 0.009). As described in Fig. 3B, longer TST was associated
with better memory performance for both males and females in middle
adulthood; however, this association decreased in strength with age. For
females, longer TST was associated with poorer executive function
(Fig. 4B) and verbal fluency performance (Fig. 5B) with increasing age.
Males with longer TST had poorer executive function performance in
middle adulthood, but this association attenuated with age. Longer TST
was also associated with verbal fluency performance for males with
increasing age; however, this relationship was more modest in strength
than for females.

Table 3
Summary of variance explained for each model examining the relationships
between age, physical activity, and total sleep time, and whether these re
lationships are sex dependent.
Variable

Physical activity
Partial R

Age
Sex
Education
Income
Activities of daily living
CESD-10 score
Body mass index
Age * sex

16 %
2%
<1 %
1%
1%
<1 %
<1 %
<1 %

2

Total sleep time
a

p-Value

Partial R2

p-Valuea

<0.0001
<0.0001
0.2958
<0.0001
<0.0001
<0.0001
0.01566
<0.0001

1%
<1 %
<1 %
<1 %
<1 %
4%
<1 %
<1 %

<0.0001
<0.0001
0.0017
0.0766
0.0005
<0.0001
0.0013
<0.0001

Physical activity measured using the Physical Activity Scale for the Elderly
(PASE). Total sleep time measured using subjective total sleep time over the past
month. All models controlled for body mass index (BMI), smoking status,
educational attainment, income, and activities of daily living.
a
All p-values adjusted for false discovery rate (FDR).

Fig. 3. Summary of age and sex differences in the associations of physical activity and subjective total sleep time with memory. A) Summary of age and sex dif
ferences in the association of Physical Activity Scale for the Elderly (PASE) score with memory. B) Summary of age and sex differences in the association of subjective
total sleep time with memory.
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Fig. 4. Summary of age and sex differences in the associations of physical activity and subjective total sleep time with executive function. A) Summary of age and sex
differences in the association of Physical Activity Scale for the Elderly (PASE) score with executive function. B) Summary of age and sex differences in the association
of subjective total sleep time with executive function.

Fig. 5. Summary of age and sex differences in the associations of physical activity and subjective total sleep time with verbal fluency. A) Summary of age and sex
differences in the association of Physical Activity Scale for the Elderly (PASE) score with verbal fluency. B) Summary of age and sex differences in the association of
subjective total sleep time with verbal fluency.

4. Discussion

differential benefits for male and female cognition.
Our study confirms and extends previous research which has used
the PASE to examine the associations between PA and cognitive function
[28–31]. The findings of these studies are consistent with our own,
whereby higher PASE score was associated with better cognitive per
formance. Importantly, our study is by far the largest investigation of the
relationship between PASE score and cognition (sample sizes of previous
studies ranged from 140 to 1669 participants), and our study is also the
first to examine whether the relationships of PA with cognition vary by
age and biological sex in a large sample of middle and older aged males
and females.
Although there are known sex differences in the association between
sleep and cognition [5], our results are unanticipated. Males and females
differ in how sleep elicits memory consolidation [32,33], and the impact
of sleep on cognition for females appears to be dependent upon the
phase of the menstrual cycle [34]. The adverse effects of poor sleep on
cognition may also be sex-dependent [5], whereby men are less sus
ceptible to the consequences of poor sleep than females. In a sample of
2413 Taiwanese older adults, prolonged TST (i.e., >8.5 h) was

The results of our study suggest three important findings about the
relationships of PA and TST with age- and sex-associated differences in
cognition. First, both PA and TST modestly contribute to multiple do
mains of cognition across middle and older adulthood. Second, the as
sociation of PA with cognition does not appear to vary across middle or
older adulthood, nor does it vary by biological sex. Finally, TST appears
to have a complex relationship with multiple domains of cognition
which is both age- and sex-dependent.
Greater PA was associated with better cognitive performance across
middle and older adulthood for both males and females, and there were
no sex-specific differences in this relationship. In the context of our re
sults, it is possible that maintaining PA level as adults age is more
important for females, given that our results also show that females are
less physically active than males across middle and older adulthood.
However, our results also indicate that greater PA is beneficial for
cognition across middle and older adulthood irrespective of biological
sex. Future work is thus still needed to determine whether PA has
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Table 4
Summary of variance explained for each model examining whether physical activity or total sleep time (TST) moderate the relationships between age and cognition,
and whether these relationships are sex dependent.
Variable
Physical activity (PASE score)

Total sleep time

Age
Sex
PASE score
Age * sex
Age * PASE score
Sex * PASE score
Age * Sex * PASE score
Age
Sex
TST
Age * sex
Age * TST
Sex * TST
Age * sex * TST

Memory

Executive function

Verbal fluency

Partial R2

p-Valuea

Partial R2

p-Valuea

Partial R2

p-Valuea

9%
6%
<1 %
<1 %
<1 %
<1 %
<1 %
9%
6%
<1 %
<1 %
<1 %
<1 %
<1 %

<0.0001
<0.0001
0.0077
<0.0001
0.1702
0.2560
0.4328
<0.0001
<0.0001
0.0004
<0.0001
0.0123
0.2093
0.1078

17 %
1%
<1 %
<1 %
<1 %
<1 %
<1 %
17 %
1%
<1 %
<1 %
<1 %
<1 %
<1 %

<0.0001
<0.0001
<0.0001
<0.0001
0.3900
0.7567
0.7180
<0.0001
<0.0001
<0.0001
<0.0001
0.0181
0.0237
0.0134

11 %
1%
<1 %
<1 %
<1 %
<1 %
<1 %
11 %
1%
<1 %
<1 %
<1 %
<1 %
<1 %

<0.0001
<0.0001
<0.0001
0.0005
0.8904
0.9039
0.9039
<0.0001
<0.0001
<0.0001
<0.0001
0.0004
0.0297
0.0086

All models controlled for body mass index, educational attainment, income, Center for Epidemiologic Studies Short Depression Scale, test language used, and activities
of daily living.
a
All p-values adjusted for false discovery rate (FDR).

speculate about the meaning of a given PASE score. Measuring selfreported TST is a common method in epidemiological research; how
ever, the agreement of self-reported and device-measured TST is poor
[39]. Measuring PA using only self-report (e.g., PASE) is also prone to
issues of reporting bias and accuracy [40]. We are also at risk for mea
surement error in our estimates of PA since the PASE was not designed to
measure the PA of adults under the age of 55 years [22]; however, >70
% of our sample were aged 55+ years. Using device-based measures of
PA and TST will be a critical next step to confirm our findings.

correlated with cognitive impairment in both men and women [35]. By
comparison, our results suggest longer TST is associated with better
memory in middle adulthood for both males and females, although this
relationship weakened with age. Longer TST was also associated with
poorer executive function and verbal fluency as females aged. For males,
longer TST was associated with poorer executive function in middle
adulthood, but this association attenuated with age. Males with longer
TST had poorer verbal fluency as they aged, but this association was less
pronounced in males than in females. Our results thus highlight a
complex relationship between TST and age-associated cognition, which
differs according to biological sex. Given the limited data exploring
these phenomena, we highlight the need for more research on sexspecific differences in the association of sleep with cognition.
Our study thus provides further evidence that PA and TST share a
complex relationship with each other and cognitive performance,
whereby PA and TST contribute to multiple domains of cognition across
middle and older adulthood. However, the relationships which we
highlight in this paper are only the tip of the iceberg. Preliminary data
indicate PA and sleep quality (particularly sleep efficiency) are associ
ated with cognition through shared or separate pathways [36]. There is
also a growing recognition that PA and sleep are two components of a
larger 24-hour activity cycle – consisting of PA, sleep, sedentary
behaviour, and standing behaviour – which can impact cognitive health
[37,38]. We therefore suggest that future investigations should consider
the roles of PA and sleep (both quantity and quality) within the context
of the 24-hour activity cycle, as well how other 24-hour activity cycle
behaviours (i.e., standing and sedentary behaviour) are associated with
cognitive health as adults age.

5. Conclusion
PA and TST share a complex relationship with each other and
cognition, and these relationships are moderated by age and biological
sex. Future work using device-based measures of PA and TST is needed
to confirm these results.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.maturitas.2022.08.007.
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