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Abstract
Background: Physical activity has been associated with better cognitive functions and sleep
quality. Yet, whether the effect of physical activity on cognitive functions could be explained
by better sleep quality in adults who are 50 year of age or older is unclear.
Objective: To investigate whether sleep quality mediates the association between physical
activity and cognitive functions in adults 50 year of age or older.
Methods: 97,767 community-dwelling 50 years-of-age or older European adults were included
in the study. Physical activity and sleep quality were self-reported, and indicators of cognitive
function (i.e., immediate recall, delayed recall, and verbal fluency) were assessed using
objective tests. All measures were collected six times between 2004 and 2017. The mediation
was tested using multilevel mediation analyses.
Results: Results showed that physical activity was associated with better sleep quality, which
was associated in turn with better performance in all three indicators of cognitive function,
thereby demonstrating an indirect effect of physical activity on cognitive function through sleep
quality. However, the magnitude of this indirect effect was small in comparison to the
magnitude of the direct effect of physical activity on cognitive function. Specifically, sleep
quality explained 3.8%, 6.5%, and 9.0% of the total association of physical activity with verbal
fluency, immediate recall, and delayed recall, respectively.
Conclusions: These findings suggest that self-reported sleep quality partly mediates the
association between physical activity and cognitive function, but that the effect of self-reported
physical activity on cognitive function is largely independent from self-reported sleep quality.
Future studies using devices-based measures of physical activity and sleep quality are needed.
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Introduction

Worldwide, 35.6 million people have dementia, with a new case every four seconds [1, 2] and
a prevalence that doubles every five years [3]. Thus, promoting cognitive health in aging is a
public health priority [1] and non-pharmacological lifestyle interventions play a central role in
this promotion [2]. Specifically, adopting a physically active lifestyle is considered a protective
factor against cognitive decline and dementia [4-9]. For example, randomized controlled trials
have shown that fitness training improves cognitive functions [10]. Prospective cohort studies
have suggested that engaging in regular physical activity reduces the risk of dementia by 28%
[11] and that meeting the recommended 150 min/week of moderate-to-vigorous physical
activity could reduce up to 18% the prevalence of Alzheimer’s disease cases among older adults
[8]. Moreover, a recent Mendelian randomization study drawing on large-scale genome-wide
association studies revealed that moderate physical activity improves cognitive functioning [6].
Overall, these findings consistently demonstrate how essential physical activity is for
maintaining cognitive function in later life.

The protective effect of physical activity on cognitive functions can be explained by multiple
mechanisms [12]. For example, at the molecular and cellular level, it has been suggested that
physical activity induces an increased availability of growth factors such as the brain-derived
neurotrophic factor (BDNF), insulin-like growth factor-1 (IGF-1), and vascular endothelial
growth factor (VEGF), which have been associated with increased brain plasticity,
synaptogenesis, and neurogenesis [13-16]. At the brain level, cross-sectional and experimental
studies have shown that physical activity is associated with an increase volume of the
hippocampus [17, 18], prefrontal cortex [19], and caudate nucleus [20]. Furthermore, better
white matter integrity [21, 22] and functional connectivity [23-25] are thought to explain the
positive effect of physical activity on cognitive function [21, 22]. Finally, at the behavioral and
socioemotional level, current evidence suggests that physical activity improves sleep quality
[24, 26-31], which promotes cognitive health [32-35].

Deterioration in sleep quality is common in older adults [36-38] and could explain the cognitive
decline in aging [32, 39-41]. However, only few cross-sectional studies have tested the potential
mediating role of sleep quality on the association between physical activity and cognitive
function [40, 42, 43]. Some studies showed that sleep quality [43], sleep efficiency [42] and
total sleep time [44] mediated the association between physical activity and executive functions.
Other studies showed no evidence of a mediation by sleep quality [40, 45]. In sum, current
evidence on the potential mediating role of sleep on the relationship between physical activity
and cognitive function in later life fully relies on cross-sectional studies and is inconclusive.
Studies which have utilized experimental designs did not conduct mediation analyses to
examine the relationship between exercise, sleep, and cognition and there is no longitudinal
study addressing this relationship [41].

To address this gap, the objective of this large-scale longitudinal study was to examine the
associations between some indicators of physical activity, sleep quality, and cognitive function
in adults aged 50 years of age or older. Based on the literature [42, 43], we hypothesized that
sleep quality mediates the relationship between physical activity and that part of the effect of
physical activity on cognitive function is independent from sleep quality (H2) [40].

Methods
Study design
Data were drawn from the Survey of Health, Ageing and Retirement in Europe (SHARE), a
longitudinal population-based study on adults 50 years of age or older living in 27 European



countries and Israel [46]. Data were collected every two years between 2004 and 2017 for a
total of 7 measurement waves using computer-assisted personal interviewing (CAPI) in
participants’ homes. Physical activity, sleep quality, and cognitive function (immediate recall,
delayed recall, and verbal fluency) were assessed at all measurement waves except wave 3.
SHARE was carried out in accordance with the Declaration of Helsinki and has been approved
by the Ethics Committee of the University of Mannheim (waves 1-4) and the Ethics Council of
the Max Plank Society (waves 4-7). All participants provided a written informed consent. To
be included in the present study, participants should be aged 50 years or older and have at least
one measure of physical activity, sleep quality, and cognitive function. We excluded people
with suspected dementia, as indicated by scores above two on the time orientation question
[47], and people who reported more than two limitations in activities of daily living (ADL).

Measures

Outcome: Cognitive function. Cognitive function was derived from validated tests of verbal
fluency, immediate recall, and delayed recall. In the verbal fluency test [48], participants were
asked to name as many different animals as they could think of in one minute. The score was
the total number of correctly named animals, with a higher score indicating better performance.
Immediate and delayed recall were assessed using an adapted 10-word delayed-recall test [49].
In the immediate-recall test, participants first listened to a 10-word list that was read out loud
by the interviewer. Immediately after reading the list, participants were asked to recall as many
words as possible. At the end of the cognitive testing session, participants were asked again to
recall the words from the list, which captured delayed recall. Both recall scores ranged from 0
to 10, with a higher score indicating better performance.

Independent variable: Physical activity. Physical activity was derived from two questions:
“How often do you engage in vigorous physical activity, such as sports, heavy housework, or a job
that involves physical labor?” and “How often do you engage in activities that require a low or
moderate level of energy such as gardening, cleaning the car, or doing a walk?” [50-52].
Participants answered using a four-point scale: 1 = Hardly ever, or never; 2 = One to three
times a month; 3 = Once a week; 4 = More than once a week. Participants who did not answer
“more than once a week” to either item were classified as physically inactive. As described in
previous research [53-55], this strategy reduces the potential misclassification bias which would
lead to physically inactive participants being incorrectly classified as physically active.
Mediating variable: Sleep quality. Sleep quality was derived from the question: “Have you
had trouble sleeping recently?” Participants who answered “Trouble with sleep or recent change
in pattern” were classified as having poor sleep quality, whereas participants who answered
“No trouble sleeping” were classified as having good sleep quality [56].

Covariates and potential confounders. The following covariates were included in the
analysis: measurement wave (1 to 7), age group (50-64; 65-79; 80-96), sex (male, female), body
mass index (underweight <18.5, normal: >18 and <25, overweight: >25 and <30, obese: >30
kg/m?), education (7 categories based on the International Standard Classification of Education
1997) [57], ability to make ends meet (with great difficulty, with some difficulty, fairly easily,
easily), birth cohort [war (between 1914 and 1918 and between 1939 and 1945), great
depression (between 1929 and 1938), no war nor economic crisis (before 1913, between 1919
and 1928, and after 1945)], country of residence (Austria, Belgium, Croatia, Czech Republic,
Denmark, Estonia, France, Germany, Greece, Hungary, Ireland, Israel, Italy, Luxembourg,
Netherlands, Poland, Portugal, Slovenia, Spain, Sweden, Switzerland), attrition [no dropout,
dropout (participants who responded to neither wave 6 nor wave 7), death (participants who
died during the follow-up)], number of chronic diseases, and depressive symptoms assessed
with the EURO-D scale [58]. These variables were adjusted for in the models because they



have been identified as potentially confounding factors in the associations between physical
activity, sleep quality, and cognitive function.

Statistical analyses

Data were analyzed using linear and logistic mixed-effects models that account for the nested
structure of the data (i.e., repeated measurement over time within a single participant) and
provide acceptable type I error rates [59]. Participants with missing observations were included
as mixed-effects models do not require an equal number of observations from all participants
[60]. Specifically, to investigate the mediating role of sleep quality on the relationship between
physical activity and cognitive function, we conducted mediation analyses using the component
approach (i.e., testing individual parameters in the model) [61]. This approach operates by
demonstrating that the two components of the indirect effect (i.e., from the independent variable
to the mediator [the first component] and from the mediator to the outcome [the second
component]) are both significant (Figure 1). This test, referred to as the joint-significant test
[62] or the causal steps test [63], has proven to perform better in term of Type I errors rate
compared with other tests like bootstrap-based methods [61].

The modeling strategy was the same across the three cognitive outcomes. Specifically, two
mixed-effects models were computed to test the mediating role of sleep quality on the
associations between physical activity and cognitive function. Model 1 tested the association
between physical activity (i.e., exposure) and sleep quality (i.e., mediator) and was adjusted for
the covariates. Model 2 tested the association between sleep quality (i.e., mediator) and
cognitive function (i.e., outcome), adjusted for physical activity (i.e., the exposure) and the
covariates. An indirect effect is established if both the association between physical activity
and sleep quality (i.e., first component, Model 1) and between sleep quality and cognitive
function (i.e., second component; Model 2) are significant. The total effect is estimated by
summing the indirect effect and the direct effect. Confidence intervals around the indirect
effects were computed using the RMediation package [64], which provided indirect effects
using the distribution of product of coefficients [65]. Finally, the proportions of the total effect
explained by the mediator was calculated as the difference between the total effect and the
direct effect divided by the total effect. Estimates of the effect size for fixed effects were
reported using the marginal and conditional pseudo-R? computed with the MuMin R package
[66].

Sensitivity analyses

Three sensitivity analyses were conducted. In the first sensitivity analysis, we relied on a sample
of participants with at least two measures of physical activity, two measures of sleep quality,
and two measures of a given cognitive function. The second sensitivity analysis excluded
participants who dropped out during the survey (i.e., participants who responded to neither
wave 6 nor wave 7). The third sensitivity analysis excluded participants who died during the
survey. These two last sensitivity analyses aimed to check if attrition due to dropout and death
modified the results.

Robustness analyses

We performed a robustness analysis in which a time lag was created between the predictors
(i.e., physical activity and sleep quality) and the outcome (i.e., cognitive function). Specifically,
for a given wave (except for wave 1) the predictors were assigned the value of the preceding
wave [67]. This approach aimed to minimize the impact of reverse causation bias on the
associations observed.



The study sample included 97,767 individuals (52,948 women). Table 1 summarizes the
characteristics of the participants stratified by physical activity status at baseline. Simple
association tests indicated that physically active (vs. physically inactive) participants showed
better cognitive function (i.e., on all three indicators), better sleep quality, higher education,
higher ability to make ends meet, and were less likely to be a woman, to be older, to have

chronic condition, and to be obese.

Table 1. Baseline characteristics of the participants across the physical activity status

Physically inactive Physically active P value
(N =26844) (N =170923)

Cognitive functions outcomes
Verbal fluency, mean + SD 17.1+7.8 20.6 +7.3 <0.001
Immediate recall, mean + SD 28+1.3 33£1.0 <0.001
Delayed recall, mean + SD 24+15 29+13 <0.001
Mediator
Sleep quality, n (%)

Good sleep quality 15930 (59) 48296 (68)

Poor sleep quality 10914 (41) 22627 (32) <0.001
Other covariates
Age, n (%)

50-64 12351 (46) 42651 (60)

65-79 10747 (40) 24546 (35)

80-96 3746 (14) 3726 (5) <0.001
Women, n (%) 15319 (57) 37629 (53) <0.001
Body mass index, n (%)

Underweight 362 (1) 720 (1)

Normal weight 8596 (32) 27082 (38)

Overweight 11029 (41) 30027 (42)

Obesity 6857 (26) 13094 (18) <0.001
Education, n (%)

Primary 8741 (33) 15119 (21)

Secondary 13734 (51) 39837 (56)

Tertiary 4369 (16) 15967 (23) <0.001
Satisfaction with income

With great difficulty, n (%) 4159 (16) 6395 (9)

With some difficulty, n (%) 6981 (26) 14310 (20)

Fairly easily, n (%) 8396 (31) 21631 (31)

Easily, n (%) 7308 (27) 28587 (40) <0.001
Number of chronic conditions, n (%)

Less than two chronic conditions 12293 (46) 42691 (60)

More than two chronic conditions 14551 (54) 28232 (40) <0.001
Countries, n (%)

Austria 1655 (6) 4107 (6)

Belgium 2271 (8) 5585 (8)

Denmark 739 (3) 4248 (6)

France 2064 (8) 4955 (7)

Germany 1725 (6) 6292 (9)

Greece 966 (4) 2353 (3)

Israel 1025 (4) 2257 (3)

Italy 2499 (9) 4051 (6)

Netherlands 986 (4) 4817 (7)

Spain 2187 (8) 5312 (7)



Sweden 804 (3) 5189 (7)

Switzerland 822 (3) 3312 (5)

Czech Republic 2765 (10) 5047 (7)

Ireland 227 (1) 714 (1)

Poland 1031 (4) 1422 (2)

Estonia 1942 (7) 4726 (7)

Hungary 1033 (4) 1815 (3)

Portugal 835 (3) 931 (1)

Slovenia 897 (3) 2657 (4)

Luxembourg 371 (1) 1133 (2) <0.001

Birth Cohort, n (%)

After 1945 11222 (42) 38777 (55)

Between 1939 and 1945 5246 (20) 14952 (21)

Between 1929 and 1938 6812 (25) 13136 (18)

Between 1919 and 1928 3564 (13) 4058 (6) <0.001

Notes. Baseline = the first measurement occasion for each participant; SD = standard deviation;
p values are based on the analysis of variance and chi-square tests for continuous and
categorical variables, respectively, testing the effect of physical activity status at baseline
(physically active vs. physically inactive) on these variables. The descriptive statistics are based
on the larger sample size (i.e., 97,767 from the models testing verbal fluency).

Verbal fluency

Model 1 showed that physically active individuals had better sleep quality than physically
inactive individuals (b = 0.22; odds ratio [OR] = 1.24, 95% confidence interval [95% CI] =
1.21-1.28, p <.001). Model 2 showed that better sleep quality was associated with better verbal
fluency (b =0.25,95% CI=0.19-0.30, p <.001). The two components of the mediation pattern
being significant, results thus demonstrate an indirect effect of physical activity on verbal
fluency through sleep quality. The confidence interval for this indirect effect did not cross zero
(mean indirect effect = .054, 95% CI = 0.039-0.068). However, in Model 2 (i.e., with
adjustment for sleep quality), the association of physical activity with verbal fluency was
significant (b = 1.35, 95% CI = 1.30-1.41, p < .001), suggesting that the effect of physical
activity on verbal fluency was not fully mediated by sleep quality. 3.8% of the total effect of
physical activity on verbal fluency was mediated by sleep quality. Overall, the model explained
29.6% of the marginal variance and 61.3% of the conditional variance in verbal fluency.

Immediate recall

Model 1 showed that physically active individuals had better sleep quality than physically
inactive individuals (b= 0.27; OR = 1.31, 95% CI=1.27-1.35, p <.001). Model 2 showed that
better sleep quality was associated with better immediate recall (b =0.05, 95% CI = 0.04-0.06,
p < .001). The two components of the mediation pattern being significant, results thus
demonstrate an indirect effect of physical activity on immediate recall through sleep quality.
The confidence interval for this indirect effect did not cross zero (mean indirect effect = 0.014,
95% CI = 0.011-0.017). However, in Model 2 (i.e., with adjustment for sleep quality), the
association between physical activity and immediate recall was significant (b = 0.19, 95%
confidence interval [95% CI] = 0.18-0.20, p < .001), suggesting that the effect of physical
activity on verbal fluency was not fully mediated by sleep quality. 6.5% of the total effect of
physical activity on immediate recall was mediated by sleep quality. Overall, the model
explained 29.2% of the marginal variance and 54.2% of the conditional variance in immediate
recall.



Table 2. Results of the mixed-effects models

Model 1 Model 2
(sleep quality) (cognitive functions)
OR [b] (CD) p b (CD p

Verbal fluency (N = 97,767)
Physical activity (ref. physically inactive)

Physically active 1.24 [.22] (1.21;1.28) <.001
Sleep quality (ref. poor sleep quality)

Good sleep quality

1.35 (1.30;1.41) <.001

0.25 (0.19;0.30) <.001

Immediate recall (N = 88,963)
Physical activity (ref. physically inactive)

Physically active 1.31[0.27] (1.27;1.35) <.001
Sleep quality (ref. poor sleep quality)

Good sleep quality

0.19 (0.18;0.20) <.001

0.05 (0.04;0.06) <.001

Delayed recall (N = 90,627)
Physical activity (ref. physically inactive)

Physically active 1.23 [.21](1.20;1.27) <.001
Sleep quality (ref. poor sleep quality)

Good sleep quality

0.17 (0.15;0.18) <.001

0.08 (0.07;0.09) <.001

Notes. CI = confidence interval at 95%; OR = Odds Ratio. Results are derived from linear
mixed effects models. Results of the Model 1 are derived from logistic mixed-effects models,
while results of the Model 2 are derived from linear mixed-effects models. Models are adjusted
for wave of measurement, age, sex, birth cohort, body mass index, education, satisfaction with
household income, attrition, country of residence, number of chronic diseases, and depressive
symptoms.

Delayed recall

Model 1 showed that physically active individuals had better sleep quality than physically
inactive individuals (b = 0.21; OR = 1.23, 95% CI = 1.20-1.27, p <.001). Model 2 showed that
better sleep quality was associated with better delayed recall (b = 0.08, 95% CI = 0.07-0.09, p
< .001). The two components of the mediation pattern being significant, results thus
demonstrate an indirect effect of physical activity on delayed recall through sleep quality. The
confidence interval for this indirect effect did not cross zero (Mean indirect effect = 0.016, 95%
CI = 0.013-0.020). However, in Model 2 (i.e., with adjustment for sleep quality), the
association between physical activity and delayed recall was significant (b = 0.17, 95%
confidence interval [95% CI] = 0.15-0.18, p < .001), suggesting that the effect of physical
activity on verbal fluency was not fully mediated by sleep quality. 9.0% of the total effect of
physical activity on delayed recall was mediated by sleep quality. Overall, the model explained
26.3% of the marginal variance and 53.4% of the conditional variance in delayed recall.



Figures 1. Mediation models

A * Sleep quality
a=0.216%** b =0.250***
Physical activity Verbal fluency
¢’ = 1.353%** (¢ = 1.407***)
B * Sleep quality
a=0.268%** b =0.049***
. .. Immediate
Physical activity recall
¢’ = 0.188*** (c = 0.201%**)
C . Sleep quality
a=0.210%** b =0.078***
Physical activity Delayed recall

¢’=0.167*** (c = 0.183***)

Notes. Coefficients are unstandardized regression coefficients obtained from the mixed-effects
models. a represents the association between the exposure (i.e., physical activity) and the
mediator (i.e., sleep quality). b represents the association between the mediator (i.e., sleep
quality) and the outcome (i.e., cognitive function), ¢’ represents the direct effect of the exposure
on the outcome, after adjustment for the mediator. The unstandardized regression coefficient
representing the total association (c) between physical activity and cognitive functions is in
parentheses. *** p <.001. A. Results of the models for verbal fluency. B. Results of the models
for immediate recall. C. Results of the models for delayed recall.

Sensitivity and robustness

The sensitivity (Table S2, S3, and S4) and robustness analyses (Table S5) yielded similar results
as the main analyses. Specifically, physically active individuals had a better sleep quality than
physically inactive individuals, and better sleep quality was associated with better performance
on all three measures of cognitive functions. This effect was also observed in participants with
a least two measurements and regardless the type of tested attrition. Moreover, physical activity
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and sleep quality were independently associated with all three measures of cognitive function,
which suggested the association between physical activity and cognitive function was not fully
mediated by sleep quality. Results of the robustness analysis, in which we introduced a time-
lag between the predictors and outcomes, showed the same partial indirect effect, although the
magnitude of the associations of physical activity and sleep quality with cognitive function
were smaller.

Discussion

Our results showed that physical activity was positively associated with sleep quality and that
sleep quality was positively associated with cognitive function, thereby indicating a significant
indirect effect of physical activity on cognitive function through sleep quality. However, the
magnitude of the indirect effects was relatively small (proportion of mediated effects < 10 %),
with physical activity remaining significantly associated with all three domains of cognition
after adjustment for sleep quality. Hence, our study lends support for the significant, although
modest, mediating role of sleep quality on the relationship between physical activity and
cognitive functioning. In the rest of the discussion, we compare our results with other literature
and highlight the strengths and limitations of the present study.

Comparisons with other studies

Our results showed an association between physical activity and sleep quality that is consistent
with earlier evidence indicating that physical activity improves sleep quality [24, 26-31]. To
explain this association, at least three complementary explanations have been proposed [27,
68]. First, a higher level of physical activity may improve affective states and mental health
[54, 69, 70]. Second, physically active individuals may have a better weight management than
inactive individual [71-73]. Third, physically active individuals may exhibit better physical
function [74]. All these factors could contribute to sleep quality [75-79]. Consequently, the
conjunction of these three explanations can lead to better sleep quality in physically active than
physical inactive individuals.

Our results also aligned with the mounting evidence showing that better sleep quality is
associated with better cognitive function [42, 80-82]. Specifically, we observed that poor sleep
quality was significantly associated with lower cognitive performance, thereby confirming the
robustness of this association. Several biological mechanisms have been proposed to account
for the link between sleep and cognitive function [32]. Specifically, studies suggested that sleep
disturbance may favor cognitive impairment through increased amyloid-f concentrations [83],
neurodegeneration [84, 85], or the alteration of specific neurotransmitter systems [86]. In sum,
our findings confirm that sleep quality could contribute to maintaining cognitive health across
aging. Nonetheless, it should be noted that the sizes of the observed associations in our study
were small. For example, compared with participants who reported sleep problems, participants
without sleep problems scored on average 0.25 more words for verbal fluency, 0.10 for
immediate recall, and 0.05 for delayed recall. The significance of the observed effects should
thus be interpreted in the context of the large-scale dataset.

These two previous results (i.e., significant links between physical activity and sleep quality,
and between sleep quality and cognitive function) may suggest that physical activity has an
indirect effect on cognitive function through the mediating role of sleep quality. However,
although the indirect effects were significant for all three indicators of cognitive function, the
proportion of the total effect of physical activity on cognitive function mediated by sleep quality
was relatively small. Indeed, sleep quality explained only 3.8%, 6.5%, and 9.0% of the total
association of physical activity with verbal fluency, immediate recall, and delayed recall,

10
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respectively. Furthermore, after adjustment for sleep quality, physical activity was still
significantly associated with cognitive function. This result is consistent with the literature
suggesting that the protective effect of physical activity on cognitive health in later life is
independent from sleep quality [4-9]. Consequently, sleep quality mediates the association
between physical activity and cognitive function in later life, but the weight of this pathway
could be limited. Additional mechanisms likely play a more essential role.

Strengths and weaknesses

Among the strengths of the present study are the large sample size of community-dwelling
middle-aged and older individuals living in 21 European countries, the reliance of a statistical
approach suited to formally test mediation, and the use of three indicators of cognitive function
providing consistent results. Moreover, the results remain similar across the sensitivity and
robustness analyses. However, our findings need to be considered in light of the following
features that limit the conclusions that can be drawn from our study. First, physical activity was
assessed using a self-reported questionnaire, which may have reduced measurement validity
and produced issues in the classification of active versus inactive individuals [87]. Ideally,
future studies should include more objective measures such as accelerometry or VO2 max.
Similarly, sleep quality was assessed using a self-reported item. Finally, although we computed
time-lagged analysis, we cannot exclude reverse causality from these correlational data, and
thus cannot infer a causal relationship from physical activity to cognitive function through sleep
quality.

Conclusion

This study highlights that the protective effect of physical activity on cognitive function in
middle-age and older adults may be partly explained by sleep quality. However, the magnitude
of this mediating effect was limited, thereby highlighting that an important part of the effect of
physical activity on cognitive function was independent from sleep quality — though this finding
needs to be confirmed using devices-based measure of physical activity and sleep quality. In
general, our results confirm that public health policies and clinicians should promote a lifestyle
that contains both physical activity and good sleep quality in later life to protect against the
cognitive decline.
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Figures 1. Mediation models

A * Sleep quality
a=0.216%** b =0.250***
Physical activity Verbal fluency
¢’ = 1.353%** (¢ = 1.407***)
B * Sleep quality
a=0.268%** b =0.049***

. .. Immediate
Physical activity recall
¢’ = 0.188*** (c = 0.201%**)
C . Sleep quality
a=0.210%** b =0.078***
Physical activity Delayed recall
¢’=0.167*** (c = 0.183**%*)

Notes. Coefficients are unstandardized regression coefficients obtained from the mixed-effects
models. a represents the association between the exposure (i.e., physical activity) and the
mediator (i.e., sleep quality). b represents the association between the mediator (i.e., sleep
quality) and the outcome (i.e., cognitive function), ¢’ represents the direct effect of the exposure
on the outcome, after adjustment for the mediator. The unstandardized regression coefficient
representing the total association (c) between physical activity and cognitive functions is in
parentheses. *** p <.001. A. Results of the models for verbal fluency. B. Results of the models

for immediate recall. C. Results of the models for delayed recall.
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Supplemental material
Sensitivity analyses
Table S1. Results based on participants with at least two measures of PA, sleep quality, and
cognitive function.
Table S2. Results excluding participants who dropped out during the survey.

Table S3. Results excluding participants who died during the survey.

Sensitivity analyses

Table S4. Results based on data in which a time lag have been introduced between the

predictors and the outcomes.
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Table S1. Results based on participants with at least two measures of PA, sleep quality, and

cognitive function.

Verbal fluency (N = 67,088)

Physical activity (ref. physically inactive)
Physically active

Sleep quality (ref. poor sleep quality)
Good sleep quality

Model 1 Model 2
(sleep quality) (cognitive functions)
OR [b] (CI) p b (CI) p

1.23 [.21] (1.20;1.27) <.001

1.22 (1.16;1.28) <.001

0.24 (0.18;0.30) <.001

Immediate recall (N =52,013)

Physical activity (ref. physically inactive)
Physically active

Sleep quality (ref. poor sleep quality)
Good sleep quality

1.29 [0.25] (1.24;1.34) <.001

0.17 (0.16;0.18) <.001

0.04 (0.03;0.05) <.001

Delayed recall (N = 54,664)

Physical activity (ref. physically inactive)
Physically active

Sleep quality (ref. poor sleep quality)
Good sleep quality

1.24[.22] (1.20;1.29) <.001

0.16 (0.14;0.17) <.001

0.07 (0.06;0.08) <.001
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Table S2. Results excluding participants who dropped out during the survey

Verbal fluency (N = 66,009)

Physical activity (ref. physically inactive)
Physically active

Sleep quality (ref. poor sleep quality)
Good sleep quality

Model 1 Model 2
(sleep quality) (cognitive functions)
OR [b] (CD p b (CD) p

1.22 [.20] (1.19;1.27) <.001

1.28 (1.21;1.34) <.001

0.25 (0.19;0.31) <.001

Immediate recall (N = 63,263)

Physical activity (ref. physically inactive)
Physically active

Sleep quality (ref. poor sleep quality)
Good sleep quality

1.30 [.27] (1.26;1.35) <.001

0.18 (0.17;0.20) <.001

0.05 (0.04;0.06) <.001

Delayed recall (N = 62,339)

Physical activity (ref. physically inactive)
Physically active

Sleep quality (ref. poor sleep quality)
Good sleep quality

1.27[0.24] (1.22;1.31) <.001

0.16 (0.15;0.18) <.001

0.08 (0.07;0.09) <.001
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Table S3. Results excluding participants who died during the survey.

22

Verbal fluency (N = 87,785)

Physical activity (ref. physically inactive)
Physically active

Sleep quality (ref. poor sleep quality)
Good sleep quality

Model 1 Model 2
(sleep quality) (cognitive functions)
OR [b] (CD p b (CD) p

1.23 [.21] (1.19;1.27) <.001

1.23 (1.17;1.29) <.001

0.24 (0.18;0.30) <.001

Immediate recall (N = 79,959)

Physical activity (ref. physically inactive)
Physically active

Sleep quality (ref. poor sleep quality)
Good sleep quality

1.28 [0.25] (1.24;1.32) <.001

0.17 (0.16;0.18) <.001

0.05 (0.04;0.06) <.001

Delayed recall (N = 81,258)

Physical activity (ref. physically inactive)
Physically active

Sleep quality (ref. poor sleep quality)
Good sleep quality

1.23 [.21] (1.19;1.27) <.001

0.15 (0.14;0.17) <.001

0.08 (0.06;0.09) <.001
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Table S4. Results based on data in which a time lag have been introduced between the

predictors and the outcomes.

Model 1 Model 2
(sleep quality) (cognitive functions)
OR [b] (CD) p b (CI) P
Verbal fluency (N = 42,327)
Physical activity (ref. physically inactive)
Physically active 1.28 [.25] (1.22;1.35) <.001 0.80 (0.70;0.89) <.001
Sleep quality (ref. poor sleep quality)
Good sleep quality 0.16 (0.07;0.25) <.001

Immediate recall (N = 46,648)
Physical activity (ref. physically inactive)

Physically active 1.26 [0.23] (1.20;1.32) <.001
Sleep quality (ref. poor sleep quality)

Good sleep quality

0.10 (0.09;0.12) <.001

0.02 (0.01,0.04) <.001

Delayed recall (N = 47,921)
Physical activity (ref. physically inactive)

Physically active 1.23 [.21](1.17;1.29) <.001
Sleep quality (ref. poor sleep quality)

Good sleep quality

0.10 (0.08;0.12) <.001

0.04 (0.02;0.05) <.001
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