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ABSTRACT 

While previous work has consistently shown a positive relationship between cognitive 

performance and various lifestyle factors (including sleep quality and physical activity) in younger 

adults, evidence for this relationship among middle-aged and older adults has been mixed. The 

current study aimed to further test the relationship among self-reported measures of physical 

activity, sleep quality, and memory performance in middle-aged and older adults (n = 302; age 

range = 45 - 75 years old), and to test whether this relationship holds up during a period of 

unprecedented stress and reduced physical activity caused by the COVID-19 pandemic. Our results 

showed that self-reported physical activity was associated with better subjective sleep quality and 

better working memory performance, and better subjective sleep quality was associated with better 

working memory and self-perceptions of everyday memory abilities. Additionally, we found that 

the effects of physical activity on working memory were partially mediated by sleep quality, 

suggesting that physical activity may contribute to improved cognitive performance via improved 

sleep. Participants reported that the pandemic was affecting their sleep quality and mental health, 

and pandemic-related stress and sleep disturbances were negatively associated with physical 

activity, memory, and mental health. While these effects were small and only correlational in 

nature, they lend further support to the notion that sleep quality and physical activity are beneficial 

to memory later in life, even (or maybe especially) during a global pandemic that negatively 

affected people9s ability to sleep and exercise. 

KEYWORS: sleep; physical activity; memory; aging; COVID-19 pandemic 
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INTRODUCTION 

As life expectancy of the world9s population increases, neurodegenerative diseases are 

becoming increasingly widespread, and lifestyle interventions have been explored as key 

components in preserving brain health and delaying cognitive decline (Klaming et al., 2017; 

Toman et al., 2018). Although multidomain lifestyle interventions have been shown to preserve 

cognitive functioning among older adults, more research is needed to identify the extent to which 

specific lifestyle factors are associated with brain and cognitive health (Rosenberg et al., 2020).   

Sleep is essential for health and well-being throughout the lifespan, and the neural 

mechanisms involved in sleep-wake regulation are important for optimal cognitive function 

(Wright et al., 2012).  Sleep disturbances and cognitive impairment are common in older adults 

(Mander et al., 2017), and studies suggest that good sleep quality might serve as a protective factor 

against subsequent age-related cognitive decline (Bah et al., 2019; Yaffe et al., 2014). 

Nevertheless, the relationship between sleep quality and cognitive performance has been less 

consistently demonstrated in older adults, and more research is required to confirm the connection 

between sleep quality and cognition from middle-age onwards (Dzierzewski et al., 2018). 

Another lifestyle factor that benefits cognition is physical activity (Gomes-Osman et al., 

2018). While previous studies suggest that higher intensity physical activity helps to maintain 

cognitive function in older age, more information is needed about the relationship between self-

reported daily physical activity (including lower intensity activities, such as vacuuming or light 

yard work) and cognition in older adults (Gomes-Osman et al., 2018). Additionally, physical 

activity interventions have also been shown to improve sleep quality and well-being in older adults 

(Bullock et al., 2020). Indeed, improved sleep efficiency (which is defined as the percentage of 

time spent sleeping while in bed) may be one of the pathways by which physical activity benefits 
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neurocognitive function in young and older adults. For instance, Wilckens et al. (2018) showed 

that improved sleep efficiency mediates the positive relationship between physical activity and 

executive control, including working memory, in young and older adults. 

Although several studies suggest that good sleep quality and physical activity relate to 

better cognitive performance, these effects tend to be most consistent in young adults, and more 

evidence is needed to support this connection in middle-age and older adults (Stillman et al., 2020; 

Yaffe et al., 2014). For example, some studies conducted in middle-aged adults linked short sleep 

duration to poorer executive control, working memory, episodic memory, attention, and frequency 

of cognitive complaints, while other studies suggest that the association between sleep and 

cognition weakens as people get older (Scullin and Bliwise, 2015). Further, recent meta-analyses 

suggest that physical activity in midlife may contribute to the maintenance of cognitive function 

later in life (Engeroff et al., 2018; Zhidong et al., 2021), including working memory and associative 

memory which are known to be particularly affected by aging (Matysiak et al., 2019; Nyberg, 

2017). However, a recent 5-year moderate-intensity and high-intensity exercise intervention study 

did not find a significant effect of exercise on global cognitive function in older adults (Zotcheva 

et al., 2022), illustrating the inconsistency of these effects in older samples. Thus, the current study 

aimed to further investigate the relationship among self-reported measures of physical activity and 

sleep quality, and memory in middle-aged and older adults.  

A second goal of the current study was to assess the impact of the COVID-19 pandemic 

on participants9 mental health and subjective sleep quality, and to see if the relationship among 

sleep quality, physical activity, and memory performance holds up despite unprecedented levels 

of stress and inactivity caused by the pandemic and related restrictions. Recent studies have started 

to confirm what may have seemed obvious when the current study was conceived (i.e., September 



5 

 

2020) 3 the COVID-19 pandemic had a negative impact on mental health and sleep quality of the 

general population as well as among older adults in particular, and the prevalence of major 

depressive disorders, anxiety disorders and sleep problems increased worldwide due to the 

pandemic (Del Brutto et al., 2021; Jahrami et al., 2021; Santomauro et al., 2021). Further, 

government-mandated lockdowns also affected people9s ability to exercise and their overall 

mobility (Stockwell et al., 2021; Wilke et al., 2022). The effect of pandemic-related lockdowns on 

people9s level of physical activity are mixed, and seem to depend on country, sample, 

type/intensity of physical activity, and how researchers defined (and measured) physical activity 

and exercise (Larson et al., 2021; Morrison et al., 2022; Visser et al., 2020). Although some studies 

have reported maintained or even increased activity during the pandemic, most studies report that 

people on average showed a decrease in daily physical activity and an increase in sedentary time 

during the COVID-19 pandemic (Park et al., 2022). The same observation was also reported for 

older adults (Baughn et al., 2022; Oliveira et al., 2022). Thus, we thought it important to ask 

participants about the effects of COVID-19 on their sleep quality, stress, anxiety, and depression. 

To this end, we adapted a questionnaire originally designed to measure stress and mental health 

following the September 11th terrorist attacks (i.e., another major world incident; Swenson and 

Henkel-Johnson, 2003), but changed the wording to focus on stress/mental health changes related 

to the pandemic1.    

We recruited 302 participants aged 45 to 75 to participate in an online experiment. Working 

memory was assessed using the operation span task (OSPAN; Oswald et al., 2014; Unsworth et 

al., 2005) and associative memory was assessed using the Verbal Paired Associates (VPA) subtest 

from the Wechsler Memory Scale-III (Uttl et al., 2002). We also measured participants9 self-

 
1 It should be noted that at the time of planning this study, no other COVID-related questionnaires were available. 

This was our attempt to make use of an existing scale but adapt it for our purposes. 
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perceptions of their everyday memory abilities using the Memory Ability Scale of the 

Multifactorial Memory Questionnaire (MMQ-Ability) (Troyer and Rich, 2002). This scale asks 

participants to estimate the frequency of everyday memory errors over the past two weeks (e.g., 

how often have you misplaced your keys or forgotten someone9s name). Self-reported physical 

activity was measured using the Rapid Assessment of Physical Activity (RAPA) questionnaire 

(Topolski et al., 2006), overall subjective sleep quality using the Pittsburgh Sleep Quality Index 

(PSQI; Buysse et al., 1989), and general anxiety and depression using the Hospital Anxiety and 

Depression Scale (HADS). Finally, participants completed our adapted COVID stress and sleep 

questionnaire.  

We hypothesized that higher self-reported levels of physical activity would be associated 

with better subjective sleep quality, better memory performance, and better self-perceptions of 

memory abilities in everyday life in middle-aged and older adults. Similarly, we predicted that 

better subjective sleep quality would correlate with better memory performance and self-

perceptions of memory abilities. Additionally, we hypothesized that subjective sleep quality would 

partially mediate the relationship between physical activity and cognition (Wilckens et al., 2018). 

We also expected that increasing age would be associated with poorer sleep quality and lower 

memory performance. Finally, we anticipated that both middle-aged and older adults would report 

that the COVID-19 pandemic was negatively affecting their mental health and subjective sleep 

quality.  

METHODS 

Participants 

Participants were recruited from the online platform Prolific (https://www.prolific.co/). 

The following eligibility criteria were used: age between 45 and 75 years old, residents of the 



7 

 

United Kingdom, English as a first language, and had a Prolific approval rating of 90% or above 

(meaning that 90% of the time or more they complete experiments with acceptable quality data 3 

i.e., not gibberish or responses that are impossibly fast or slow). Data were collected between 

December 2020 and February 2021, with the timing of testing set between 6am-6pm. Of the 317 

participants who completed the study, 15 were excluded due to: taking more than twice as long to 

complete the study than expected (i.e., more than 90 minutes, n = 11) or being outside the specified 

age range (n = 4). No participants failed the attention check questions, which are described below. 

Exclusion criteria included self-reported neurological conditions such as epilepsy or head injury, 

sleep disorders (e.g., sleep apnea, restless legs syndrome), and use of psychoactive medications. 

The final sample consisted of 302 participants (45375 years old; mean 59.2; SD 8.3; 150 men and 

152 women). This sample size was based on the common heuristic of obtaining at least five 

observations per variable of interest when performing multiple regression analysis (Hair et al., 

2014). Demographic information of the current sample is provided in Table 1. All cognitive tasks 

and questionnaires were given to participants through the online platform Testable 

(https://www.testable.org/). Three attention check questions were distributed throughout the tasks 

to make sure that participants were paying attention. 

Measures 

Physical Activity. The Rapid Assessment of Physical Activity (RAPA) questionnaire was 

used to determine participants9 typical level of physical activity. The RAPA is a self-report 

questionnaire that has been well validated for use with older adults (Topolski et al., 2006). It 

includes two sections 3 one that measures typical aerobic activity levels and one that measures 

strength and flexibility. In our analyses, we focused on the aerobic portion as previous work has 

emphasized the importance of aerobic activity in the maintenance of cognitive performance with 
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age (Gomes-Osman et al., 2018). The RAPA starts by explaining what physical activities are 

(<activities where you move and increase your heart rate above its resting rate, whether you do 

them for pleasure, work, or transportation.=). It then explains what is meant by the different 

intensity levels of physical activity that will be assessed in the questionnaire and gives some 

concrete examples (e.g., light activities: walking leisurely, stretching, vacuuming or light yard 

work; moderate activities: fast walking, aerobics class, strength training, swimming gently; 

vigorous activities: stair machine, jogging or running, tennis, racquetball, pickleball or 

badminton). Following these instructions, participants respond yes/no to seven questions that 

assess the extent to which they engage in activities at each intensity level (e.g., 1. <I rarely or never 

do any physical activities=; 2. <I do some light or moderate physical activities, but not every 

week.=; 3. <I do some light physical activity every week.=; & 7. <I do 20 minutes or more a day 

of vigorous physical activities, 3 or more days a week.=). A score of 1 to 7 is given based on the 

highest question number with an affirmative response (e.g., if someone responded <yes= to 

question 7 above, they would receive a score of 7). Scores are classified as sedentary (1), under-

active (2-3), under-active regular (4-5), and active (6-7). 

Sleep Quality. Subjective sleep quality was assessed using the Pittsburgh Sleep Quality 

Index (PSQI) questionnaire (Buysse et al., 1989). The PSQI is a widely used, multidimensional 

self-report measure of sleep quality that produces a global sleep quality score, as well as seven 

components representing subjective sleep quality, sleep latency, sleep duration, habitual sleep 

efficiency, sleep disturbance, use of sleep medications, and daytime dysfunction. Participants rate 

their sleep quality over the past month. We focused on the global sleep score, which is a sum of 

the seven components. The PSQI global score ranges from 0 to 21, with higher scores reflecting 
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greater sleep dysfunction. Scores greater than 5 indicate poor sleep quality (REFERENCE 

NEEDED). 

Paired associate learning. Paired-associate learning (PAL) is often used to assess episodic 

memory performance, and the Verbal Paired Associates (VPA) subtest from the Wechsler Memory 

Scale is one of the most widely used tests of PAL (Scorpio et al., 2018). In this task, participants 

were required to memorize pairs of words (e.g., frog-neck; fruit-apple), which were then tested 

across three study-test trials.  At test, participants were provided with the first word in each pair 

and asked to recall the response word that went with it. In this study we used the VPA-15, which 

is an adapted version of the VPA from the Wechsler Memory Scale-III (Uttl et al., 2002). The 

VPA-15 includes the original eight pairs (four related/easy and four unrelated/difficult) from the 

VPA- Wechsler Memory Scale-III, plus seven new unrelated/difficult word pairs, making a total 

of 15 word-pairs in the sequence. In the first encoding phase, each word-pair was presented on 

screen for 2000ms, followed by a 500ms interstimulus interval (ISI). The test phase immediately 

followed, in which participants had up to 20 seconds to finish typing their response to each cue 

word. In the first (PAL1) and second (PAL2) test trials, participants were given another chance to 

study the word pairs. That is, immediately following the input of their response, the original word-

pair was shown again regardless of whether their preceding response was correct or not. The final 

test trial (PAL3) was given after a ~15 minutes delay (during which participants performed the 

working memory task, described below). Performance on the PAL task was measured as the total 

number of correctly recalled responses on each test trial (PAL1, PAL2 and PAL3). 

Working Memory. Working memory was assessed using the Operation Span Task 

(OSPAN, (Oswald et al., 2014; Unsworth et al., 2005). The OSPAN task is one of the most widely 

used tasks for measuring working memory capacity and has been shown to have both good 
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reliability and validity (Oswald et al., 2014; Unsworth et al., 2005). In this task, participants were 

given a series of simple math problems to solve (e.g., (8 / 2) + 9 = ?). Participants pressed a key 

once they felt they had solved the equation and then a number was shown on the screen. 

Participants had to indicate whether the number was the correct solution to the math problem or 

not. After responding to each math problem, participants were given a letter to remember. At the 

end of each set (which included 4 to 6 math problems to solve and letters to remember), participants 

were asked to recall the letters in order. A series of boxes were provided on the screen and 

participants were asked to type the letters in the correct serial position and to leave a blank space 

if they could not remember the corresponding letter. In total, the task included four trials of set 

sizes 4 and 6 and two trials of set size 5, making for a total of 50 letters to be recalled. Participants 

had up to 10 seconds to solve each math problem and up to 3 seconds to answer whether the 

following number was a correct answer to the operation or not. There was no time limit to answer 

the sequence of letters. Performance on the OSPAN task was measured by the total number of 

letters recalled in the correct position. 

Self-perceptions of everyday memory ability. Participants9 perceptions of their everyday 

memory abilities were assessed using the Memory Ability Scale of the Multifactorial Memory 

Questionnaire (MMQ-Ability) (Troyer and Rich, 2002). The MMQ assesses multiple dimensions 

of metamemory, and it is focused on memory abilities and strategies that are applicable to everyday 

life (e.g., remembering names, misplacing belongings) rather than to laboratory situations (e.g., 

remembering word pairs). The MMQ-ability subscale measures one9s self-perception of everyday 

memory ability. Respondents rate how often they experienced 20 common memory mistakes over 

the previous two weeks (e.g., not recalling the name of someone you just met; forgetting an 
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appointment). Scores range from 0 to 80, and individuals with higher scores on this scale have a 

better subjective impression of their memory capabilities than those with lower scores.  

Impact of COVID-19 on Sleep, Stress, Anxiety and Depression. We adapted the Stress 

Symptoms Following September 11th Terrorism Survey (Swenson and Henkel-Johnson, 2003) to 

assess the impact of the pandemic on sleep, stress, anxiety, and depression. It included 5 questions 

that measure the impact of COVID-19 on: 1) Sleep due to worries related to the pandemic (score 

range 1-4); 2) Sleep due to bad dreams about the pandemic (score range 1-4); 3) Stress (score range 

1-7); 4) Anxiety (score range 1-7); 5) Depression (score range 1-7). 

Mental Health. Finally, we also included the Hospital Anxiety and Depression Scale 

(HADS) to measure general anxiety and depression in the current sample (Snaith, 2003). The 

HADS is a well-validated tool for measuring anxiety and depression in both clinical practice and 

non-clinical research (Stern, 2014). It includes seven questions related to anxiety and seven related 

to depression and takes 235 min to complete. For both the anxiety and depression scales, scores 

are classified as 8non-case9 (0-7), Mild (8-10), Moderate (11-14), and Severe (15-21). We related 

scores on the HADS to responses on our COVID-related stress questionnaire. 

Procedure 

Participants first completed a consent form and then a demographics questionnaire in 

which they were asked about their age, sex, highest level of education, ethnic origin, marital status, 

major occupation and if they were retired or not. Then, participants completed the first two trials 

of the paired associate learning task (PAL1 and PAL2), followed by the operation span task 

(OSPAN) and finally, the last trial of the paired associate learning task (PAL3). After the cognitive 

tasks were concluded, participants answered the following sequence of questionnaires: Rapid 

Assessment of Physical Activity (RAPA), Pittsburgh Sleep Quality Index (PSQI), Hospital 
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Anxiety and Depression Scale (HADS), Impact of COVID-19 on Sleep, Stress, Anxiety and 

Depression, and the Memory Ability Scale of the Multifactorial Memory Questionnaire (MMQ-

Ability). 

Data Analysis 

Statistical analyses were conducted using IBM SPSS - version 28.0. Pearson correlation 

analyses were performed to examine the correlations of age, physical activity (RAPA aerobic 

score), sleep quality (PSQI global score), working memory (composite OSPAN score), associative 

memory (composite PAL score), and self-perceptions of memory ability (MMQ-Ability score). 

The level of significance was set at alpha level of p <0.05, and we used the Benjamini3Hochberg 

correction method for multiple comparisons (Benjamini and Hochberg, 1995) 

We followed up on these simple correlations with a series of multiple regression analyses 

to evaluate the effects of age, physical activity, and sleep quality on working memory, associative 

learning, and self-perceptions of memory ability while controlling for sex and education level. All 

independent variables were entered into the equation in one step (forced entry). Additionally, we 

also tested the mediating effect of sleep quality on the relationship between physical activity and 

memory by using Hayes9 Process v3.5 macro in SPSS. 

RESULTS 

Descriptive Statistics  

Means and standard deviations for the physical activity, sleep, and cognitive measures are 

provided in Table 2, divided by age subgroups for illustrative purposes but age was treated as a 

continuous variable for all analyses. Distributions of all the variables are shown in Supplementary 

Figure S1. In terms of physical activity, most participants would be classified as <under-active 
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regular= (M = 4.13 SD = 1.69) according to the metrics of the RAPA (Topolski et al., 2006). 

Regarding sleep quality, participants9 mean global PSQI score was greater than 5 (M = 6.29 SD = 

3.69; Median = 6), indicating that participants were experiencing poor sleep quality on average.  

On the OSPAN task, participants remembered an average of 82.94% of the 50 letters in the 

correct position across trials (M = 41.47, SD = 9.14). Performance on the math portion of the task 

was also satisfactory, with participants solving 88.17% (SD = 10.61) of the equations correctly in 

4.05 seconds (1.26) on average. Given the skewed distribution of the OSPAN scores (see Figure 

S1), a logarithm transformation (-log10) was applied to these data prior to linear modelling (West, 

2022). The accuracy of the math portion of the task was not used as a filtering criterion for further 

analysis since it has been demonstrated that omitting the accuracy criteria does not cause any 

changes in the psychometric indicator of the task (Doki� et al., 2018). 

For the paired associate learning task, performance got progressively better across trials 

(PAL1: M = 5.01, SD = 3.28; PAL2: M = 7.04, SD = 3.61; PAL3: M = 8.43, SD = 3.61). A 

univariate repeated measures ANOVA using the Greenhouse-Geisser correction indicated there 

was a significant improvement in PAL scores over trials, F (1.75, 1021.14) = 318.64, p < 0.001, 

partial ·2 =.51. For subsequent analyses, we also created a composite score for the paired associate 

learning task, as the mean z-score of PAL1 and PAL2 scores (mean composite score per age group 

is shown in Table 2). PAL3 was not included in the composite score because there was a large 

degree of variability in the amount of time participants took to complete the OSPAN Task (and 

hence, a variable delay between PAL2 and PAL3 across participants; mean delay = 10.03 minutes, 

SD = 3.25; MIN = 4.36; MAX = 35.51). Further, lag time correlated with PAL3 recall (r = -0.17, 

p = 0.003) and thus, we decided to exclude this test trial from the PAL composite score (however, 
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it should be noted that including PAL3 in the composite score does not change the conclusions 

drawn for any of the subsequent analyses). 

Finally, on the MMQ 3 Ability questionnaire, participants9 perceptions of their own 

memory would be classified as <average= (see Table 2) when compared to normative data from 

the Professional Manual of the Multifactorial Memory Questionnaire (Troyer and Rich, 2002). 

Correlation Analysis  

Contrary to our predictions, performance on the cognitive measures did not decline 

significantly with age, though the different metrics of memory were correlated with each other 

(see Figure 1). Also unexpectedly, sleep quality improved with age [r (300) = -0.12, p = 0.034; 

higher PSQI scores reflect worse sleep], though it should be noted that this correlation does not 

survive FDR correction for multiple comparisons. Subjective sleep scores were also correlated 

with working memory [ r (300) = - 0.17, p = 0.004] and self-perceptions of memory ability [r (300) 

= - 0.43, p < 0.001], with greater level of sleep dysfunction relating to worse working memory 

performance and poorer perceptions of everyday memory abilities. Physical activity was 

associated with reduced levels of sleep dysfunction [r (300) = - 0.16, p = 0.004] and better working 

memory performance [r (300) = 0.14, p = 0.012]. 

Regression Analyses 

A series of multiple regression analyses were performed to evaluate the predictive effects 

of age, physical activity, and sleep quality (controlling for education and sex) on working memory, 

associative memory, and self-perceptions of memory (all predictors entered in a single step). We 

summarize the key findings here (see Table 3 for detailed results). The model predicting working 

memory was significant [R2 = 0.05, F (5, 296) = 2.92, p = 0.014]. Physical activity (³ = 0.13, p = 

0.034) and sleep score (³ = -0.15, p = 0.009) were significant predictors, but age was not (³ = -
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0.01, p = 0.840). The model predicting associative memory was significant [R2 = 0.13, F (5, 296) 

= 8.60, p < 0.001]. Physical activity (³ = 0.08, p = 0.177), sleep score (³ = -0.09, p = 0.107), and 

age (³ = -0.02, p = 0.726) were not significant predictors. The model predicting perceptions of 

everyday memory ability (MMQ-Ability) was significant [R2 = 0.18, F (5, 296) = 13.39, p < 

0.001], with sleep score the only significant predictor (³ = -0.42, p < 0.001). For each model, we 

also ran separate analyses for both men and women and found the same pattern of results for both 

sexes as reported above. 

Mediation Analysis 

We assessed the mediating effect of subjective sleep quality on the relationship between 

physical activity and working memory (controlling for age, education, and sex). Given that 

working memory was the only significant factor that correlated with both physical activity and 

sleep, this was the only mediation model evaluated in this study.  Our results show that sleep score 

partially mediates the relationship between physical activity and working memory performance 

(mediation effect: ab = 0.06, 95% CI [0.003, 0.159]), but the direct effect of physical activity on 

working memory remained significant after accounting for sleep (c' = 0.03, 95% CI [0.003, 0.015], 

t = 2.13, p = 0.034). 

 

Impact of the COVID-19 Pandemic 

Participants9 responses to our adapted Stress Symptoms questionnaire are shown in Figure 

2. Increasing age was associated with a decreased effect of the pandemic on subjective measures 

of sleep, stress, anxiety, and depression (see Figure 3 for correlation values). We also found that 

poor sleep, stress, anxiety, and depression related to the pandemic were associated with poorer 

performance on our cognitive measures and as would be expected, worse sleep quality on the PSQI 
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and mental health scores on the HADS (see Figure 3). Interestingly, greater levels of physical 

activity related to lower levels of pandemic-related stress and sleep disturbances.  

 

DISCUSSION 

We evaluated the relationship among self-reported measures of physical activity and sleep 

quality, and memory in middle-aged and older adults, in addition to assessing the impact of the 

COVID-19 pandemic on participants9 well-being and sleep quality. Our results show that 

participants overall had poor subjective sleep quality and were classified as physically underactive. 

People who were more active reported better sleep quality and better working memory 

performance, and better sleep quality was associated with working memory and self-perceptions 

of memory in everyday life. Additionally, subjective sleep quality partially mediated the 

relationship between physical activity and working memory performance, suggesting that physical 

activity may improve cognition via improved sleep. Finally, participants reported that the COVID-

19 pandemic was negatively affecting their sleep quality and mental health, with older adults 

reporting less of an impact than middle-aged adults. Further, greater stress and sleep disturbances 

related to the pandemic were associated with levels of physical activity, memory, and mental 

health. 

Contrary to our predictions, we did not observe an age-related decline in working or 

associative memory, but this may have been due to the restricted age range tested here (i.e., we did 

not include younger adults aged 18-44 years) or the relatively high performance of online samples 

of older adults (Merz et al., 2020). Nevertheless, we found that working memory performance was 

predicted by both self-reported physical activity and sleep quality, and that better self-perceptions 

of everyday memory abilities were predicted by better subjective sleep quality. Although studies 
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have already demonstrated that better sleepers and more active individuals at middle-age and later 

life demonstrate better cognitive performance and well-being, this relationship is not as consistent 

as it is among younger adults (Dzierzewski et al., 2018; Zotcheva et al., 2022). Several factors may 

be contributing to the inconsistency of these findings in older adults, including variations in study 

design and cohort differences (Quigley et al., 2020; Young et al., 2015). Unexpectedly, we also 

observed a slight improvement in subjective sleep quality with increasing age. One possible reason 

for the lack of age-related decline in sleep quality may be that we only tested participants from 

middle age onwards. According to the literature, age-related changes in sleep patterns start to occur 

in middle age (Li et al., 2018), and by not including younger adults, who likely would have shown 

better sleep quality than our sample (which on average showed poor sleep quality), we failed to 

detect a decline in sleep quality with age.  

It is also possible that the pandemic contributed to the slight improvement in subjective 

sleep quality from middle- to older age. On our adapted pandemic stress questionnaire, middle-

aged adults reported a greater effect of the pandemic on their mental health and sleep than older 

adults, and these pandemic-related effects were also associated with lower levels of subjective 

sleep quality (see Figure 3). Overall, the current study contributes to the literature by providing 

further evidence of the cognitive benefits of being a good sleeper and engaging in physical activity 

from midlife onwards. While the current results are only correlational and quite small in magnitude 

(i.e., for every one-unit increase in physical activity, we only see a 3% increase in working memory 

and for every one-unit increase on the PSQI, we only see a 2% decrease in working memory), they 

point the way towards future interventions that should use random assignment to determine 

causation. It is also important to mention that in this study we used self-reported measures of sleep 

quality and physical activity, which can be less accurate that objective measures taken with 
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polysomnography and actigraphy, and especially vulnerable to discrepancies when working with 

older adults (Landry et al., 2015; Zilli et al., 2009). Future work would also benefit from using 

more objective measures which were not available to us during the pandemic. 

Regarding the effects of physical activity, our findings are in line with recent work with 

late middle-aged adults showing that those who regularly engage in moderate intensity physical 

activity demonstrate better working performance than those who only engaged in irregular or low-

intensity activities (Chen et al., 2019). Further, several studies show that physical activity helps to 

preserve grey and white matter volume in older adults (Koblinsky et al., 2021; Strömmer et al., 

2020). Additionally, research also demonstrates that larger volume and higher activation in 

prefrontal and hippocampal regions are associated with the effects of physical activity on cognitive 

performance (e.g., executive functions and memory; (Erickson et al., 2011; Stillman et al., 2016). 

Thus, a growing body of literature suggests that physical activity is beneficially associated with 

brain and cognitive health. 

As predicted, we found that subjective sleep quality mediated the effects of physical 

activity on working memory. Although our analysis does not allow us to infer causality, several 

studies have shown that physical activity interventions promote better sleep quality (Dolezal et al., 

2017). Moreover, the mediating effect of sleep quality in the relationship between physical activity 

and cognitive function has been show previously (Li et al., 2021; Wilckens et al., 2018). The 

current results lend further support to the idea that physical activity may benefit cognitive 

performance via improved sleep quality (though again, our results are correlational here). Physical 

activity has been shown to promote both acute and chronic benefits to sleep quality via 

endocrinological, metabolic, and autonomic changes (Uchida et al., 2012). Furthermore, physical 
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activity has been shown to benefit sleep quality in both young and old populations (Wang and 

Boros, 2021). 

In our study, we observed no effect of physical activity and subjective sleep quality on our 

measure of associative memory. Although physical activity and sleep quality have been positively 

related to episodic memory in aging there are inconsistencies across studies (Dzierzewski et al., 

2018; Engeroff et al., 2018; Mander et al., 2017). The effects of sleep on cognition tend to be more 

consistent in young and middle-aged adults and age may be a modifier of this association (Scullin 

and Bliwise, 2015). Further, the effects of physical activity varied depending on the nature, 

intensity, and frequency of the activity (Engeroff et al., 2018). Another potential reason for the 

lack of an association in our study is the fact that older adults who participate in online platforms 

(like Prolific) have been shown to be quite high performing relative to in-lab samples (Merz et al., 

2020). If we had a more representative sample, we would presumably have more individual 

variability in associative memory performance and be better able to detect a relationship to other 

variables (such as physical activity and sleep).  Finally, as discussed further below, stress and sleep 

disturbances caused by the COVID-19 pandemic may have affected the relationship between these 

factors. 

We explored the impact of the COVID-19 pandemic on participants9 self-reported levels 

of stress, anxiety, depression, and sleep quality. Overall, some participants reported that the 

pandemic was having a negative effect on their sleep and mental health, though interestingly, the 

percent of participants reporting these negative outcomes declined with age. This is in line with 

some other recent studies which have shown that older adults, despite being at greater physical 

risk, seemed to be relatively resilient to the effects of the pandemic on measures of stress and 

anxiety (Birditt et al., 2021; Fields et al., 2021; Wilson et al., 2021). Further, our results indicated 
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that self-reported poor sleep, stress, anxiety and depression related to the pandemic were associated 

with poorer performance on all of our cognitive measures, worse sleep quality on the PSQI, and 

poorer mental health scores on the HADS. Interestingly, greater levels of physical activity related 

to lower levels of pandemic-related stress and sleep disturbances, suggesting a protective role of 

physical activity.  

The negative impact of the COVID-19 pandemic on subjective sleep quality and mental 

health has also been consistently reported (Jahrami et al., 2021). The prevalence and burden of 

depressive and anxiety disorders have drastically increased globally in the general population 

(Santomauro et al., 2021). The positive effects of physical exercise on mental health and well-

being during the pandemic have also been observed by other researchers, with greater physical 

activity associated with enhanced happiness, and reduced anxiety, sadness, and depression (Ai et 

al., 2021). The older population that remained physically active during the pandemic also reported 

better mental health conditions (Callow et al., 2020). Taken together, our results contribute to the 

growing literature showing that the COVID-19 pandemic has substantially affected subjective 

sleep quality and well-being worldwide, and that remaining physically active during the COVID-

19 pandemic may have helped alleviate some of the negative mental health effects that the 

population has experienced during the pandemic. 

 

FINAL CONSIDERATIONS 

In this study we showed that self-reported measures of sleep and physical activity are 

associated with cognitive functioning in middle- and older age. However, this study is not without 

limitations. First, we recognize that our cross-sectional, correlational design is not ideal for 

capturing the effects of causality; thus, our results should be interpreted with caution. Additionally, 
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our investigation of pandemic-related effects relies on data collected during the pandemic 

exclusively, with no equivalent control sample obtained before or after the pandemic. Therefore, 

our observations in that regard should also be interpreted with caution. Online surveys and 

cognitive tasks may not yield the best quality data (e.g., due to lack of attention, <professional= 

participants who take part in many online studies, etc.). Further, we had to rely on self-report 

measures of sleep quality and physical activity, which may be less accurate that objective measures 

taken in person (Landry et al., 2015; Wright, 2005). In our sample we observed a ceiling effect in 

the OSPAN task. Despite appropriate logarithm transformation being applied to reduce the 

skewness of the data, further replication of our results using a more challenging version of the task 

is required. Additionally, some of the observed correlations between metrics used in our study 

could have been caused by shared method variance instead of genuine association between 

variables (e.g., our measures of sleep quality and self-perceptions of memory both rely on 

subjective, self-report questionnaires). Despite these limitations, the current results suggest a link 

between physical activity, sleep, and cognition in middle-aged and older adults that should be 

followed up with an in-person, intervention-style study. 

As age-related neurodegenerative diseases become more prevalent, multidomain lifestyle 

interventions could be considered a cost-effective strategy to delay and/or prevent cognitive 

impairment in older individuals. Future translational studies should evaluate the effects of lifestyle 

interventions by integrating longitudinal research with clinical services (e.g., Cognitive Behavioral 

Therapy for insomnia, fitness training programs, etc.) to not only generate scientific knowledge 

but also to have a positive impact on society and people9s lives. 
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Figure 1 3 Pearson9s correlation coefficients between variables of interest. Physical activity = RAPA 

Aerobic Score; Sleep Quality = PSQI Global Score (higher scores reflect greater sleep dysfunction); 

Working Memory = OSPAN Score; Associative Learning 3 Composite PAL score; Self-perception of 

memory = MMQ Score-Ability  
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Figure 2 3 Frequency of trouble sleeping & Covid related feelings of stress, anxiety, and depression in the 

whole sample (see Supplementary Figure S2 for the proportions in different age groups). Upper panel: 

Percentage of participants reporting that they were having trouble sleeping because of A) Worries about 

the pandemic and B) Bad dreams about the pandemic. Lower panel: Percentage of participants reporting 

each level of C) Stress, D) Anxiety, and E) Depression related to the pandemic. 

 

  



31 

 

 

Figure 3 3 Pearson9s correlation coefficients between variables of interest and impact of COVID-19 

pandemic scores. Physical activity = RAPA Aerobic Score; Sleep Quality = PSQI Global Score (higher scores 

reflect greater sleep dysfunction); Working Memory = OSPAN Score; Associative Memory 3 Composite 

score of PAL1 and PAL2; Self-perception of memory = MMQ Score-Ability; HADS = Hospital Anxiety and 

Depression Scale. 
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Table 1 - Participant demographics 
  

Age group 1 2 3 All  

n 100 101 101 302  

Age range (years) 45-54 55-64 65-75 45-75  

Age average 49.7 (2.6) 59.2 (3.0) 68.3 (3.3) 59.2 (8.3)  

Sex (male/female) 50/50 50/51 50/51 150/152  
      

Highest education     
 

Master's / Doctorate 12 16 16 44 
 

Bachelor's Degree 44 36 30 110  

High school or equivalent 40 42 50 132  

Less than High school 4 7 5 16  
      

Retired (no/yes) * 93/6 69/30 15/86 177/122  

Note. Participants are divided into age groups for descriptive purposes, but all analyses used age as a continuous 

variable. *Retired data missing for three participants.  
 

 

Table 2 3 Mean (SD) physical activity, sleep quality, and cognitive scores 
  

Age group 1 (45-54) 2 (55-64) 3 (65-75) All  

Physical Activity Score (RAPA aerobic) 4.13 (1.77) 4.17 (1.72) 4.08 (1.59) 4.13 (1.69)  

 
    

 

Sleep Quality Score (PSQI Global Score) 6.85 (4.04) 6.04 (3.72) 6.00 (3.26) 6.29 (3.69)  

PSQI Median 6 5 5 6 
 

PSQI % below 6 / 6 and above (i.e., with poor sleep) 
43% / 57% 50.5% / 49.5% 50.5% / 49.5% 48% / 52%  

Cognitive Scores     
 

Working Memory - OSPAN 40.16 (10.39) 42.88 (7.32) 41.37 (9.35) 41.47 (9.14)  

Working Memory 3 OSPAN - Log10 -0.82 (0.47) -0.73 (0.43) - 0.79 (0.44) -0.781 (0.44)  

Episodic Memory - PAL1 4.99 (3.37) 4.99 (3.25) 5.05 (3.24) 5.01 (3.28)  

Episodic Memory - PAL2 7.01 (3.82) 6.65 (3.56) 7.47 (3.43) 7.04 (3.61)  

Episodic Memory - PAL3 8.64 (3.86) 8.27 (3.62) 8.40 (3.37) 8.43 (3.61)  

Episodic Memory - PAL Composite Score 0.01 (0.99) -0.06 (0.93) 0.07 (0.90) 0.00 (0.94)  

Self-perception of memory - MMQ-Ability  
(Raw Score) 

57.39 (15.30) 61.40 (12.03) 59.26 (10.06) 59.35 (12.70)  

Note: Standard deviations are provided in parentheses. PSQI = Pittsburgh Sleep Quality Index. PSQI Global Score (higher scores 

reflect greater sleep dysfunction). 
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Table 3: Regression models predicting our three memory measures from age, physical activity, 

and sleep  

Model Outcome Predictors 

 
Coefficients 

Unstandardized 

Coefficients 
Standardized 

Coefficients 
t Sig. 95.0% CI 

B Exp(B) 
Std. 

Error 
Beta     L U 

1 
Working 
Memory 

         

Age 0.00 1.00 0.00 -0.01 -0.20 0.840 -0.01 0.01 

Physical 

Activity 
0.03 1.03 0.02 0.13 2.13 0.034 0.00 0.06 

Sleep Quality 
(PSQI) 

-0.02 0.98 0.01 -0.15 -2.65 0.009 -0.03 -0.01 

 Education 0.00 1.00 0.03 0.01 0.11 0.913 -0.06 0.07 

 Sex 0.07 1.07 0.05 0.07 1.28 0.203 -0.04 0.17 
 

  
        

2 
Associative 

Memory 

         

Age 0.00  0.01 -0.02 -0.35 0.726 -0.01 0.01 

Physical 
Activity 

0.04 
 

0.03 0.08 1.35 0.177 -0.02 0.10 

Sleep Quality 

(PSQI) 
-0.02 

 
0.01 -0.09 -1.62 0.107 -0.05 0.01 

 Education 0.17  0.07 0.14 2.52 0.012 0.04 0.29 

 Sex 0.56  0.10 0.30 5.46 <0.001 0.36 0.77 

   
        

3 
Self-

Perception 
of Memory 

         

Age 0.02  0.08 0.13 0.24 0.813 -0.14 0.18 

Physical 
Activity 

0.01 
 

0.41 0.00 0.03 0.975 -0.79 0.82 

Sleep Quality 
(PSQI) 

-1.45 
 

0.19 -0.42 -7.85 0.000 -1.82 -1.09 

 Education 0.15  0.86 0.01 0.18 0.858 -1.53 1.84 

 Sex -0.80  1.35 -0.03 -0.59 0.553 -3.47 1.86 

           

Note: The working memory outcome variable was log transformed prior to analysis. For ease of interpretation, we also report the 

exponentiated regression coefficients (exp[B]) for the working memory analysis. Thus, for every one-unit increase in physical 

activity, our dependent variable (working memory) is multiplied by a factor of 1.03 (i.e., we see a 3% increase in working 

memory). For every one-unit increase in Pittsburg Sleep Quality Index (PSQI) score (recall that higher scores reflect worse 

sleep), working memory is multiplied by a factor of 0.98 (i.e., we see a 2% decrease in working memory). 


