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Introduction: This study aimed to evaluate whether engagement in leisure activities is
linked to measures of brain structure, functional connectivity, and cognition in early old
age.

Methods: We examined data collected from 7,152 participants of the United Kingdom
Biobank (UK Biobank) study. Weekly participation in six leisure activities was assessed
twice and a cognitive battery and 3T MRI brain scan were administered at the second
visit. Based on responses collected at two time points, individuals were split into one
of four trajectory groups: (1) stable low engagement, (2) stable weekly engagement, (3)
low to weekly engagement, and (4) weekly to low engagement.

Results: Consistent weekly attendance at a sports club or gym was associated with
connectivity of the sensorimotor functional network with the lateral visual (β = 0.12,
95%CI = [0.07, 0.18], FDR q = 2.48 × 10−3) and cerebellar (β = 0.12, 95%CI = [0.07,
0.18], FDR q = 1.23 × 10−4) networks. Visiting friends and family across the two
timepoints was also associated with larger volumes of the occipital lobe (β = 0.15,
95%CI = [0.08, 0.21], FDR q = 0.03). Additionally, stable and weekly computer use was
associated with global cognition (β = 0.62, 95%CI = [0.35, 0.89], FDR q = 1.16 × 10−4).
No other associations were significant (FDR q > 0.05).

Discussion: This study demonstrates that not all leisure activities contribute to cognitive
health equally, nor is there one unifying neural signature across diverse leisure activities.

Keywords: leisure activities, brain, MRI, aging, cognition, UK Biobank

INTRODUCTION

By 2050, the total number of older adults (i.e. individuals ≥ 60 years old) worldwide is expected
to reach 2.1 billion (Prince et al., 2015). While improvements in life expectancy is a significant
achievement of the 21st century, population aging represents a major societal challenge (World
Health Organization, 2015). This is because older adults are often at a greater risk of developing
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certain health conditions than their younger counterparts.
For instance, an individual aged 90 or older has 25 times
the risk of developing dementia compared to an individual
in their late 60s (Yip et al., 2006; Brayne, 2007). Whole
population rates of dementia, such as Alzheimer’s disease, are
projected to triple by 2050 as a consequence of population
aging (Patterson, 2018). Consequently, there has been growing
scientific interest in identifying modifiable factors that may
reduce the risk of developing dementia and contribute to “better”
brain health in late life.

Leisure activities (e.g., visiting friends and family, reading,
and going to the cinema or museum) represent one set of
modifiable factors that potentially support healthy cognitive
aging, by promoting brain plasticity (Stern, 2012). For example,
higher activity participation has been systematically linked to
better cognitive performance, higher regional and global gray
matter (GM) volume, fewer volumetric measures of WM lesions
and less decline in the quality of white matter (WM) tracts
(Fratiglioni et al., 2004; Wang et al., 2012; Sexton et al., 2013;
Erickson et al., 2014; Yates et al., 2016; Anatürk et al., 2018; Chan
et al., 2018; Evans et al., 2018; Matyas et al., 2019; Wassenaar
et al., 2019). Variability in functional connectivity measures
also appears to be partly accounted for by activity engagement,
particularly for physically demanding activities (Stillman et al.,
2019). However, many of these studies have employed composite
measures of leisure activities, providing limited insights into the
specific activities that need to be targeted to promote brain health
in older individuals. Targeting non-optimal activities may in part
explain the limited efficacy of current randomized-controlled
trials (RCTs) on cognitive and neural outcomes (Mortimer et al.,
2012; Stephen et al., 2019).

A small number of epidemiological studies have begun to
shift away from the composite approach when examining the
link between leisure activities and the aging brain, finding that
not all activities equally contribute to the risk of cognitive
impairment (Krell-Roesch et al., 2017, 2019; Fancourt et al.,
2018). For example, Fancourt et al. (2018) examined data
collected from 3,911 participants enrolled in the English
Longitudinal Study of Aging and found that adults who visited
museums, art galleries and exhibitions on a regular basis,
had a lower incidence of dementia over the course of 10
years. The association between cultural activities and dementia
incidence appeared to be robust, as it remained significant after
adjusting for how frequently these individuals were involved
in community-based activities (e.g., social clubs, volunteering,
sports clubs), alongside sociodemographic (i.e., age, sex, marital
status, education, employment status, wealth, and previous
occupational classification), and health-related co-variates (i.e.,
eyesight, depression, hearing, and existing cardiovascular health
conditions). Importantly, a study that aims to evaluate whether
different activities relate to markers of brain health requires a
comparably larger number of univariate tests, relative to when
a single composite measure of leisure activity is of interest.
A range of key factors also need to be appropriately adjusted
for when investigating the association between leisure activities
and the aging brain, due to the bias that these confounding
variables can otherwise introduce in the results and conclusions

of a study, including inflated effect sizes or even spurious
findings. For example, education and socio-economic status
(SES) are determinants of how often a person engages in
cultural activities such as visiting a museum, art gallery and
exhibition (Grisolía et al., 2010; Mak et al., 2020). As low levels
of education and SES are linked to an increased risk of dementia
(Cadar et al., 2018; Livingston et al., 2020), demonstrating an
independent relationship between cultural activities and the
dementia risk strengthens the argument that these activities
potentially contribute to maintaining brain health in older ages.
The results of such correlational studies can then help guide
randomized controlled trials (RCTs) to focus their intervention
programs on a specific subset of activities, to determine whether
these reported associations translate to direct effects on the aging
brain. With a sample that currently exceeds several thousand
well-characterized individuals, the United Kingdom Biobank
(UK Biobank) study offers the statistical power to employ a more
fine-grained approach to investigate the relationship between
activities and markers of brain health, after adjusting for a wide
range of confounders. This cohort study also offers measures
of activity levels at more than one timepoint, allowing us to
capture how longitudinal patterns of activities relate to metrics
of brain health.

The aim of this study was to investigate whether individual
leisure activities relate to MRI measures of GM volume,
WM microstructure, WM lesions, resting-state functional
connectivity, and cognitive function in late life. We examined
six leisure activities that were available in the UK Biobank:
going to a pub or social club, undertaking a religious activity,
attending adult education classes, going to a sports club or
gym, visiting friends and family and leisure-time computer use.
Based on their self-reported activity levels at two timepoints,
individuals were divided into one of four groups: (1) stable
weekly participation, (2) stable low participation, (3) low to
weekly participation, and (4) weekly to low participation. We
predicted that weekly activity participation (both stable and
increased participation over time) would associate with higher
global cognitive function (Brown et al., 2012; Mitchell et al., 2012;
Wang et al., 2012; Yates et al., 2016; Evans et al., 2018). We further
expected that consistently high or increased participation in each
leisure activity would correlate with greater structural integrity,
including greater regional GM and higher WM integrity (i.e.,
higher fractional anisotropy (FA), lower mean diffusivity (MD;
Anatürk et al., 2018). Given the limited evidence investigating
activity-specific effects on resting-state functional connectivity,
no predictions were made regarding this modality, so any results
would be exploratory.

MATERIALS AND METHODS

Sample Characteristics
Data was provided by participants enrolled in the UK Biobank
study, a large-scale prospective cohort study. These individuals
were asked to complete a range of assessments including detailed
lifestyle questionnaires, cognitive tests, physical measures (e.g.,
blood pressure and mobility tests), provide biological samples
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(e.g., blood, urine, and saliva) and also provide permission to
access their National Health Services (NHS) health records. Since
2014, a sub-sample of the original 500,000 participants have been
invited back to undergo a single session of MRI scanning of the
brain, body and heart, with the goal of reaching 100,000 scanned
individuals by 2022. Their recruitment continues, with regular
data releases made available to researchers (Miller et al., 2016). At
the time of paper preparation, imaging data from a total 15,000
participants had been released (January 2019).

In our analyses, we examine data collected from two
study phases: at recruitment (2006–2010) and MRI assessment
(2014+). As demonstrated in Supplementary Figure 1, leisure
activity measures were taken from both timepoints, while MRI
and cognitive data was taken at the second timepoint (mean
years between timepoints = 8 years, range = 4–11 years). The UK
Biobank study received ethical approval from the NHS National
Research Ethics Service (Ref 11/NW/0382) and all enrolled
participants gave their informed and written consent.

Inclusion and Exclusion Criteria
The sample consisted of individuals without a diagnosis of stroke
or dementia for the study duration, who had completed an MRI
assessment and provided complete data on leisure activities and
sociodemographic, health, cognitive and lifestyle variables (for
flowchart, see Supplementary Figure 2).

Activities
Activity levels were assessed through items displayed on a touch
screen tablet. From a list of activities, participants were required
to highlight those that they participated in on at least a weekly
basis. Accordingly, we coded response option for each activity
as (1) weekly or (2) less than weekly participation. A total of six
activities were examined, which included going to a pub or social
club; undertaking a religious activity; attending adult education
classes; going to a sports club or gym; visiting friends and family
and leisure-time computer use. Note that visiting friends and
family and computer use were measured with different response
options (i.e., frequency and hours) and these items were binarized
into weekly/less than weekly engagement to harmonize the scales
with the remaining activity measures. Further information on
these items is provided in the Supplementary Methods section
“Activity Measures.” Individuals were then split into one of four
groups: (1) weekly stable engagement, (2) low stable engagement,
(3) low to weekly engagement, and (4) weekly to low engagement.

Cognitive Function
A 15-min study-specific battery of cognitive assessments was
administered to participants via a touch screen tablet (Cornelis
et al., 2019). The cognitive measures examined are described
in Table 1, with a detailed description of each measure in the
Supplementary Material. A measure of global cognitive function
was computed by summing across all cognitive measures. Prior to
this step, all continuous cognitive scores were standardized, with
the outcomes of the alphanumeric and numeric trail making tasks
and Pairs Matching test reverse scored to allow higher scores to
reflect “better” performance.

TABLE 1 | Neuropsychological tests of the UK Biobank battery examined in
the present study.

Cognitive test Outcome

Fluid intelligence Total number of questions answered correctly
(maximum score: 13)

Numeric/Alphanumeric
Trail making

Time (in seconds) taken to complete the trail

Digit span Maximum number of digits recalled (maximum
score: 12)

Pairs matching Number of incorrect matches made

Prospective memory Whether or not participant responded correctly at
first attempt

Symbol digit matching Number of correct symbol-digit matches

Simple reaction time Mean response time (in seconds) across the 4 trials
containing matching pairs

Demographic and Health-Related
Variables
Baseline measures of age, sex, education, occupation, frequency
of alcohol intake, sleep duration, body mass index (BMI), Mean
arterial pressure (MAP), and social isolation (total number of
individuals in household) were collected. ICD-10 diagnoses of
depressive or anxiety disorders developed over the study duration
was also examined. Additional information about these variables
can be found in the Supplementary Material.

MRI Data Acquisition and
Pre-processing
Participants were scanned using identical protocols with Siemens
Skyra 3T (software VB13) and a Siemens 32-channel head coil at
one of two study sites (i.e., Stockport or Newcastle).

T1-weighted images, diffusion-weighted images, T2 FLAIR
images and resting-state functional images were assessed.
Summary measures of brain structure and functional
connectivity, or Image Derived Phenotypes (IDPs), have
been generated on behalf of UK Biobank (Alfaro-Almagro
et al., 2018) and are available from UK Biobank upon data
access application. For a detailed description of the imaging
protocol and pre-processing steps, please see the Supplementary
Material. The IDPs generated from this pipeline consisted of
total and regional GM volume (142 IDPs), total WM volume and
lesions within WM (2 IDPs), WM microstructure (FA and MD in
27 pre-defined tracts, 54 IDPs), and partial correlation functional
connectivity between large-scale resting-state networks (210
IDPs). GM and WM IDPs were averaged across left and right
hemispheres, resulting in a total of 76 GM outcomes and 63 WM
outcomes. For a comprehensive list of all IDPs examined in our
study, please see Supplementary File: List of MRI Outcomes.

Statistical Analysis
All analyses were performed in R (version 3.5.2). The lm function
in R was used to fit a series of linear models to evaluate
the relationship between each type of activity (e.g., going to a
sports club or gym; visiting friends and family) and each of
the neuroimaging outcomes and global cognition, after adjusting
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for a range of co-variates. The co-variates included age, sex,
education, occupational status, assessment center, BMI, Mean
Arterial Pressure (MAP), frequency of alcohol intake, sleep
duration, the presence of depressive or anxiety disorders and the
number of individuals living in a household. Mean head motion
and head size were also included as co-variates in the analysis
of neuroimaging metrics. Six linear models (one for each type
of activity) were run across the entire sample for every activity-
outcome combination, with 139 MRI outcomes (i.e., 76 GM
and 63 WM measures) and 1 cognitive outcome examined. This
resulted in a total of 840 linear regressions that were conducted,
with an example of the general formulae used for these models
provided below:

y = β0 + β1 weekly stable activity engagement + β2 low
to weekly activity engagement + β3 weekly to low activity
engagement + β4 age + β5 sex + β6 education + β7 occupation
+ β8 assessment center + β9 body mass index + β10 mean
arterial pressure + β11 alcohol intake + β 12 sleep duration +
β13 depressive/anxiety disorder + β14 number in household +
β15 mean head motion (MRI outcomes only) + β16 head size
(MRI outcomes only)+ ε.

Prior to the analysis, the distributions of all dependent
variables were screened, with the distributions of total WM
lesions log-transformed due to non-normality. All continuous
variables were also standardized before the analysis, while
categorical variables were dummy coded. A total of three dummy
variables were used to reflect different engagement patterns for a
given activity: (1) weekly stable activity engagement (=1, all other
groups = 0), (2) low to weekly activity engagement (=1, all other
responses = 0), and (3) weekly to low activity engagement (=1, all
other responses = 0). Based on prior evidence indicating that low
levels of activity are linked to poorer brain health and cognitive
outcomes (Brown et al., 2012; Mitchell et al., 2012; Wang et al.,
2012; Yates et al., 2016; Anatürk et al., 2018), individuals in
the “low stable” group were chosen as our reference category.
Comparisons of age, sex and education and ICD-10 diagnosis of
anxiety/depression between each group for a given activity can be
found in Supplementary File: Group Comparisons.

Due to the number of univariate tests conducted, FDR-
corrections were applied. To facilitate these corrections, the
p.adjust function in R was applied with a two-tailed FDR q
value < 0.05 considered significant (Cox et al., 2019). We report
standardized beta coefficients (β), 95% confidence intervals and
FDR q-values in the main text. The results of all associations
examined are also included in the Supplementary File: Results.
Excluded and included participants were compared on age, sex,
education and ICD-10 diagnosis of anxiety or depression, which
are reported in Supplementary Table 1.

RESULTS

Participant Demographics
Table 2 provides a detailed description of the sample
demographics. In brief, a total of 7,152 participants were
included in the analysis of neuroimaging outcomes. Participants
were on average 56.39 years old (SD = 7.31) at baseline and

TABLE 2 | Sample characteristics.

Range

No. of participants 7,152

Duration between baseline
and MRI scan (years)

7.55 4.29–10.85

Demographics

Age at baseline (years) 56.39 ± 7.31 40–70

Age at MRI scan (years) 63.94 ± 7.32 46–80

No. of females (%) 3,897 (54.5)

Highest educational
qualification (%)

O levels/GCSE = 146 (2%) | CSE = 771 (10.8%)
| A levels/AS = 398 (5.6%)

NVQ/HND/HNC = 2213 (30.9%) | CU = 3624
(50.7%)

Occupational status n. (%) 0 = 1480 (20.7%) | 1 = 17 (0.2%) | 2 = 29
(0.4%) | 3 = 37 (0.5%) | 4 = 58 (0.8%) | 5 = 154

(2.2%) | 6 = 513 (7.2%) | 7 = 1046 (14.6%) |
8 = 2290 (32%) | 9 = 1528 (21.4%)

Activities

No. (%) reporting weekly
participation at

Baseline Follow-up

Leisure-time computer use 6,340 (88.7) 6,778 (94.8)

Visiting friends and family 5,750 (80.4) 5,874 (82.1)

Going to the pub or social
club

2,540 (35.5) 2,513 (35.1)

Undertaking religious
activities

1,723 (24.1) 1,770 (24.8)

Attending educational
courses

903 (12.6) 775 (10.8)

Going to a sports club or gym 3,852 (50.1) 3,539 (49.5)

Health and Lifestyle Range

BMI (kg/m2) 26.4 ± 4.01 16.14–55.07

MAP 99.57 ± 11.84 60–152.83

No. (%) with ICD-10
diagnosis of
Depression/Anxiety

51 (0.71)

Sleep duration (hours/night) 7.21 ± 0.93 2–13

Alcohol (frequency/week) 0 = 300 (4.2%) | 1 = 499 (7%) | 2 = 664 (9.3%) |
3 = 1,837 (25.7%) | 4 = 2,183 (30.5%) |

5 = 1,669 (23.3%)

Structural MRI measures

Total GM (volume, mm3) 613,301.98 ± 54,614.44 443,926–832,927

WM (volume, mm3) 547,421.16 ± 61,214.82 362,561–804,641

CSF (volume, mm3) 36,479.39 ± 17,032.15 7,613.27–157,075

WM hyperintensities (volume,
mm3)*

2,752 (4054.5) 30–86,534

Cognitive function (n = 1,734)

Fluid intelligence score 7.04 ± 1.93 1–13

Alphanumeric trail making
(seconds)*

47.9 (20.08) 21.10–242.10

Numeric trail making
(seconds)*

19.9 (6.5) 9.40–112.90

Pairs matching test (total
errors)*

6 (4) 0–28

(Continued)
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TABLE 2 | (Continued)

Range

Simple reaction time
(seconds)

0.59 ± 0.1 0.37–1.34

No. of correct symbol-digit
matches

19.74 ± 5.14 2–36

Backward digit span score 6.91 ± 1.22 2–12

Prospective memory score
(No. % correct)

1,510 (87.1%)

Values are Mean ± Standard deviation and N (%) for categorical variables, unless
otherwise stated. *Median (IQR) reported.
BMI, body mass index; BP, blood pressure; CSE, certificate of secondary
education, CSF, cerebrospinal fluid; CU, college or university degree, GCSE,
general certificate of secondary education; GM, gray matter; HNC, higher national
certificate; HND, higher national diploma; ICD, international classification of
diseases; MAP, mean arterial pressure; MRI, magnetic resonance imaging; OL,
O-levels, N, number; NVQ, national vocational qualifications; WM, white matter.
Occupational status was coded according to the following scale:
0 = “Unemployed/Retired/Unable to work/Student,” 1 = “Elementary Occupations,”
2 = “Process, plant and machine operatives,” 3 = “Sales and Customer Service
Occupations,” 4 = “Personal Service Occupations,” 5 = “Skilled Trades
Occupations,” 6 = “Administrative and Secretarial Occupations,” 7 = “Associate
Professional and Technical Occupations,” 8 = “Professional Occupations,” and
9 = “Manager and Senior Officials. Alcohol intake was measured on a 5-point
scale: 5 = “daily or almost daily,” 4 = “three or four times a week,” 3 = “once or
twice a week,” 2 = “one to three times a month,” and 1 = “special occasions only”
or 0 = “never.”

63.94 years old (SD = 7.32) at follow-up. Females represented
54.5% of the sample (n = 3,897). A substantially smaller number
of individuals had provided complete data for all cognitive
measures at follow-up and were therefore analyzed as a sub-set
(n = 1,734) of the main sample. The percentage of participants
in each activity group (along with the percentage of females) are
reported in Table 3. Comparisons between the analytical samples
and excluded participants (Supplementary Table 1) suggested
that the MRI sample were significantly older, more educated
and had a higher occupation status and higher proportion of
females than compared to excluded participants. These group
differences were also found for sex, education and occupational
status in the cognitive sample. No significant group differences
were observed in the proportion of individuals with an ICD-10
diagnoses of anxiety/depression in either sample. For group
comparisons on these variables between each activity group,
please see Supplementary File: Group Comparisons.

Cognitive Function
Stable weekly computer use was linked to higher global cognitive
performance, relative to stable low computer use (β = 0.62,
95%CI = [0.35, 0.89], FDR q = 1.16 × 10−4). No other
activities were significantly linked to cognitive performance (FDR
q’s > 0.05).

Structural MRI
Stable weekly family/friend visits were associated with higher
GM volume in the occipital pole, in comparison to individuals
consistently reporting infrequent family and friend visits
(β = 0.15, 95%CI = [0.08, 0.21], FDR q = 0.03). No significant
associations were found for any other activity with GM volume,

TABLE 3 | Summarizing the number of individuals in each activity group, for the
MRI and cognitive samples.

Activity Stable low
engagement

Weekly to
low

engagement

Low to
weekly

engagement

Stable weekly
engagement

MRI sample

Computer use
No. of females (%)

197 (2.8%);
129 (65.5%)

177 (2.5%);
120 (67.8%)

615 (8.6%);
412 (67%)

6163 (86.2%) ;
3,236 (52.5%)

Educational
classes
No. of females (%)

5804 (81.2%);
2,947 (50.8%)

573 (8%);
387 (67.5%)

445 (6.2%);
312 (70.1%)

330 (4.6%);
251 (76.1%)

Religious
activities
No. of females (%)

5,208
(72.8%) ;

2,659 (51.1%)

174 (2.4%);
106 (60.9%)

221 (3.1%);
152 (68.8%)

1,549 (21.7%);
980 (63.6%)

Pub/social club
No. of females (%)

3974 (55.6%);
2,573 (64.7%)

665 (9.3%);
347 (52.2%)

638 (8.9%);
340 (53.3%)

1875 (26.2%);
637 (34%)

Sports club/gym
No. of females (%)

2707 (37.8%);
1,408 (52%)

906 (12.7%);
529 (58.4%)

875 (12.2%);
525 (60%)

2664 (37.2%);
1,435 (53.9%)

Visiting
friends/family
No. of females (%)

685 (9.6%) ;
314 (45.8%)

593 (8.3%);
277 (46.7%)

717 (10%);
377 (52.6%)

5157 (72.1%);
2,929 (56.8%)

Cognitive sample

Computer use
No. of females (%)

45 (2.6%);
31 (68.9%)

48 (2.8%);
36 (75%)

142 (8.2%);
89 (62.7%)

1,499 (86.4%);
795 (53%)

Educational
classes
No. of females (%)

1,385
(79.9%) ;

704 (50.8%)

161 (9.3%);
107 (66.5%)

110 (6.3%);
83 (75.5%)

78 (4.5%);
57 (73.1%)

Religious
activities
No. of females (%)

1,270
(73.2%) ;

643 (50.6%)

44 (2.5%);
27 (61.4%)

45 (2.6%);
34 (75.6%)

375 (21.6%);
247 (65.9%)

Pub/social club
No. of females (%)

958 (55.2%);
638 (66.6%)

162 (9.3%);
87 (53.7%)

169 (9.7%);
82 (48.5%)

445 (25.7%);
144 (32.4%)

Sports club/gym
No. of females (%)

621 (35.8%);
325 (52.3%)

208 (12%);
119 (57.2%)

241 (13.9%);
137 (56.8%)

664 (38.3%);
370 (55.7%)

Visiting
friends/family
No. of females (%)

167 (9.6%) ;
73 (43.7%)

155 (8.9%);
73 (47.1%)

184 (10.6%) ;
92 (50%)

1,228 (70.8%) ;
515 (41.9%)

Numbers and percentages are reported as well as the percentage of females
in each group. For comparisons of age, sex, education and the presence
of ICD-10 diagnoses of anxiety/depression, please see Supplementary File:
Group Comparisons.

tract-specific FA or MD, total WM volume or lesions (FDR
q’s > 0.05).

Functional MRI
Stable weekly engagement at a sports club or gym was
associated with stronger absolute connectivity between the
sensorimotor network and lateral visual network, relative to
stable low engagement (β = 0.12, 95%CI = [0.07, 0.18], FDR
q = 2.04 × 10−2; Figure 1). Similarly, stronger connectivity
was also observed between the sensorimotor and cerebellar
networks for this activity (β = 0.12, 95%CI = [0.07, 0.18], FDR
q = 2.04 × 10−2; Figure 1). The association for sensorimotor-
cerebellar network connectivity (β = 0.12, 95%CI = [0.07,
0.18], FDR q = 1.23 × 10−4) and sensorimotor-lateral
visual network connectivity (β = 0.12, 95%CI = [0.07, 0.18],
FDR q = 2.48 × 10−3) remained significant after adjusting
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FIGURE 1 | Attending a sports club and gym on a weekly basis associated
with stronger connectivity (red lines) between the sensorimotor network (node
12) and lateral visual network (node 19) and cerebellar network (node 15).

for physical activity levels (i.e., summed weekly Metabolic
equivalent of task (MET) minutes, n. with physical activity
information = 6,289) and global GM volume. There were no
significant associations between any other activity and resting-
state functional connectivity strength (FDR q > 0.05).

DISCUSSION

We present the largest multi-modal study to examine whether
patterns of engagement in leisure activities associate with markers
of brain structure, functional connectivity, and cognition. We
found that stable weekly participation in a sports club or
gym correlated positively with connectivity of the sensorimotor
network. Additionally, weekly visits to or from family and
friends was associated with higher volumetric measures of GM
in the occipital pole. However, apart from consistent leisure time
computer use, no other activity was significantly linked to global
cognition. Each of these results are discussed, in turn.

One of our main findings was that consistent, weekly visits
to a gym or sports club correlated with greater absolute
connectivity of the sensorimotor network and cerebellar network,
relative to infrequent attendance over time. Similar activation
patterns at rest and during task execution indicate that
both the sensorimotor and cerebellar networks play a role
in motor tasks (Smith et al., 2009), potentially interacting
with one another to support motor behavior. Subdivisions of
the cerebellum are typically found within the sensorimotor
network (Habas et al., 2009; Dobromyslin et al., 2012), an
observation that was also replicated in our study (Supplementary
Figure 3). The present findings additionally identified a link

between connectivity of the sensorimotor and lateral visual
network in individuals reporting consistent gym and sports
club attendance across time, suggesting that sustained activity
engagement contributes to enhanced visual-motor coupling.
Potentially underlying this relationship is the importance of
visual information in regulating and updating current behavior
during physical exercise (Mallek et al., 2017). Our findings are
in line with a previous study reporting strengthened connectivity
between regions involved in the sensorimotor network, cerebellar
and visual network, following a 13-week cognitive and motor
skills training intervention (Demirakca et al., 2016). Task based
fMRI has also highlighted a greater BOLD response in regions
involved in these networks (Domingos et al., 2021). For example,
the supplementary motor areas, precentral gyrus, angular gyrus
and supramarginal gyrus were among the areas to demonstrate
greater BOLD activation during a famous face recognitions task,
in a group of adults (age range = 65 to 85) reporting high physical
activity levels (n = 34) relative to a low physical activity group
(n = 34, Smith et al., 2011). However, stronger connectivity
between resting-state networks in an aging sample is not entirely
straightforward to interpret. For instance, older adults often
exhibit less segregated sensorimotor networks (i.e., lower within-
network connectivity and higher between-network connectivity)
when compared to younger adults, with these increases in
connectivity linked to poorer task performance (e.g., reaction
time, dexterity; Cassady et al., 2019). Additionally, physical
activity levels did not account for the associations observed
across the sensorimotor-visual-cerebellar networks, suggesting
that other factors (e.g., physical fitness or socially interacting with
others) may support these associations.

A difficulty in interpreting our findings is that while
gym/sports club attendance was linked to greater connectivity
between the visual and sensorimotor networks, no parallel
associations were found between this activity and cognition,
despite an established link between physical activity participation
and cognitive function (Kelly et al., 2014; Erickson et al., 2019).
The absence of a relationship with global cognition may be
partly explained by the lower statistical power present in the
analyses of cognitive function relative to the MRI analyses,
due to the smaller sample size (1,734 individuals versus 7,152
individuals in the MRI sample). As we focused our analyses
on global cognition, our study may have also failed to detect
specific cognitive domains that are sensitive to gym/sports club
participation (e.g., executive function (Erickson et al., 2019).
Future studies examining cognitive subdomains could therefore
provide novel insights into the cognitive correlates of these types
of activities. Additionally, we were only able to generate a crude
measure of activity participation based on the measures available
in the UK Biobank study, which potentially hampered our ability
to detect a link between gym/sports club attendance and cognitive
function. Specifically, the granularity of our activity measure
may have prevented us from capturing sufficient inter-individual
variation in activity levels, such as between individuals who
attended a gym/sports club once a week to those who attend it on
a more regular basis (e.g., five times a week). Further work would
therefore benefit from using more fine-grained assessments of
activities (e.g., duration and frequency), as this approach could
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offer enhanced sensitivity in detecting associations between
gym/sport club attendance and cognitive function. A final and
more general consideration is that attending the gym or sports
clubs is unlikely to serve as an accurate proxy of overall physical
activity levels, as many activities can be performed outside of
these settings (e.g., running and cycling). This could explain
why our study failed to replicate well-established links between
physical activity, GM and WM outcomes (Cheng, 2016; Sexton
et al., 2016; Wassenaar et al., 2019).

Another of our key findings was that consistently visiting
friends and family on a weekly basis associated with higher GM
volume in the occipital pole, relative to low and stable patterns.
This finding offers partial support for our second hypothesis. Two
previous studies have also reported a relationship between higher
social activity levels and higher GM volume within this region
(James et al., 2012; Arenaza-Urquijo et al., 2016), consistent
with the “brain maintenance” (Nyberg et al., 2012) or “brain
reserve” (Stern, 2012) hypotheses. However, other studies have
not replicated this association (Foubert-Samier et al., 2012; Seider
et al., 2016; Anatürk et al., 2020), or otherwise report associations
across frontal, parietal and temporal regions (Valenzuela et al.,
2008; Arenaza-Urquijo et al., 2015; Seider et al., 2016). The
discrepant findings may be due to the use of a cross-sectional
assessment of activities in most of these studies or alternatively
a lack of assessment into activity-specific relationships. While
the frontal and temporal regions are considered to be the most
age-sensitive, GM in the occipital cortex also demonstrates a
negative relationship with age (e.g., Allen et al., 2005; Fjell and
Walhovd, 2010; Lemaitre et al., 2012; Raz et al., 2005). Sustained
interpersonal interactions could potentially prevent age-related
neuronal or synaptic loss or otherwise promote synaptic or
dendritic plasticity (Anatürk et al., 2018). Animal studies offer
support for this interpretation (e.g., Briones et al., 2004; Okuda
et al., 2009; Zhao et al., 2011; Jung and Herms, 2014), with one
study reporting an increase in the synaptic density of the rat
visual cortex after housing in an enriched environment for a
month (Briones et al., 2004). At the same time, the selectivity of
the occipital cortex needs to be interpreted with caution, given
the “blunt” nature of our activity measure. Overall, our results
suggest that encouraging middle-aged and older adults to stay
engaged with their existing social network could potentially be
an important avenue for supporting individuals through their
later years of life.

Individuals who consistently reported weekly computer use
had higher global cognitive performance, relative to those
who consistently reported less frequent participation over time.
Despite the small number of individuals in the low and stable
group (i.e., reference group; n = 197) this association was one
of the few to survive FDR corrections. These results are in line
with prior findings indicating a link between frequent computer
(Tun and Lachman, 2010) and internet use (Berner et al., 2019)
and better cognitive function. Our findings further complement
the observation that computerized cognitive training programs
lead to improvements in trained cognitive domains, with some
findings suggesting transfer to untrained domains (e.g., Kueider
et al., 2012; Nguyen et al., 2019). While speculative, the pathway
linking computer use to cognition could be through an increased

exposure to novelty (e.g., reading articles online), a greater
demand on psychomotor skill (through mouse use and typing)
and/or the opportunity to engage several domains of cognition
at once (e.g., attention and memory when playing computer
games; Tun and Lachman, 2010). Nevertheless, we cannot rule
out the explanation that individuals who frequently use the
computer are more accustomed to using technology and may
have had an advantage to non-users on the computerized
cognitive assessments administered in the UK Biobank. Reverse
causation could alternatively explain our results, such that
individuals with higher levels of cognitive function are inclined to
spend more of their time using computers relative to individuals
with lower levels of global cognition. While no structural
or functional correlates were found for this activity, a link
with GM volume in the putamen was detected at trend-level
(β = 0.22, 95%CI = [0.12, 0.33], FDR q = 0.07), Supplementary
File: Results). The putamen is implicated in both movement
preparation and execution and non-motor functions, (e.g.,
executive control, working and episodic memory and category
fluency, Ell et al., 2011) and although the trend reported here
needs to be independently validated by future studies, it could
represent a potential region of interest for studies investigating
potential mediators of the computer-cognition association. Taken
together, our results suggest that improving computer use level
among middle-aged adults represents an important aim of future
RCTs, which will also concurrently establish the directionality of
the associations reported here.

Otherwise, contrary to our hypotheses, none of the
other activities examined (i.e., going to the pub or social
clubs, attending an adult educational class, undertaking
religious activities) were associated with markers of GM, WM
microstructure, functional connectivity or cognitive function,
after FDR corrections. While prior meta-analytic investigations
have identified associations with brain structure (Anatürk et al.,
2018) and cognition (Kuiper et al., 2016) when composite
measures of activities were used, our results suggest that
comparatively speaking, they do not uniquely contribute to
brain health in early late life. The alternative explanation is
that the crude measure of activity levels used in our study
potentially attenuated associations between these activities and
neural/cognitive outcomes. Therefore, an important next step
for this line of work is to examine whether our results are
replicated when assessing other dimensions of engagement
(i.e., duration and frequency). Considering that the present
findings imply dissociable effects between activities in brain-
cognition associations, our results are in favor of an approach
sensitive to these inter-activity differences when the statical
power of a study allows for it. However, it also needs to be
considered that cumulative engagement over separate activities
is likely necessary for sustained improvement in brain function,
especially as only weak associations were found for the individual
activities investigated in our study. Accordingly, we repeated our
results with the inclusion of cumulative leisure activities (i.e.,
number of activities engaged in on a weekly basis across the
two timepoints) and found that although cumulative activities
were not significantly linked to any MRI or cognitive outcomes,
a trend (i.e., β = 0.03, 95%CI = [0.02, 0.05], FDR q = 0.066,
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Supplementary File: Results [Posthoc MRI results]) was
detected for higher cumulative activity and stronger connectivity
between the medial visual and posterior default mode network,
which was not observed for any specific activity. Hence, activity-
specific associations could serve as complementary to that
of composite leisure activity scores. Overall, our results are
informative to clinicians and researchers planning intervention
studies as we highlight several activities that may play a role in
maintaining brain health in older adult populations.

Strengths and Limitations
The core strength of this study is the use of longitudinal
leisure activity data provided by a large cohort of middle-
aged and older adults. This design enabled novel insights
into the neural and cognitive correlates of life activities, while
minimizing the risk of recall errors inherent in retrospective
assessments of baseline activity levels (Gow et al., 2017).
Furthermore, corrections for multiple comparisons were applied
to minimize the risk of type I errors, due to the large number
of associations examined. However, we were only able to
examine six activities due to limited coverage in the Biobank
study. Other common activities, such as reading (Paillard-Borg
et al., 2009) were not investigated. There was also a lack
of specificity in some of the activity items, for example, no
information was collected on the type of social or sports clubs
that respondents attended. These highlighted weaknesses in
our activity measure reflect a more general limitation in the
field, where activity questionnaires are often brief or otherwise
include non-specific items on club participation (e.g., Cognitive
Activities Scale (Wilson et al., 1999, 2003, 2005); Cognitive
Reserve Index Questionnaire (Nucci et al., 2012); Cognitive
& Leisure Activity Scale (Galvin et al., 2021). We therefore
recommend that the activity measures employed by future
studies include a comprehensive list of activities and integrate
an open-ended question that allows respondents to clarify
the type of sports/social clubs that they participate in during
their leisure time.

The observational design is also a major weakness of this
study. Due to the opportunistic self-selected nature of the
sample, we are unable to rule out reverse causation or residual
confounding by a third unaccounted for variable. Additionally,
at the time of manuscript preparation only a single timepoint
of MRI data was available, meaning that the associations
reported between gym/sports club attendance and connectivity
of the sensorimotor and lateral network could reflect pre-
existing differences in visual-motor coupling between individuals
who engage frequently in this activity compared to those
who do so infrequently. Future releases of longitudinal MRI
data from the UK Biobank study will help to delineate the
directionality of these associations and RCTs will serve to
establish whether the reported associations translate to direct
effects. Cohort effects serve as another alternative explanation
of our results. For example, while older individuals who
are now fully engaged with technology may gain cognitive
benefits, the same effects might not be observed in 20 years’
time as it becomes more common for individuals to become
computer literate from a young age. We also note significant

differences between individuals included in the sample to
those excluded, with those included generally being older,
more educated and from a higher occupational grade and
more likely to be female. These comparisons complement the
observation that the larger Biobank cohort is not entirely
representative of the British general population (Fry et al.,
2017). This would suggest that our results are most applicable
to those who share similar characteristics to our sample
and may not equally generalize to all middle- and older-
aged adults.

A final limitation of our study is that while we compared
each trajectory group against the “low and stable” group
for each activity, we did not compare these trajectory
groups against each other, which may have revealed further
insights into how differences in activity trajectories relate
to brain structure, functional connectivity and cognition.
This study therefore represents an initial step toward
better characterizing activity-specific associations with
the brain but is by no means exhaustive. Further work
is required to parse out the specific set of activities that
have greater implications for brain aging, generating
evidence that may help improve current RCTs designs and
retirement programs to ensure that the most promising
activities are targeted.

CONCLUSION

We found that sustained sports club/gym attendance was
linked to greater absolute connectivity of the sensorimotor
connectivity although no parallel associations with cognition
were found. Conversely, consistent family and friend visits
over time were associated with higher volumetric measures
of GM in the occipital cortex. Only weekly leisure time
computer use over time was linked higher levels of global
cognition. Overall, this study demonstrates selective associations
between different leisure activities, highlighting several that
may be relevant for RCTs aiming to promoting cognitive
health in late life.
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