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Abstract

Background—Although physical activity has been associated with better cognitive function and
reduced dementia risk, its association with cognitive decline in normal aging remains uncertain.

Objective—To determine whether physical activity in youth and older age are associated with
age-related cognitive change.

Methods—Over a period of 27 years, 2,027 community-dwelling adults (mean age 73.5; 60%
women) of the Rancho Bernardo Study of Healthy Aging completed up to seven cognitive
assessments, including tests of global cognitive function, executive function, verbal fluency, and
episodic memory. At each visit, participants reported concurrent physical activity. At baseline
(1988-1992), participants additionally reported physical activity as a teenager and at age 30. For
each age period, participants were classified as regularly active (3+ times/week) or inactive.

Results—Associations between concurrent physical activity and better cognitive function were
stronger with advancing age on all tests, even after accounting for education, health, and lifestyle
factors, as well as survival differences (ps < 0.05). Baseline physical activity did not predict rates
of cognitive decline (s > 0.40). Individuals who were physically active at age 30 and older age
maintained the highest global cognitive function with advancing age (o = 0.002).

Conclusion—Regular physical activity is associated with better cognitive function with
advancing age. Physical activity in young adulthood may contribute to cognitive reserve, which
together with physical activity in later years, may act to preserve cognitive function with age.
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INTRODUCTION

Regular exercise may support neurobiological functions that help to maintain cognitive
abilities and stave off cognitive impairment in later life. Elucidating how physical activity
influences cognitive aging is essential for developing strategies to preserve independence
and quality of life into older age. There is compelling evidence that physical activity is
beneficial for brain function, and is associated with better cognitive performance and lower
dementia risk [1, 2]. However, it is less clear if physical activity attenuates cognitive decline
in normal aging. Furthermore, it remains uncertain whether maintaining physical activity
into older age is necessary to slow cognitive aging, or whether an active youth confers
sufficient resilience against cognitive impairment in later life, when individuals may be
unable or less likely to engage in regular exercise [3].

Prior studies have reported that physical activity is associated with lower risk for dementia
and cognitive impairment [4, 5]. Physical activity comprises both light daily activities such
as housework, walking, or gardening, and more vigorous exercise such as running or
dancing [6]. While daily activities and exercise may elicit distinct cerebrovascular and
neurobiological effects, positive associations with cognitive function have been reported for
a range of activities. Both aerobic [7, 8] and strength [9, 10] training improve executive
function, memory, and verbal fluency in older individuals. Although some longitudinal
investigations have found that better fitness or greater physical activity is associated with
slower decline in global cognitive function, memory, verbal fluency, attention, and
processing speed [11-15], a meta-analysis [1] recommended further high-quality
investigation to resolve incongruencies regarding the reliability of these findings. Evaluating
associations between physical activity and cognitive function in large samples of aging
adults followed for extended periods, while assessing potential confounding factors, will
help to clarify the role of physical activity in preserving cognitive function into late life.

There is evidence that early-life physical activity supports late-life cognitive function. For
example, exercise at younger ages has been linked to faster processing speed in older men
[16] and lower risk of cognitive impairment in older women [17], whereas midlife exercise
predicts better memory and slower memory decline [18]. We previously examined
associations between physical activity at multiple age periods throughout life and cognitive
function at a single time point in older age [19]. Consistent with prior findings, we observed
positive interactive effects of teenage and current physical activity on executive function
among older adults, such that current physical activity was associated with better cognitive
performance primarily in individuals who were also active as teenagers. These associations
were significant regardless of activity intensity, supporting the notion that even light
activities may support healthy cognitive aging. However, longitudinal investigation of
cognitive aging relative to physical activity over the lifespan is limited, and it is unclear
whether physical activity throughout life modifies rates of cognitive decline with age.

This study builds upon our prior cross-sectional investigation, by examining associations
between physical activity and trajectories of cognitive performance over a maximum 27-year
follow-up in a large cohort of community-dwelling older adults. We examined both
prospective associations of physical activity as a teenager, at age 30 and in older age, with
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subsequent cognitive change, and longitudinal associations of concurrent physical activity
with cognitive change. We hypothesized that physical activity in older age would be
associated with better performance and attenuated cognitive decline, and that physical
activity at earlier ages would augment the benefits of older age physical activity on healthy
cognitive aging.

METHODS

Participants

Participants were southern California residents who were members of the Rancho Bernardo
Study (RBS) of Healthy Aging, a longitudinal observational study of community-dwelling
older adults [20]. Cognitive function was first assessed at a 1988-1992 research clinic visit
(baseline), with repeated assessments occurring approximately every four years, with the
final assessment in 2014-2016.

A total of 2,212 RBS participants who attended the 1988-1992 visit were eligible for study
inclusion. Of these, 185 were excluded due to missing cognitive data and three were
excluded due to missing physical activity information, leaving 2,027 participants in our
analytic sample. Study procedures were approved by the University of California, San Diego
Human Research Protections Program Board, and all participants provided informed written
consent prior to each visit.

Cognitive assessment

A cognitive test battery was administered by a trained interviewer at each research visit. The
Mini-Mental State Exam (MMSE) [21], Trails Making Test Part B (Trails B) of the
Halstead-Reitan Battery [22], and category fluency tests [23] were administered at all seven
visits; the Buschke-Fuld Selective Reminding test [24] was administered at five visits. The
MMSE evaluated orientation, attention, language, and memory to yield a measure of global
cognition with a maximum score of 30. Trails B required participants to connect alternating
letters and numbers in sequence, with a maximum completion time of 300 s, to provide a
measure of psychomotor tracking and executive function. The category fluency test assessed
verbal semantic fluency by having participants name as many unique animals as possible in
60 s. The Buschke-Fuld Selective Reminding test measured verbal episodic memory,
requiring participants to recall as many words as possible from a list of ten words read by
the examiner. Participants were reminded of any forgotten words and asked to recall all ten
words again; this process was repeated six times. The number of correctly recalled words
over all six trials (total recall) was analyzed.

Physical activity assessment

Participant health and lifestyle information was collected at each clinic visit through
questionnaires. At the 1988-1992 assessment (baseline), participants reported how many
times per week they engaged in light, moderate and strenuous exercise, as a teenager, at age
30, and currently. Examples were provided for each exercise level (e.g., light: yoga, archery,
fishing; moderate: tennis, fast walking, skiing; strenuous: running, hockey, football).
Participants were classified as physically active if they engaged in any level of physical
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activity at least three times per week. At all subsequent assessments, participants were
simply asked whether they currently exercised at least three times per week.

Health and lifestyle assessment

At each visit, participants reported how many 12 oz bottles or cans of beer, 5 0z glasses of
wine, or drinks containing 1.25 oz of hard liquor they consumed during an average week.
The total number of alcoholic beverages consumed weekly was summed. Participants
reported whether they never, previously, or currently smoked. Education level was acquired
at enrollment (<7 years, junior high school, some high school, completed high school, some
college, completed college, graduate school) and converted to years of education. Height and
weight were measured in the clinic with participants wearing light clothing and no shoes,
and body mass index (BMI; kg/m?2) was calculated. Participants reported whether they had
ever been diagnosed with various common medical conditions (yes/no), and a comorbidity
index summed the number of positive responses for the following: angina, heart attack,
congestive heart failure, stroke, diabetes, high blood pressure, pulmonary disease, asthma,
thyroid disease, and arthritis. Positive responses were carried forward to subsequent visits in
analyses.

Statistical analysis

Association

Demographic, behavioral, and cognitive characteristics at the initial cognitive assessment
were compared between currently active and inactive participants, using independent sample
ttests for continuous variables, and chi-squared tests for categorical variables.

of physical activity with cognitive function by age

Mixed-effects regression models investigated effects of physical activity on cognitive
performance by age. Models included intercept and age as random effects, which allow
individual subject baseline levels (intercept) and slopes to vary randomly about the mean
trajectory described by the fixed effect terms. Both linear and quadratic age terms were
included, as well as fixed effects of sex (0 = women, 1 = men), education (years), and time-
varying concurrent (concurrent with the cognitive assessment; henceforth referred to as older
age) physical activity (0 = inactive, 1 = active). Retest effects were included for the Trails B
and MMSE (coded as 0 for the first assessment, and 1 for all subsequent assessments), as we
previously found significant practice effects for these tests [25, 26]. An age by physical
activity interaction term was included to assess whether associations between older age
physical activity and cognitive function differ by age. Because there were no interactions
between sex and older age physical activity or among sex, age, and physical activity
(p5>0.10), these interactions were excluded from final models. Models were repeated with
additional adjustment for birth decade, comorbidity index (updated to include newly
reported comorbidities at each visit), and time-varying measures of BMI, alcohol
consumption (average drinks per week), and smoking (never/former/current).

Models were repeated excluding participants demonstrating cognitive impairment, defined
as an MMSE score greater than two standard deviations below the expected mean (based on
age, sex, and education adjusted norms [27]) at baseline or final assessment.
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To estimate the magnitude of effects of physical activity on cognitive aging, we computed
predicted cognitive test scores from mixed effects models for active and inactive individuals
at each age. For each test, the age at which an active individual would score equivalently to
an inactive 70-, 80-, or 90-year-old was computed, and the estimated age difference (active -
inactive) was calculated.

To evaluate whether differences in survival by physical activity influenced results, a
longitudinal joint shared random effects model was constructed for each test, adjusting for
age and sex.

To assess whether physical activity at earlier ages modified the association between older
age physical activity and cognitive function, analyses were repeated including terms for
physical activity at a younger age (teenage or age 30, in separate analyses), older age
physical activity, the three-way interaction among younger age physical activity, older age
physical activity and age, and all two-way interactions among these three terms. To test for
multicollinearity between physical activity at younger and older ages, variance inflation
factors were computed between models with one or both physical activity measures. No
evidence of multicollinearity was found; variance inflation factors ranged from 1.01 to 1.21.

Associations of baseline physical activity with cognitive function over time

RESULTS

In our models using age as the temporal measure, associations between time-varying
physical activity and cognitive function may reflect within-subject differences in rates of
cognitive decline or between-subject differences in cognitive performance by age. Therefore,
to directly examine associations between physical activity and subsequent cognitive change,
mixed effects regression models were performed including baseline age, time as a random
factor, and physical activity at the initial cognitive assessment as the exposure. In addition to
an age by time interaction, we also included an interaction between physical activity and
time to assess differences in rates of decline by activity status, and an interaction between
physical activity by age to assess cross-sectional age effects on the association between
activity and cognitive function. To examine whether associations between baseline physical
activity and cognitive decline differed by age, we included a three-way interaction term for
physical activity by time by age.

Exact p-values for two-sided tests are shown; p <0.05 was considered statistically
significant. Analyses were conducted with SAS v9.4 (SAS Institute, Cary, NC).

Participant characteristics

Of the 2,027 participants, 15% attended six or seven cognitive assessments, 21% attended
four to five, 33% attended two to three, and 31% attended one. Of those who attended more
than one cognitive assessment, 10% participated for 20 or more years, 78% for 10-19 years,
and 12% for fewer than 10 years. A total of 1,440 (71%) participants reported engaging in
regular physical activity at the initial cognitive assessment, 82% as a teenager, and 63% at
age 30. Between 69 and 80% of individuals who were active at the initial cognitive
assessment reported being currently active at each subsequent assessment.
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Characteristics for active and inactive participants at the initial cognitive assessment are
presented in Table 1. Participants ranged in age from 44-99 years (mean + SD = 73.5 + 9.0;
91% were 60 or older and 60% women). Compared to inactive participants, those who were
active were younger, more likely to be male, participated in more visits and for a longer
follow-up, were less likely to be current smokers, and reported fewer medical conditions
(1< 0.001). Active participants were also less likely to demonstrate cognitive impairment,
attained more years of education, and had lower BMI (ps<0.01). Alcohol consumption did
not differ by physical activity status (o= 0.12).

Physical activity and cognitive function by age

Base models of cognitive function by concurrent physical activity are presented in Table 2.
There was an age-dependent association between physical activity and performance on all
cognitive tests (MMSE, p = 0.003; Trails B, p<0.001; category fluency, p= 0.01; total recall,
p=0.02); physical activity was associated with better performance at older ages (Fig. 1).
The effect size and significance of these associations were essentially unchanged (data not
shown) after adjustment for birth decade, comorbidities, BMI, alcohol consumption, and
smoking. Across tests, the association between physical activity and cognitive function was
the equivalent of one to two years for a 70-year-old, two years for an 80-year-old, and two to
2.5 years for a 90-year-old. For example, models predicted that an inactive 80-year-old
would score the equivalent of an active 82-year-old. Akaike information criterion (AIC) for
models with and without physical activity are presented in Supplementary Table 4 for this
and all mixed effects models.

Overall, 524 (26%) participants met criteria for cognitive impairment at baseline or final
assessment. Exclusion of these individuals did not alter the physical activity by age
association for Trails B (base and full: ps< 0.001); but attenuated associations for category
fluency and total recall (Supplementary Table 1). When individuals demonstrating cognitive
impairment at baseline only were excluded, the physical activity by age interactions
remained significant for all tests (ps<0.05).

Effects of survival on associations between physical activity and cognitive function by age

A total of 1,615 (80%) participants died over the course of cognitive follow-up (between
1988-2016). To determine whether differences in longevity influenced associations between
physical activity and cognitive aging, analyses were repeated using joint models
incorporating survival time. Concurrent physical activity was associated with lower risk of
mortality during follow-up (hazard ratio = 0.79 [95% CI 0.70-0.89]; p<0.001). Age-
dependent associations of physical activity and cognitive function remained significant and
beta estimates were essentially unchanged after accounting for differences in survival time
(age by activity interactions: MMSE, p = 0.001; Trails B, p<0.001; category fluency, p=
0.02; total recall, p=0.01).

Physical activity at younger ages and cognitive function by age

Teenage physical activity did not interact with the age-dependent association between older
age physical activity and cognitive function for any test (Supplementary Table 2A). In
contrast, there was a three-way interaction among age 30 physical activity, older age
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physical activity, and age for the MMSE (base: p = 0.002; full: p=0.003); individuals active
at both ages maintained the highest cognitive function over time (Fig. 2; Supplementary
Table 2B). There was a trend for this interaction for category fluency (base: p= 0.08; full: p
= 0.07). Multicollinearity between younger and older age physical activity was low (variance
inflation factors = 1.01-1.21).

Baseline physical activity and cognitive function by time

To examine whether physical activity at baseline predicted cognitive change within
individuals, mixed models used baseline rather than time-varying physical activity, and
examined cognitive function over time adjusting for baseline age (Supplementary Table 3).
There were no significant interactions between baseline physical activity and time for any
test, or among physical activity, time, and age, indicating that baseline physical activity did
not affect rate of decline over time, regardless of age at baseline.

DISCUSSION

In this cohort of older adults followed for up to 27 years, concurrent physical activity
showed significant beneficial age-dependent associations with global cognitive function,
executive function, memory, and verbal fluency. Building upon our prior cross-sectional
study [19] that found the strongest associations with concurrent cognitive function for
physical activity in older than younger ages, the present longitudinal investigation reports
that associations of concurrent physical activity and cognitive function become more
apparent with advancing age. These associations did not differ between men and women,
were not affected by differences in survival, and were independent of several potential health
and lifestyle confounders. Physical activity in early adulthood, but not during teenage years,
augmented the positive association between cognitive function and physical activity in later
life. While we did not find evidence that physical activity predicted rates of cognitive
decline, our results suggest that physical activity throughout adulthood and into older age is
important for supporting healthy cognitive aging.

Prior studies examining cognitive decline relative to physical activity have reported mixed
findings. While some reported slower decline in global cognitive function, episodic memory,
executive function, and verbal fluency [11-15], others found no link between physical
activity and decline in executive function or verbal fluency [14, 15]. Discrepancies may stem
from the challenge of distinguishing cross-sectional effects of age from longitudinal
cognitive decline. A recent analysis of the Whitehall 11 cohort aimed to dissociate effects of
physical activity on cross-sectional age differences in cognitive function from those on
longitudinal change [28]. They observed that time-varying physical activity was associated
with cognitive function with age, but not with cognitive decline over their 15-year follow-up
of participants aged 45-69 at baseline. Our results, in an older cohort followed for a longer
period of time, are consistent with their report. Together, the finding of an age-dependent
association between physical activity and cognitive function implies that current physical
activity is particularly important for cognitive health in the oldest old, consistent with lower
rates of cognitive impairment for active adults 85 years of age or older [29].
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The authors of the Whitehall study postulated that links between concurrent physical activity
and cognitive function were driven by reverse causation, supported by their finding that
declining physical activity began nine years prior to dementia diagnosis. In contrast,
Buchman and colleagues [12] report that reduced physical activity predicted cognitive
decline, but cognitive decline did not predict subsequent decline in physical activity. They
also found that prior change in cognitive performance was not associated with physical
activity, arguing against a reverse effect of cognitive impairment reducing activity. Although
we did not have information on dementia diagnosis in our cohort, excluding individuals with
cognitive impairment at first or last assessment did not change the age-dependent association
between physical activity and executive function. Because the majority (80%) of our
participants died over the course of study follow-up, failing physical or cognitive health in
final years could have reduced physical activity levels during cognitive assessments close to
time of death. However, we found that for all tests the age-dependent association of
cognitive function with physical activity persisted after adjusting for comorbidities and after
accounting for activity-related differences in survival time. This reduces, but does not
eliminate, the likelihood that observed associations are due to reverse causation or declining
health among inactive individuals.

The literature regarding effects of physical activity earlier in life on cognitive aging is
sparse. Prior studies have reported better information processing speed in older men who
were active as young adults [16], reduced risk of cognitive impairment for women who were
active as teenagers [17], and slower memory decline during middle age for individuals who
were physically active at age 36 [18]. However, none of these studies examined cognitive
decline in older age relative to physical activity at younger ages. We add to these findings by
reporting that physical activity during early life, independent of current activity status, did
not reliably predict decline at older ages in any cognitive domain examined. Our finding that
cognitive function is more tightly coupled to physical activity at older than younger ages is
consistent with reports that physical activity in predominantly middle-aged participants did
not predict cognitive decline, whereas physical activity in older age was associated with
better cognitive function [28].

We observed that individuals who were active at both age 30 and in older age maintained
better global cognitive function with advancing age, than individuals inactive at either age.
Physical, social, or cognitive engagement early in life may elicit beneficial brain changes
promoting “cognitive reserve” that may protect against cognitive deficits in later years [30].
Considering evidence that other lifestyle factors during youth and midlife, such as higher
education or occupational status [31, 32], are cognitively protective, it is possible that the
window of plasticity for establishing cognitive reserve through lifestyle choices extends
beyond youth into adulthood. Alternatively, individuals who are active during adulthood
may maintain a more active lifestyle throughout middle and older age, contributing to better
overall cerebrovascular health or improved neural function compared to adults who are
occasionally active.

Although reverse causality cannot be ruled out, there are several plausible biological
pathways by which physical activity may act to preserve cognitive function during aging.
Aerobic exercise has been found to alter neurotransmission [33] and to increase
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angiogenesis [34], trophic factors [35], synaptic plasticity [36], neurogenesis and long-term
potentiation [37]. These studies point to improved cerebrovascular function, cultivation of an
active pool of new hippocampal neurons, or enhanced synaptic plasticity, as prominent
players underlying exercise-induced cognitive benefits. Notably, associations between
physical activity and cognitive aging in the present study were robust to adjustment for
various lifestyle factors and an overall health index. Thus, associations between physical
activity and cognitive function may stem, at least partly, from positive neurobiological
adaptations rather than from a generally healthy lifestyle or attenuation of comorbidities.

Limitations of this study include a homogeneous population of relatively well-educated,
white, middle-class, southern California residents. While this limits generalizability to other
populations, it minimizes confounding attributable to socioeconomic status, education, and
access to healthcare. This study used self-reported physical activity; although this is a
common method of assessing physical activity in cohort studies, it is subject to greater error
than objective measurement. Furthermore, retrospective reporting of physical activity at
younger ages may be less reliable due to recall bias, particularly in aging populations.
Because physical activity intensity was not assessed after the initial cognitive evaluation, we
were unable to dissociate effects of light activity versus strenuous exercise on rates of
cognitive decline. We were also unable to differentiate effects of daily activities from those
of exercise, given the phrasing of our physical activity questionnaire. Notable strengths
include a large, well-characterized cohort, with one of the longest follow-up periods of any
longitudinal study on physical activity and cognitive aging [38]. Furthermore, concurrent
and retrospective assessment of physical activity at younger ages allowed us to examine
associations of physical activity at different ages across the adult lifespan with later life
cognitive change. Health histories obtained at each visit permitted accounting for current
comorbidities. Although the proportion of participants engaging in regular physical activity
was high (71%) in this relatively healthy, community-dwelling cohort, we were nonetheless
able to identify meaningful associations with cognitive function.

In summary, this study identified a positive association between physical activity and better
cognitive function that strengthened with older age, and found that physical activity earlier
in adulthood augments this beneficial association. As the aging population continues to
grow, there is mounting urgency to identify therapies to slow or delay aging-related
cognitive decline. Efforts to encourage an active lifestyle in later years are a promising
therapeutic avenue for maintaining cognitive health into older age, which may ultimately
preserve independence and reduce clinical and caregiver burdens.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Cogpnitive trajectories in older age by concurrent physical activity. Modeled trajectories for

scores on each cognitive test as a function of time-varying physical activity status by age.
Because 91% of participants were 60 years or older at baseline, the x-axis begins at age 60.
The y-axis for Trails B is inverted because lower scores indicate better performance.
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Fig. 2.
Cogpnitive trajectories in older age by age 30 and concurrent physical activity. Modeled

trajectories for scores on each cognitive test as a function of time-varying physical activity
status by older age (black/gray lines) and physical activity at age 30 (solid/dotted lines. The
y-axis for Trails B is inverted because lower scores indicate better performance.
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