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Abstract

Purpose: Physical activity (PA) is known to improve cognitive and brain function, but debate
continues regarding the consistency and magnitude of its effects, populations and cognitive
domains most affected, and parameters necessary to achieve the greatest improvements (e.g.,
dose).

Methods: In this umbrella review conducted in part for the 2018 Health and Human Services
Physical Activity Guidelines for Americans Advisory Committee, we examined whether PA
interventions enhance cognitive and brain outcomes across the lifespan, as well as in populations
experiencing cognitive dysfunction (e.g., schizophrenia). Systematic reviews, meta-analyses, and
pooled analyses were used. We further examined whether engaging in greater amounts of PA is
associated with a reduced risk of developing cognitive impairment and dementia in late adulthood.
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Results: Moderate evidence from randomized controlled trials indicates an association between
moderate-to-vigorous intensity PA and improvements in cognition, including performance on
academic achievement and neuropsychological tests, such as those measuring processing speed,
memory, and executive function. Strong evidence demonstrates that acute bouts of moderate-to-
vigorous PA have transient benefits for cognition during the post-recovery period following
exercise. Strong evidence demonstrates that greater amounts of PA are associated with a reduced
risk of developing cognitive impairment, including Alzheimer’s disease. The strength of the
findings varies across the lifespan and in individuals with medical conditions influencing
cognition.

Conclusions: There is moderate-to-strong support that PA benefits cognitive functioning during
early and late periods of the lifespan and in certain populations characterized by cognitive deficits.

Keywords
acute exercise; academic achievement; brain; cognitive function; dementia; fitness

Introduction:

Scientific, educational, and public health communities have demonstrated immense interest
in investigating approaches that might enhance cognitive and brain function throughout the
lifespan. Indeed, improvements in cognitive and brain health may have profound
consequences for shaping quality of life, educational and career opportunities, and decision-
making abilities. Physical activity (PA), defined as bodily movement produced by skeletal
muscles that results in energy expenditure (1), has emerged as one of the most promising
methods for positively influencing cognitive function across the lifespan and reducing the
risk of age-related cognitive decline. The 2018 Physical Activity Guidelines Advisory
Committee (PAGAC) reviewed evidence on these effects to inform federal policy.

The possibility that PA might favorably influence cognitive and brain health is based upon
the fundamental neurobiological principle that cellular and molecular events in the brain are
amenable to modification by environmental enrichment. The pioneering work on
environmental enrichment demonstrated that rodents housed in impoverished cages have a
substantially different neurobiology than rodents housed in enriched cages and that this
neurobiological effect translated to enhanced learning and memory (2, 3). Access to a
running wheel was shown to be a critical feature of an enriched environment (4).

Demonstration of the positive effects of PA on the brain in rodents has guided questions
about its potential for positive effects in humans. Indeed, studies in humans have found
associations between PA and cognitive and brain outcomes across the lifespan (5). However,
several reviews and meta-analyses of this literature have concluded that the impact PA on
cognitive and brain health remains unclear because of inconsistencies in the parameters of
PA used across studies, the ways in which cognition was measured, the assessment of
moderators and mechanisms that could explain heterogeneity of the results, and quality of
the study designs (5). More recent reviews and meta-analyses have found that PA training
results in modest improvements in cognitive and brain outcomes across the lifespan, but
many of these reviews have not closely interrogated quality (6, 7).
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The 2018 PAGAC reviewed the scientific literature of this field, and the results from that
analysis are partially described herein. We aimed to address several questions. First, by
integrating the literature across ages and health conditions and providing a ‘bird’s eye’
perspective to the field, can we determine if there is sufficient evidence that PA positively
influences cognitive and brain outcomes in humans? Second, at which age or in which
population is the scientific literature the strongest and in which the weakest? Third, are there
cognitive domains that are especially responsive to PA? Fourth, is PA associated with a
reduced risk of cognitive impairment? Finally, is there sufficient evidence to indicate which
parameters of PA may be important for modulation of cognitive and brain health?

The methods used to conduct the reviews that informed the 2018 PAGAC Scientific Report
have been described in detail elsewhere (8).

The searches were conducted in electronic databases (PubMed®, CINAHL, and Cochrane)
and supplemented by additional articles identified by experts. The inclusion criteria were
pre-defined, and studies were considered potentially eligible if they were systematic reviews
(SRs), meta-analyses, or pooled analyses published in English from 2003 to February 2017.
Studies published in 2017 or 2018 (i.e., after data extraction for the PAGAC report) are also
included as the search was updated for this manuscript (N = 44). For the sake of this review,
we used a relatively broad definition of PA based on that provided by Casperson et al. (1) to
include play and recess activities in children, structured exercise programs for adults, and
experimental manipulations of acute bouts of exercise. All types and intensities of PA,
including free-living activities and play were included in the search as interventions/
exposures. Although not a form of PA, the term “physical fitness’ was also included in the
search and, if relevant, these studies were described separately. Studies of non-ambulatory
people, hospitalized patients, or animals were excluded. The full search strategy is available
at https://health.gov/paguidelines/second-edition/report/supplementary _material/pdf/
Brain_Health_Q1 Cognition_Evidence_Portfolio.pdf.

Titles, abstracts, and full-text articles were independently screened by two reviewers.
Disagreement between reviewers was resolved by discussion or by a third person. The
protocol for this review was registered at PROSPERO #CRD42018095774. Figure 1 shows
the search strategy and study selection process.

A total of 76 articles (35 meta-analyses; 41 SRs) were identified that examined effects of
RCTs and prospective longitudinal studies with cognitive outcomes. These reviews included
results from younger (18-50 years; N=5) (9-13) adults, older adults (N =7) (6, 14-19),
children (N= 13) (20-32), and adolescents (N=6) (33-38), as well as populations with
impaired cognition, such as attention deficit hyperactivity disorder (ADHD) (N=3) (39-41),
mild cognitive impairment or dementia (N=13) (42-54), multiple sclerosis (N=1) (55),
Parkinson’s disease (N=2) (56, 57), schizophrenia (N=1) (58), HIV (N=1) (59), Type 2
Diabetes (N=2) (60, 61), cancer (N=2) (62, 63), and stroke (N=2) (53, 64). We also included
articles on acute exercise and cognitive outcomes (N=4) (65-68), sedentary behavior and
cognitive outcomes (N=1) (69), and biomarkers of brain health (N=9) (70-78). We further

Med Sci Sports Exerc. Author manuscript; available in PMC 2020 June 01.


https://health.gov/paguidelines/second-edition/report/supplementary_material/pdf/Brain_Health_Q1_Cognition_Evidence_Portfolio.pdf
https://health.gov/paguidelines/second-edition/report/supplementary_material/pdf/Brain_Health_Q1_Cognition_Evidence_Portfolio.pdf

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Erickson et al.

Results:

Page 4

included one meta-analysis examining resistance training and episodic memory (79) and 3
articles on interval training and exergaming (80-82). We summarized the outcomes of our
review with the following “grades”: (1) Grade Not Assignable, (2) Limited, (3) Moderate,
and (4) Strong (see (8) for an in-depth description and the defining characteristics of these
categories).

Table 1 presents a summary of the results in each of the following domains.

Chronic PA behavior

In the following subsections, we refer to chronic PA behavior as PA that is repeated and lasts
longer than a single session or episode. Thus, acute PA research reflects the immediate
(transient) response to a single bout of PA, while chronic PA reflects a true change in an
individual’s baseline (i.e., a prolonged/permanent shift in activity). In the case of chronic
PA, the change is not as tightly coupled in time to the last bout of PA. The effects of single-
session, or acute, PA are discussed in a separate section below. Most of the work on chronic
PA includes studies that examine PA behavior and engagement over a span of weeks,
months, or years.

Children <6 years: In preschool aged children, little published research has examined the
relationship between regular PA and cognitive outcomes. In fact, only two SRs have
appeared to date (24, 32). Carson and colleagues (24) reviewed seven observational and
experimental studies of PA in typically developing children and reported that six of the
studies yielded a beneficial effect of greater PA on at least one cognitive outcome, with the
most notable findings observed for executive function (67% of the outcomes assessed) and
language (60% of the outcomes assessed). No studies demonstrated that PA was related to
poorer cognition. However, the authors rated six of the seven studies as having weak
experimental quality and a high risk of reporting bias using PRISMA guidelines. Further,
Zeng et al. (32) reviewed five RCTs of PA on cognitive development in children aged 4-6
years. Four of the five studies (80%) observed a positive effect of PA on attention, memory,
language, and academic achievement. Similarly, they concluded that there is only
preliminary evidence to support a positive effect of PA on cognition during early childhood.
Due to insufficient evidence, the subcommittee decided a grade was Not Assignable
regarding the effect of PA on cognitive development in the early, pre-school years.

Children 6 to 13 years: The greatest wealth of evidence for an effect of PA on cognitive
outcomes in children was found for preadolescents. Several SRs and meta-analyses report
beneficial effects (using SR criteria, Cohen’s d, or Hedges’ g) of PA on cognitive and
academic outcomes (20, 21, 23, 25, 26, 29-31, 35, 36). Specifically, consistent benefits of
PA were observed for executive function (21, 23, 26), attention (25), and academic
achievement (20, 26), including academic behaviors (e.g., time on task) (30). Across the
included articles, there were consistent findings indicating a small-to-moderate effect (effect
sizes = 0.13-0.30) of PA on cognitive and academic outcomes. Such findings were observed
across a number of cognitive domains (and assessments within domains), highlighting the
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robustness of this relationship despite the heterogeneity of approaches for investigating the
influence of PA on cognition.

Additional support for the relationship for PA on cognition in preadolescence stemmed from
the use of neuroimaging tools in this population. Two SRs (23, 26) have described
differences in brain structure and function as a result of PA in RCTs, with additional support
from cross-sectional comparisons of higher and lower fit groups of preadolescents. Briefly,
findings have demonstrated differences in brain structure including greater integrity in
specific white matter tracts following PA interventions (23, 26). Functional brain changes
resulting from PA interventions have also been noted in preadolescent children. Such studies
have indicated PA intervention-induced benefits to the neuroelectric system as well as
changes in functional magnetic resonance imaging (fMRI) signals (23, 26). Collectively,
there is Moderate evidence that PA is beneficial to cognition and brain structure and function
during preadolescence.

Children 14 to 18 years: Relative to preadolescence, significantly fewer reports (i.e., 6
SRs and meta-analyses) have been published in adolescent children. In adolescents, there
were fewer rigorous experimental studies with control groups, studies with well-described
parameters and definitions of PA, and well-described measures of cognitive function or
academic achievement. Despite these limitations, a recent meta-analysis reported a positive
effect (Cohen’s d=0.37) for PA on academic outcomes across 10 studies (38). In addition,
two SRs (both with ~20 studies) focused on PA and cognitive outcomes. Esteban-Cornejo et
al. (33) observed mixed results, such that 70% of the studies observed a positive relationship
of PA (broadly defined as physical education, sport, athletic participation and exercise
behavior) with cognitive or academic outcomes, 20% observed no relationship, and 10%
observed a negative relationship. Similarly, Ruiz-Ariza et al. (37) observed a generally
beneficial relationship of several metrics of fitness with cognitive outcomes. Given the
limited number of rigorous experimental studies with randomized designs, these findings
should be considered preliminary. Four new reports emerged in 2017 and 2018 after the
PAGAC search was completed (34-37), and collectively these reports have demonstrated
consistency in their conclusions of a positive association between PA and cognition in
adolescence. However, given the heterogeneity of findings in this age group, we determined
there is Limited, but promising evidence for positive effects of PA on cognition in adolescent
children. Note that this grade was changed from the 2018 PAGAC Report, where there was
insufficient evidence available at the time for even a limited grade.

Young and Middle-Aged Adults: Relative to studies of children and older adults, there
is a dearth of SRs and meta-analyses on the relationship of PA and cognition in young and
middle-aged adults (18-50 yrs). Several reports have investigated PA on cognition across the
adult lifespan; however, the samples were weighted toward older adults (>60 years) or
included individuals with various clinical disorders (11, 12). Other reports in middle aged
adults only included 1-2 studies aimed at chronic, or long-term, PA participation, with the
majority of studies focused on acute PA effects (79). Of the few studies reported, the
findings were mixed for the effects of moderate-to-vigorous PA on cognition, indicating the
need for additional research during young and middle adulthood. We determined that a grade
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was Not Assignable regarding the effects of PA on cognition and brain outcomes in this age
range.

Older Adults (>50): The most significant body of research (i.e., 7 SRs and meta-analyses)
examining the effects of PA on cognitive function has been conducted in older adults, which
the PAGAC defined at those over the age of 50. This work indicates that there is Moderate
evidence for an effect of long-term moderate-to-vigorous PA on cognitive outcomes in adults
aged 50 years and older. In cognitively-normal older adults, effect sizes (Hedges’ g) ranged
from non-significant (15) to 0.20 (18) to 0.48 (6) or higher (14) in favor of PA. Effect sizes
were greatest for measures of executive function (6), global cognition (18), and attention
(15). In one meta-analysis of 39 RCTSs, PA training improved executive function, episodic
memory, visuospatial function, word fluency, processing speed, and global cognitive
function (14). Some of these effects were large (Hedges’ g=2.06 for aerobic training effects
on executive functions), but were moderated by the mode of activity with larger effect sizes
for aerobic training compared to resistance or multi-modal (i.e., resistance and aerobic)
interventions. Other studies have also reported effects of resistance training. For example,
measures of reasoning were significantly improved across 25 RCTs, but this effect was
specific to resistance exercise (15), while others reported the largest effect sizes for
combined resistance and aerobic training (6, 19). Other modes of activity like exergaming
(e.g., Wii Fit) might also improve cognitive function (17). In addition, for executive
functions, larger effect sizes have been reported for studies with a greater percentage of
women, suggesting sex is an important moderator of the effect of PA on cognition (6, 14). In
another meta-analysis of 39 RCTs examining the effects of PA on cognitive function in
individuals over the age of 50, PA improved cognition with an effect size of 0.29 (16). In
sum, despite heterogeneity across studies, the majority of SRs and meta-analyses reported
small-to-moderate sized effects of RCTs on cognitive performance in older adults, which
were moderated by both sex and the cognitive domain assessed.

Neuroimaging research has provided another level and type of support for the effects of PA
in older adults. These results have been summarized across several reviews (83). In one
meta-analysis of 14 studies, nine of which were in older adults, aerobic exercise increased
right and left anterior hippocampal volumes (71, 76). Yet, despite these promising results,
few large-scale studies with sufficient sample sizes have examined the effects of PA
interventions on hippocampal volume in older adults, leading to ambiguity about the long-
term effects (75). Other studies have reported positive effects on other brain biomarkers of
morphology and function (71, 77, 78), while others are more equivocal (72).

In summary, there are promising effects of PA on cognitive and brain outcomes in older
adults, but more research is needed to disambiguate the age-ranges most affected, sex
differences, dose-response parameters necessary to optimize PA effects, and brain
biomarkers for better understanding pathways leading to improvements in cognition. These
remaining open questions, led us to grade the evidence as Moderate for this age range.

Mild Cognitive Impairment and Dementia: The evidence for this question was based
on prospective observational research designs that followed people over periods of time
ranging from 1 to 12 years (i.e., 2 SR and meta-analyses). There is Strong evidence
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indicating that greater amounts of PA is associated with a reduced risk of cognitive decline
(51) and dementia, including AD (42). In this literature prospective observational studies are
conducted on cognitively normal individuals who are then subsequently followed over time
to determine whether PA is associated with risk for developing cognitive impairment. For
example, a meta-analysis of 15 prospective studies ranging from 1-12 years in duration with
more than 33,000 participants found that greater amounts of PA were associated with a 38%
reduced risk of cognitive decline (51). Another meta-analysis of 10 prospective studies with
more than 20,000 participants reported that greater amounts of PA were associated with a
40% reduced risk of developing AD (42). One additional SR published after the PAGAC
search was completed examined the effects of PA interventions (of any type) lasting at least
6 months on delaying cognitive impairment in currently undiagnosed individuals (44). The
authors concluded that there was insufficient evidence that PA could be used for dementia
prevention. However, heterogeneous nature of the interventions (e.g., with many including
both PA and diet components) and cognitive test measures, small and underpowered studies,
and inability to assess the clinical significance of cognitive test outcomes were common
limitations of the included studies.

PA is also a possible approach for managing the symptoms of dementia, indicating that PA
interventions may help to improve cognition in individuals with a clinical dementia
diagnosis, including AD (45, 47, 49, 50, 52, 84). For example, one meta-analysis of 18
RCTs from 802 dementia patients reported an overall standardized mean difference of 0.42;
this effect was also significant for individuals with AD (N=8 studies) or in studies that
combined AD and non-AD dementias (N=7) (47). These positive effects were found for
interventions that were both high-frequency and low-frequency PA (defined as an average of
213 minutes per week or 93 minutes per week, respectively), although it is important to note
that consensus in the literature has not been reached regarding the effects of RCTs of PA on
reducing the risk for developing cognitive impairment many years later (43, 44). Despite
these findings, there is considerable heterogeneity in the cognitive assessment methods,
description of the PA interventions, and a moderate risk for bias noted across studies.

In sum, given the significant heterogeneity in study design, lack of appropriate reporting of
important PA parameters, and significant variability in cognitive tests employed, there is
moderate evidence that PA interventions improve cognitive performance in populations with
a current diagnosis of dementia. However, there is strong evidence from observational
prospective studies that engaging in greater amounts of PA is associated with a reduced risk
of developing cognitive impairment.

Other Clinical Populations: There is Moderate evidence, largely based on RCTs,
indicating that PA improves cognitive function in individuals with diseases or disorders that
impair cognitive function including ADHD (39), schizophrenia (58), multiple sclerosis (MS)
(55), Parkinson’s disease (56), and stroke (53, 64). Results in MS are conflicting, but
executive function, learning, memory, and processing speed show the largest effects (55).
Individuals with Parkinson’s disease show improvements in cognition following PA (56, 57),
with the largest effect sizes in general cognitive function and executive function. In
schizophrenia, moderate-to-vigorous PA interventions improve global cognition, working
memory, and attention, with an average Hedges’ g of 0.43 (58). Further, increases in brain
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volume and connectivity and elevated levels of serum BDNF are observed following 8
weeks to 6 months of PA in individuals with schizophrenia (70). In patients with both acute
and chronic stroke, PA improves global cognition, attention, memory, and visuospatial
abilities (53, 64).

In studies examining effects of PA in ADHD, the effect sizes (Hedges’ g) ranged from 0.18
to 0.77 in favor of PA improving cognitive performance (39-41). The cognitive domains
most commonly affected included attention and executive function (e.g., inhibition,
impulsivity) (39, 41). Such findings have been extended to children with social, emotional,
and behavioral disabilities (22). In autism spectrum disorder (ASD), Tan et al. (41) reported
a small-to-moderate effect (Hedges’ g = 0.47) for improvement in some aspects of cognition.
However, the meta-analysis included children with ASD, ADHD, or both disorders (overall
Hedges’ g = 0.24) and, as such, it is difficult to interpret effects of PA on ASD alone (41).

The study of PA as an adjuvant treatment for cancer-related cognitive deficits is in its early
stages (62, 63). Myers et al., (63) reported that 7 of 11 RCTs indicated improved cognitive
function due to PA (aerobic, resistance, mindfulness-based exercise, or a combination of PA
modes). However, only two of the studies used objective measures of cognition (63). The
remaining trials used subjective cognitive outcomes (e.g., ratings of cognitive slips or
failures in daily activities). A similar conclusion was reached by Furmaniak et al. (62).

There are also promising, but preliminary results, showing that cognition in individuals with
HIV (59) or Type 2 diabetes (60, 61) was improved by PA. For example, a recent SR of 16
studies in HIV suggests that PA may influence cognitive health across a variety of self-
report, executive function, memory, and processing speed measures (59). Similar benefits
have been suggested for Type 2 diabetes (60); but another review failed to establish a benefit
of PA on cognitive health in this population (61).

Dose-response effects of PA: Unfortunately, little is known about the dose of PA —
volume, duration, frequency, or intensity — needed to improve cognitive function. One meta-
analysis in older adults (6) reported that larger effects were observed in RCTs in which PA
bouts lasted 46-60 minutes (compared to bout lasting 15-30 minutes and 31-45 minutes) and
in interventions lasting for at least 6 months. Similarly, Northey et al. (16) reported that
moderate intensity PA for 45-60 minutes per session were associated with benefits to
cognition in adults over the age of 50. Despite these preliminary findings, heterogeneity in
the dose parameters across studies makes it difficult to draw firm conclusions about the
frequency, duration, or intensity of activity needed to achieve cognitive improvements for
any age group or population.

Acute bouts of PA: Although the research described in the above sections have focused
on the effects of longer-term (i.e., more than a single episode), or chronic, PA, it is important
to acknowledge that a single brief session of PA (i.e., acute PA) also influences cognition.
Studies demonstrate a small, transient improvement in cognition following the cessation of a
single, acute bout of PA, with effect sizes (Cohen’s d, Cohen’s k, and Hedges’ g) ranging
from 0.014 to 0.67 across six SRs and meta-analyses that summarized 12-79 studies (27, 65—
68). Reported effects were most consistent for domains of executive function (65-68), but
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significant benefits were also realized for processing speed, attention (although see (27) for a
discrepant finding) and memory (65, 66, 68). Although effects were observed across the
lifespan, larger effects (Hedges’ g) were realized for preadolescent children (0.54 [0.21,
0.87]) and older adults (0.67 [0.40, 0.93]) relative to adolescents (0.04 [-0.14, 0.23]) and
young adults (0.20 [0.07, 0.34]) for executive function (67). Similar age differences in effect
sizes were reported for other aspects of cognition.

Studies have reported that PA intensity has an effect on cognition, although the pattern of
effect has been inconsistent. Some findings suggest an inverted-U shaped curve, with
moderate-intensity PA demonstrating a larger effect than light- and vigorous-intensity PA
(66, 68), and other studies indicate that very light-, light-, and moderate-intensity PA
benefited cognition, but hard-, very hard-, and maximal-intensity PA demonstrated no
benefit (65, 80). The timing of the assessment of cognition relative to the cessation of the
acute bout also demonstrated differential effects. PA bouts lasting 11-20 minutes
demonstrated the greatest benefits, with bouts lasting less than 11 minutes or more than 20
minutes having smaller effects on cognition (65).

The investigation into biological or physiological pathways leading to changes in cognition
following an acute bout of PA is in its early stages. Despite a number of empirical reports
assessing acute PA effects on brain function using neuroimaging approaches (65, 86), no SR
or meta-analysis has appeared. However, a meta-analysis examining a blood-based
biomarker has indicated higher concentrations of peripheral blood BDNF following an acute
bout of PA (both aerobic and resistance bouts). Findings further indicated that increased
BDNF concentrations were observed following longer bout durations (>30 min relative to
<30 min) in those who had higher cardiorespiratory fitness (i.e., > VO, peak), and that the
findings were selective to males (although 75% of participants across studies were male)
(74). Such findings suggest that BDNF may serve as a marker for the acute effects of PA on
brain function in healthy adult males.

Overall, the findings strongly indicate that transient cognitive benefits may be derived
following single acute bouts of PA. Such effects appear strongest for preadolescent children
and older adults and for a PA dose of moderate intensity (65-68), with further evidence
supporting 11-20 minutes in duration as the optimal range for enhancing cognitive function
(65). These findings are important and relevant to the Physical Guidelines for Americans
because they suggest that the benefits of engaging in PA can be seen immediately (i.e.,
following an acute bout) and accumulate over time (i.e., following more chronic PA
behavior).

Discussion:

In regards to our first aim, we concluded from this umbrella review that there is overall
moderate evidence that PA positively influences cognition in humans. The ‘moderate’ grade
emerged because there were noticeable gaps in some populations (e.g., adolescents, young
and middle-aged adults) as well as significant heterogeneity in study designs, cognitive
instruments employed, lack of consistent reporting of blinding and adherence/compliance,
and poor descriptions of whether the interventions were successful at maintaining moderate-
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intensity PA through the course of the intervention. Similarly, there is also considerable
variability in the type and quality of PA measurements employed across studies (87). Yet,
despite these limitations and heterogeneity, we argue that the consistency of effects and of
effect sizes across populations (16, 26), durations of PA (including acute bouts), intensities,
comorbid conditions (58), and ages (12) is truly remarkable and demonstrates that sufficient
evidence exists to conclude that PA positively influences cognitive function in humans.

Our second aim was to examine whether there was a particular age or population that
showed the strongest or weakest associations with PA. Most studies have been conducted in
preadolescent children and older adults, so conclusions about the effects of PA across the
lifespan are inherently limited because of the lack of high-quality data available in other age
groups. Nonetheless, this research in children and older adults suggests that benefits might
be obtained across the lifespan. Yet, clearly more research is needed to determine effects in
other age groups and to examine whether the magnitude of the benefit is greater at some
ages (or in some populations) relative to others.

Our third aim was to examine whether there were cognitive domains especially susceptible
to a PA intervention. Executive functions emerged as the most consistent cognitive domain
affected. However, this conclusion should be interpreted cautiously. Many studies have
prioritized the assessment of executive functions over that of other cognitive domains and
there is considerable variability in the type and quality of instruments used to test executive
(and all other) cognitive domains. Additionally, many of the instruments used to assess
executive functioning are traditional neuropsychological tools that were primarily developed
to aid in clinical diagnosis rather than to assess individual variation in normative cognitive
functioning. As such, their sensitivity to detect changes as a function of an intervention
(especially in the context of a normative sample) remains questionable.

Our fourth aim was to examine whether PA was associated with reducing risk for cognitive
impairment in late adulthood. Here the prospective observational literature was unequivocal
—engaging in greater amounts of PA was associated with a reduced risk of cognitive decline
and impairment. It is important to note the methodological differences in the studies that
make up this literature compared to the scientific literature discussed in other sections. In
other sections of this review, the meta-analyses and SRs were primarily focused on RCTs
while in the context of MCI and dementia the studies were prospective and observational
and typically used self-reported measures of PA. Such methodological differences are
important when reflecting on the strength and weaknesses of the literature examining
cognitive outcomes as well as the populations, parameters, and measures that might be most
sensitive to improvements with PA. Finally, we asked whether there are parameters of PA
(e.g., intensity) that are more important for the modulation of cognitive and brain health.
Unfortunately, we conclude that there is insufficient data about the optimal dose parameters.
Moderate-intensity PA is the most commonly reported dose, yet there is a consistent lack of
clarity across studies about how moderate-intensity is defined and measured. Several reports
find that moderate-intensity interventions of longer durations had larger effect sizes than
lighter intensity and shorter duration studies. Yet, the lack of specificity on dose and the
variability in the dose delivered across studies, populations, and age-ranges led to a
conclusion of Grade Not Assignable. Due to this between-study heterogeneity, similar
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ambiguity exists about the optimal dosage of PA necessary to achieve cardiovascular disease
outcomes (85). Similarly, there are few studies examining the impact of sedentary behavior
or light intensity activity on cognitive outcomes as most RCTs manipulate moderate
intensity activity and not light intensity or sedentary behaviors. The most likely outcome is
that the appropriate dose of PA will be moderated by age, population, and other factors
sensitive to both cognitive function and PA.

While most studies reported beneficial associations of PA on cognition, others reported less
robust or even absent effects. In such instances, it is important to consider the factors that
may have led to these discrepant findings. Not all SRs and meta analyses were conducted
using the same set of guiding principles and criteria, with some utilizing stronger theoretical
and methodological approaches than others. Among the more poorly constructed SRs and
meta-analyses, one obvious limitation was the inclusion of empirical reports with poor
adherence and compliance, imprecise measurement of PA, insensitive cognitive
measurements, or poor descriptions of PA parameters. In addition, the considerable
variability in how PA is measured and quantified across studies can often lead to
heterogeneity of results and erroneous conclusions (86). Many of these design and
measurement issues are not captured by PRISMA guidelines and thus, could be influencing
effect sizes and conclusions from meta-analyses and SRs.

For more effective translation and adoption of PA, it is important to understand the possible
mechanisms by which PA influences brain and cognition. Mechanisms can be
conceptualized at multiple levels of analysis (88). On the molecular and cellular level, PA
directly influences expression of neurotransmitter and neurotrophic factors which in turn
influence synaptic plasticity and cell proliferation and survival. PA might also influence
cognitive and brain health by modifying insulin/glucose signaling, oxidative stress,
inflammatory pathways, hormonal regulation, or cerebrovasculature (2, 83). Indeed, it is
likely that all of these factors are enhancing different aspects of brain health. In addition,
there might be multiple mediators at other levels of analysis. For example, PA might be
modifying sleep behaviors which in turn improve cognitive function. In short, there are
many possible mechanisms by which PA influences brain health; more research across these
diverse levels is required to better elucidate the primary pathways driving effects and how
those pathways interact.

The meta-analyses and SRs reviewed in this report predominantly focused on RCTs or
experimental manipulations of exercise (in the context of acute bout studies). However, this
contrasts with many of the studies on MCI and dementia which were observational and
prospective. In these observational studies, PA was often measured by self-report whereas in
RCTs it was generally controlled and experimentally manipulated. These methodological
differences could be contributing to the differences in effect sizes and consistency between
these literatures. It will be important for future research to conduct longer RCTs with larger
sample sizes and with sufficiently protracted post-intervention follow-up assessments over
many years to determine whether engaging in a PA treatment reduces the incident rate of
MCI and dementia.
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Given the findings herein and the noted limitations, this field would benefit from a better
understanding of the underlying mechanisms of these relationships including central and
peripheral biomarkers. Further, understanding of potential moderators of the PA-cognition
relationship is needed, as reports suggest that the relationship may differ as a function of
body composition, fitness level, sex, and health status, among other factors. Relatedly,
reporting parameters of the intervention (i.e., compliance, adherence) is important to better
understand the execution and quality of the intervention. One reason for the excitement
surrounding PA effects on childhood cognition is the ability to link such findings to
scholastic performance. Thus, there is a need to identify other ecologically-valid outcomes,
not only in children, but also in adults who have the potential to strengthen the external
validity of research on PA. Finally, future research needs greater consistency and
harmonization in the cognitive instruments employed.

In summary, there are positive effects of PA on a broad array of cognitive outcomes. This
evidence comes from a variety of assessments that measure changes in brain structure and
function, cognition, and applied academic outcomes. Accordingly, such findings may serve
to promote better cognitive function in healthy individuals, and improve cognitive function
in those suffering from certain cognitive and brain disorders. These findings may lead to
more informed policies about using PA to improve and shape cognitive function across the
lifespan.
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Committee-assigned grades for the effects of physical activity on various ages and clinical outcomes.

Population or Measure

Outcome

Grade

Children <6 yrs

Insufficient evidence to determine the effects of moderate-to-vigorous PA on
cognition

Not Assignable

Children 6-13 yrs Both acute and chronic moderate-to-vigorous PA interventions improve brain Moderate
structure and function, as well as cognition, and academic outcomes
Children 14-18 yrs Limited evidence to determine the effects of moderate-to-vigorous PA on cognition Limited

Young and middle Aged Adults
18-50 yrs

Insufficient evidence to determine the effects of moderate-to-vigorous PA on
cognition

Not Assignable

Older Adults >50 yrs Both acute and long-term moderate-to-vigorous PA interventions improve brain Moderate
structure and function, as well as cognition

Adults with Dementia Evidence suggests that PA may improve cognitive function Moderate

Risk of Dementia and Cognitive Greater amounts of PA reduce the risk for cognitive impairment Strong

Impairment

Other Clinical Disorders (i.e., Evidence that moderate-to-vigorous PA has beneficial effects on cognition in Moderate

ADHD, schizophrenia, MS, individuals with diseases or disorders that impair cognition

Parkinson’s, stroke)

Biomarkers of Brain Health Moderate-to-vigorous PA positively influences biomarkers including MRI-based Moderate
measures of function, brain volume, and white matter

Acute Bouts Short, acute bouts of moderate-to-vigorous PA transiently improves cognition Strong
during the post-recovery period

OVERALL There is a consistent association between chronic MVPA and improved cognition Moderate

including performance on academic achievement tests, neuropsychological tests,
risk of dementia. Effects are demonstrated across a gradient of normal to impaired
cognitive health status
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