Article

Biological Research for Nursing
2017, Vol. 19(1) 53-64

© The Author(s) 2016

Reprints and permission:
sagepub.com/journalsPermissions.nav
DOI: 10.1177/10998004 16660758
journals.sagepub.com/home/brn

®SAGE

Effects of Endurance-Focused Physical
Activity Interventions on Brain Health:
A Systematic Review

Shannon Halloway, PhD, RN', JoEllen Wilbur, PhD, APN, FAAN',
Michael E. Schoeny, PhD', and Konstantinos Arfanakis, PhD??

Abstract

Physical activity intervention studies that focus on improving cognitive function in older adults have increasingly used magnetic
resonance imaging (MRI) measures in addition to neurocognitive measures to assess effects on the brain. The purpose of this
systematic review was to identify the effects of endurance-focused physical activity randomized controlled trial (RCT)
interventions on the brain as measured by MRI in community-dwelling middle-aged or older adults without cognitive
impairment. Five electronic databases were searched. The final sample included six studies. None of the studies reported
racial or ethnic characteristics of the participants. All studies included neurocognitive measures in addition to MRI. Five of the
six interventions included laboratory-based treadmill or supervised bike exercise sessions, while one included community-based
physical activity. Physical activity measures were limited to assessment of cardiorespiratory fitness and, in one study, pedometer-.
Due to the lack of adequate data reported, effect sizes were calculated for only one study for MRI measures and two studies for
neurocognitive measures. Effect sizes ranged from d = .2 to .3 for MRI measures and .2 to .32 for neurocognitive measures.
Findings of the individual studies suggest that MRl measures may be more sensitive to the effects of physical activity than
neurocognitive measures. Future studies are needed that include diverse, community-based participants, direct measures of

physical activity, and complete reporting of MRI and neurocognitive findings.
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Mild cognitive impairment, defined as decline in episodic
memory, attention, and cognitive function beyond what is
expected due to normal aging (Petersen et al., 2010), occurs
in 22% of adults aged 71 years or older (Petersen et al., 2010;
Plassman et al., 2008). Cognitive impairment due to demen-
tia, a distressing chronic disease of cognitive dysfunction that
impacts quality of life, independence, and family relations,
occurs in 14% of adults aged over 71 years (Petersen et al.,
2010; Plassman et al., 2007). Cognitive impairment (with or
without dementia) is an increasing public health concern due
to the rapidly growing older adult population. It is essential
that health-care researchers and providers target modifiable
health behaviors that can help offset or delay the onset of
cognitive impairment.

Researchers have recently concentrated increased attention
on the effect of physical activity, particularly endurance-
focused physical activity (activity that raises heart rate and
respiration; American College of Sports Medicine et al.,
2009), on cognitive function in middle-aged and older adults
(Behrman & Ebmeier, 2014). Most support for a beneficial
effect of physical activity on cognition comes from clinical
epidemiologic studies that suggest a small but protective effect

of physical activity and aerobic fitness on risk of cognitive
impairment and decline in healthy cognitive aging (Pignatti,
Rozzini, & Trabucchi, 2002; Richards, Hardy, & Wadsworth,
2003; Weuve et al., 2004). In these studies, researchers used
neurocognitive testing to examine specific cognitive functions
and abilities, including memory and executive function.
Neurocognitive tests are widely used in physical activity
and cognition research because they are relatively inexpensive
to implement, have been validated in multiple age-groups and
races, and can be implemented in clinical or community-based
settings (McCarten, 2013; Zygouris & Tsolaki, 2015).
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Unfortunately, the sensitivity of neurocognitive measures in
physical activity and cognition studies is questionable (Smith,
Potter, McLaren, & Blumenthal, 2013). Not all neurocognitive
tests are well validated in every ethnic or socioeconomic sub-
group, and such tests may not be sensitive enough to detect
early cognitive impairment (Holtzer et al., 2008). These limita-
tions have led to investigation of more precise and sensitive
measures of brain health.

Recently, investigators have used magnetic resonance ima-
ging (MRI) methods to assess brain health because they enable
more sensitive measurement of brain regions and neurophysio-
logical functions than neurocognitive tests do (Smith et al.,
2013). MRI methods may detect changes in brain structure or
neurophysiological functions that are indicative of mild cogni-
tive impairment or dementia disease processes prior to the time
at which neurocognitive tests could detect them. Researchers
have used MRI to assess the link between physical activity and
brain structure (e.g., brain volume). Most MRI studies have
used a physical activity correlational approach. More specifi-
cally, anatomical MRI studies have shown that physical activ-
ity is associated with reduced loss of brain tissue in the frontal,
parietal, and temporal cortices (Kramer, Erickson, & Col-
combe, 2006); greater preservation of hippocampal volume
(Szabo et al., 2011); and lower volume of white matter lesions
(Burzynska et al., 2014).

Functional MRI (fMRI) is used to assess brain activation.
fMRI research has shown that, compared to less fit older adults,
highly fit older adults performing a task with distracting stimuli
had greater activation in prefrontal and parietal cortical regions
involved in selective attention and inhibitory functioning and
lower activation in an anterior cingulate region that monitors
conflict in the central executive system (Colcombe et al.,
2004). Furthermore, higher fitness levels in older adults have
been associated with enhanced attentional function through
increased recruitment of prefrontal cortical regions (Prakash
et al., 2011).

Authors have recently published eight literature reviews
examining physical activity interventions and cognitive function
(Cumming, Tyedin, Churilov, Morris, & Bernhardt, 2012; Far-
ina, Rusted, & Tabet, 2014; Gary & Brunn, 2014; Gates, Fiatar-
one Singh, Sachdev, & Valenzuela, 2013; Lautenschlager, Cox,
& Kurz, 2010; Law, Barnett, Yau, & Gray, 2014; Littbrand,
Stenvall, & Rosendahl, 2011; Smith et al., 2013; Snowden
et al., 2011). However, most (n = 6) focused on participants
with specific disease processes, while one examined combined
cognitive and exercise interventions and did not examine the
impact of physical activity separately (Law et al., 2014). All
of these reviews focused on studies that used neurocognitive
measures to assess cognitive function. Of the two reviews of
physical activity interventions among healthy middle-aged and
older adults, only Smith and colleagues’ (2013) narrative review
addressed the use of MRI measures in two identified studies;
however, they did not address the relationship between MRI
measures and neurocognitive measures.

To our knowledge, no authors have systematically reviewed
studies examining the effects of physical activity randomized

controlled trials (RCTs) on cognition as measured by MRI
methods in healthy, community-dwelling middle-aged or older
adults. Further, no authors have investigated the relationship
between MRI and neurocognitive measures in such studies.
Therefore, the purpose of this review was to identify the effect
of endurance-focused physical activity interventions on the
brain as measured by MRI in community-dwelling middle-
aged or older adults without cognitive impairment. We also
aimed to determine whether there has been agreement between
MRI and neurocognitive outcome measures in endurance-
focused physical activity interventions.

Method
Design

We retrieved the existing literature on brain MRI outcomes
in physical activity RCTs for middle-aged or older adults
(Higgins & Green, 2011). We used the Preferred Reporting
Items for Reviews and Meta-Analyses flow sheet and check-
list to ensure complete reporting of the evidence-based min-
imum reporting items (Moher, Liberati, Tetzlaff, Altman, &
Group, 2009).

Inclusion Criteria

Inclusion criteria for this review were that the article (a) report
the results of an RCT, (b) involve implementation of an
endurance-focused physical activity intervention (physical
activity with an aerobic component that raises heart rate and
respirations), (c) include a brain imaging outcome as measured
by MRI, (d) include a healthy middle-aged or older adult sam-
ple without cognitive impairment at baseline, and (e) be written
in English.

Search Methods

In May 2015, we conducted a search of five databases:
PubMed, the Cumulative Index to Nursing and Allied Health
Literature (CINAHL), SciVerse Scopus, Health Source: Nur-
sing/Academic Edition, and PsycInfo. Next, we searched the
Cochrane Database of Systematic Reviews to obtain systema-
tic reviews of physical activity interventions that aimed to
improve or maintain cognition. Finally, we reviewed the ref-
erence lists of existing literature reviews that we had previ-
ously identified.

For the search strategy, we identified search terms according
to three main categories: (a) physical activity, (b) cognition,
and (c) MRI outcome measure. The search terms for the first
category were physical activity (text word), walking (Medical
Subject Headings [MeSH]), exercise (MeSH), leisure activities
(MeSH), and lifestyle physical activity (text word). For the
second category, the search terms were cognition, cognition
disorder, memory, short-term memory, mental recall, recogni-
tion (psychology), retention (psychology), memory disorders,
attention, and dementia (all MeSH). For the third category, the
search terms were magnetic resonance imaging (MeSH),
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Figure |. Flowchart of search and retrieval process and results.

functional magnetic resonance imaging (MeSH), MRI (text
word), and fMRI (text word). We applied the qualifier of ran-
domized controlled trial (RCT) on the search to narrow results
to studies with RCT designs. We also applied the age qualifiers
of middle-aged and older adult to narrow results to those that
included middle-aged and older adults. For example, the full
electronic search strategy that we utilized for CINAHL was the
following: (““Physical Activity” OR exercise OR ‘“‘Leisure
activities” OR “Walking” OR “lifestyle physical activity”)
AND (cognition OR “Cognition disorder” OR ““Auditory per-
ceptual disorders” OR Memory OR “Memory, short term” OR
“Mental recall” OR Recognition OR Retention OR “Memory
disorders” OR Attention OR Dementia) AND (MRI OR “Mag-
netic resonance imaging” OR fMRI OR ““Functional magnetic
resonance imaging’’), with the limits of RCT for design and
middle-aged and older adult for age-group. To ensure retrieval
of the complete possible selection of papers, we did not limit
our search by publication date. A medical librarian verified the
search strategy.

Search Outcome

The initial search resulted in 245 unique titles (Figure 1). To
evaluate titles for inclusion in the review, two of the authors
(J.W. and S.H.) independently reviewed the retrieved titles
followed by the abstracts and then the full-text articles. Based
on title review, they excluded 209 papers, the majority of which
(n = 170) because there was no physical activity intervention.
Next, they evaluated the abstracts of the 36 remaining papers;
of these, they excluded 21 papers, with most of these (n = 18)
not having an RCT design. They then completed full-text
review for the remaining 15 papers. The sample resulting from
this search strategy was eight papers representing six indepen-
dent studies (three papers for one study). Since there were three
papers representing the same study, we excluded two of the
three papers, both of which presented preliminary data or a
subsample, from this review. J.W. and S.H. agreed on 95%
of all decisions and reached a mutual consensus for decisions
that were incongruent. The final sample included six papers
representing six studies.
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Measures and Analytic Strategy

Two of the authors (S.H. and J.W.) reviewed the six papers and
abstracted them into narrative tables. They coded the results,
checked them for inconsistencies, and discussed them for final
consensus when necessary. They also assessed the six studies
for potential risk of bias across studies as well as within the
individual studies.

We first evaluated the six studies in regard to the country
where the study took place, design and assessment points, set-
ting, sample, physical activity intervention and control condi-
tions, intervention duration, and intervention adherence
(session attendance; Table 1). Next, we looked at outcome
measures (physical activity, MRI, and neurocognitive) and out-
come results (group effects and effect sizes; Table 2). We
determined outcome results for MRI and neurocognitive mea-
sures by examining effect sizes (standardized mean differences
from baseline to postintervention) based on available published
results. We used calculated effect sizes according to standar-
dized formulas with Cohen’s d, depending on the design of the
study, and we categorized effect sizes by assigning them,
respectively, Cohen’s d of .2, .5, and .8 for small, medium, and
large effect, respectively (Cohen, 1988). We also examined the
significant MRI and neurocognitive findings by comparing the
MRI brain regions to the neurocognitive tests the authors
assessed and reported in each paper (Table 3).

Results

The six papers were published between 2004 and 2013 (see
Table 1). Of these studies, three were conducted in the United
States (Chapman et al., 2013; Colcombe et al., 2004; Erickson
etal., 2011), two in Germany (Holzschneider, Wolbers, Roder,
& Hotting, 2012; Voelcker-Rehage, Godde, & Staudinger,
2011), and one in China (Mortimer et al., 2012). There did not
appear to be a risk of bias within the individual studies or across
studies. We excluded two of the three papers from the same
study prior to data extraction and analysis, preventing that
particular risk of bias.

Sample Characteristics and Setting

Inclusion and exclusion criteria. All six studies included sedentary
community-dwelling middle-aged (n = 1; Holzschneider et al.,
2012) and/or older adults (» = 5; Chapman et al., 2013; Col-
combe et al., 2004; Erickson et al., 2011; Mortimer et al., 2012;
Voelcker-Rehage et al., 2011). However, only three provided
specific age parameters. Most studies included criteria to
exclude those with neurological conditions, specifically those
with cognitive impairment or dementia (» = 5; Chapman et al.,
2013; Colcombe et al., 2004; Erickson et al., 2011; Mortimer
et al., 2012; Voelcker-Rehage et al., 2011) or stroke (n = 2;
Mortimer et al., 2012; Voelcker-Rehage et al., 2011). Most (n
= 5) also specified criteria regarding psychiatric status, includ-
ing no history of psychiatric conditions (# = 1; Colcombe et al.,
2004), no evidence of depressive symptoms (n = 2; Erickson

et al., 2011; Mortimer et al., 2012), and no history of psychia-
tric conditions or depressive symptoms (n = 2; Chapman et al.,
2013; Holzschneider et al., 2012). Mortimer et al. (2012) had
the additional health-related exclusion criteria of no vascular
disease related to cardiovascular disease or diabetes. As
expected, all of the studies had standard exclusion criteria
related to MRI procedures. Additional inclusion criteria were
adequate visual acuity and right-handedness (Erickson et al.,
2011).

Sample characteristics. The sample sizes reported in the six stud-
ies ranged from 37 to 120. The mean age for participants was
65.5 + 5.1 years and ranged from 48.9 to 69.6 years. All six
studies reported findings on men and women, and they all had
more women than men (range = 55-72% women). Interest-
ingly, none of the studies reported racial or ethnic characteris-
tics of the participants. In the four studies that reported years of
education, participants completed an average of 13.8 years. No
study reported income level.

Setting. Of the two studies that reported the setting, interven-
tions took place in a research laboratory (Chapman et al., 2013)
and a variety of community sites, including a community cen-
ter, park, and gym (Mortimer et al., 2012). All of the physical
activity interventions across all of the studies appear to be have
been supervised or monitored.

Intervention Characteristics

The interventions for all six studies involved physical activity
training during which participants engaged in aerobic activity
for 40- to 60-min sessions 2 or 3 times per week (Table 1). The
aerobic activity included walking (n = 4; Colcombe et al.,
2004; Erickson et al., 2011; Mortimer et al., 2012; Voelcker-
Rehage et al., 2011), cycling (Holzschneider et al., 2012), or a
choice between walking and cycling (Chapman et al., 2013).
One study had a second intervention condition involving coor-
dination training designed to improve fine- and gross-motor
coordination such as balance (Voelcker-Rehage et al., 2011).
Another study provided two additional intervention conditions
including tai chi and a social interaction group that self-
selected discussion topics (Mortimer et al., 2012).

The attention control group most commonly received
nonendurance stretching, flexibility, or toning training (n = 4;
Colcombe et al., 2004; Erickson et al., 2011; Holzschneider
et al., 2012; Voelcker-Rehage et al., 2011). A fifth study
provided an attention control group with periodic phone calls
to keep them in the study (Mortimer et al., 2012) and another
employed a wait-list control (Chapman et al., 2013). One
study randomly assigned participants from both study condi-
tions (aerobic endurance group and nonendurance control) to
one of the two different cognitive training sessions (spatial
or perceptual) during the last month of the intervention
(Holzschneider et al., 2012).

Intervention duration ranged from 12 weeks to 1 year.
Attendance was defined as the percentage of intervention
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Table 3. MRI and Neurocognitive Findings and Significance in Studies Examining the Effects of Physical Activity Interventions on Brain Health
With Middle-Aged and Older Adult Samples.

Study MRI Brain Region Significance Neurocognitive Measures Significance
Chapman et al. (2013) Anterior cingulate region + Executive function: Trails A and B NS
Memory: California Verbal Learning Test I, NS
Wechsler Memory Scale IV
Colcombe et al. (2004) Anterior cingulate region - Behavioral conflict: reaction time -
Middle, superior frontal gyrus +
Superior parietal lobule +
Erickson et al. (2011)  L/R anterior/posterior hippocampus + Spatial memory task: computer test NS
L/R caudate nucleus NS
Holzschneider et al. Medial frontal gyrus + Spatial cognition: viewpoint, path integration task NS
(2012) Cuneus + Spatial cognition: viewpoint, path integration task NS
Hippocampus, retrosplenial cortex, NS Spatial cognition: viewpoint, path integration task NS
parahippocampal gyrus, frontal
region, temporal region, cingulate
region
Occipital region NS Perceptual cognition: visual discrimination task NS
Mortimer et al. (2012) Whole brain volume NS
Rey Figure (copying) —
WAIS digit span, Bell cancellation test, Stroop Test, NS
Auditory Verbal Learning Test, Category Verbal
Fluency, WAIS Similarities, Trails A and B Time,
Clock drawing test, Boston Naming Test, Mattis
Dementia Rating Scale
Voelcker-Rehage et al. R medial frontal gyrus NS Executive control: modified Flanker task +
(2011) Perceptual speed: Visual Search task NS
L anterior cingulate NS Executive control: modified Flanker task NS
R posterior cingulate NS Executive control: modified Flanker task NS
R parahippocampal gyrus NS Executive control: modified Flanker task NS
Perceptual speed: Visual Search task NS
R superior temporal gyrus NS
R lentiform nucleus NS
L parahippocampal gyrus -
R superior, middle temporal gyrus —
L anterior cingulate - Executive control: modified Flanker Task NS
1Q: neuropsychological battery (Digit-Symbol NS

Substitution and Identical picture task, Figural
Analogies and Letter Series, Paired Associate
Test, Verbal Fluency, Vocabulary Test)

Note. Blank cells indicate that there was no corresponding MRI brain region or neurocognitive test. + = significant positive change in response to intervention;
— = significant negative change in response to intervention; L = left; MRI = magnetic resonance imaging; NS = not significant; R = right.

sessions attended by participants. Only two of the six studies
reported attendance: Chapman et al. (2013) reported that parti-
cipants attended 90% of the sessions for their 12-week pro-
gram, while Erickson et al. (2011) reported that participants
had attended 85% of their sessions at 1 year.

Physical Activity, MRI, and Neurocognitive Measures

We examined study measures related to physical activity, MRI,
and neurocognition (Table 2). Attendance was the only
reported measure of dose of the physical activity intervention.
None of the studies assessed the quantity or duration of the
physical activity intervention through use of self-report ques-
tionnaires or accelerometers. Mortimer and colleagues (2012),
however, used a pedometer to determine number of steps

participants took weekly. The majority of studies included a
measure of cardiorespiratory fitness, which is related to phys-
ical activity: four assessed VOrpmax O VOppeai With a graded
treadmill test (Erickson et al., 2011; Voelcker-Rehage et al.,
2011), Rockport 1-mile walk test (Colcombe et al., 2004), or
choice of treadmill or cycle ergometer (Holzschneider et al.,
2012), and one did not report the method for obtaining VO, ,ax
(Chapman et al., 2013). Researchers most commonly used car-
diorespiratory fitness to determine intensity range for each
participant during the physical activity intervention. Chapman
and colleagues (2013) also assessed perceived exertion and
Colcombe and colleagues (2004) assessed resting heart rate,
both of which are related to cardiorespiratory fitness. One study
also assessed motor fitness (i.e., feet tapping, one-leg stand;
Voelcker-Rehage et al., 2011).
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For MRI measures, two studies reported use of MRI to
measure brain volume (Erickson et al., 2011; Mortimer et al.,
2012). Of the others, one each measured cerebral blood flow
(Chapman et al., 2013), cortical plasticity (Colcombe et al.,
2004), spatial learning capacity (Holzschneider et al., 2012),
and brain activation patterns (Voelcker-Rehage et al., 2011).

Neurocognitive tests were reported in all studies. Executive
function (» = 3; Chapman et al., 2013; Mortimer et al., 2012;
Voelcker-Rehage et al., 2011) was most frequently assessed,
followed by spatial cognition or spatial memory (n = 3; Erick-
son et al., 2011; Holzschneider et al., 2012; Mortimer et al.,
2012), verbal memory (» = 3; Chapman et al., 2013; Mortimer
et al., 2012), and perceptual speed (n = 2; Holzschneider et al.,
2012; Voelcker-Rehage et al., 2011).

Outcome Results

All but one study reported significant improvements in MRI
measures for the endurance-focused physical activity interven-
tion groups. For the two studies that reported brain volume, one
reported relative increases in brain volume for the endurance-
focused physical activity intervention group compared to the
control (Erickson et al., 2011). The other study did not find
significant effects for the walking intervention (Mortimer et al.,
2012). The other studies found significant differences between
the endurance-focused physical activity intervention group and
either the wait-list control group (Chapman et al., 2013) or the
nonendurance toning/stretching group (Colcombe et al., 2004;
Holzschneider et al., 2012; Voelcker-Rehage et al., 2011). The
significant changes associated with the endurance-focused
physical activity interventions were (a) higher resting cerebral
blood flow in the anterior cingulate region (Chapman et al.,
2013), (b) greater level of task-related activities in attentional
control areas of brain (middle frontal gyrus, superior frontal
gyrus, superior parietal lobes) and reduced level of activity in
the anterior cingulate cortex (Colcombe et al., 2004),
(¢) change in brain activation in the medial frontal gyrus and
cuneus positively related to change in VO,peax (Holzschneider
et al., 2012), and (d) reduced activity in the anterior cingulate
cortex but lower task-related activity in the attentional control
areas (Voelcker-Rehage et al., 2011).

We were able to calculate effect sizes of the physical
activity intervention on MRI outcomes for only one study
(Erickson et al., 2011). This study had positive but small
effect sizes for four regions: left hippocampus (d = .21), right
hippocampus (d = .20), left anterior hippocampus (d = .29),
and right anterior hippocampus (d = .30). We were able to
calculate the effect sizes to measure the impact of endurance-
focused physical activity interventions on neurocognitive mea-
sures for two studies (Mortimer et al., 2012; Voelcker-Rehage
et al., 2011). Both had small positive effects on neurocognitive
measures, specifically in executive function (d = .32; Morti-
mer et al., 2012), perceptual speed (d = .20-24; Voelcker-
Rehage et al., 2011), and delayed verbal memory (d = .23;
Mortimer et al., 2012).

Agreement Between MRI and Neurocognitive Outcome
Measures

We compared the significant findings of the MRI brain
regions examined in each study with the corresponding neu-
rocognitive tests assessed (Table 3). There was one concor-
dant finding for significant effects of physical activity on the
neurocognitive test of behavioral conflict (executive function)
and on the anterior cingulate region (Colcombe et al., 2004).
Most inconsistent findings were in the direction of physical
activity having significant effects on MRI findings and non-
significant effects on the neurocognitive tests. Most findings
on the effects of physical activity were nonsignificant for both
MRI and neurocognitive tests.

Discussion

In this review of six published RCTs, we examined the effect of
endurance-focused physical activity interventions on the brain,
as measured by MRI and neurocognitive measures, in
community-dwelling middle-aged or older adults without cog-
nitive impairment or dementia. The studies demonstrated modest
effects of the physical activity interventions on MRI and neuro-
cognitive measures (i.e., for those that could be calculated).

Despite the potential sensitivity of MRI measures, the non-
specific nature of such measures is a limitation. More research
is necessary to identify the effects of physical activity interven-
tions on specific brain changes, such as plasticity or neurogen-
esis (Thomas, Dennis, Bandettini, & Johansen-Berg, 2012).
When comparing results for neurocognitive and MRI mea-
sures, we found overlap for only one significant finding (sig-
nificant decreases in reaction time were associated with
decreased activity in the anterior cingulated cortex). The
absence of overlap in other areas seems largely due to the
general lack of significant findings for both ways of evaluating
intervention impact. In addition, there were no corresponding
neurocognitive measures for two of the significant MRI find-
ings. These findings may also support suggestions that MRI
measures may be more sensitive to the effects of physical
activity than neurocognitive measures (Smith et al., 2013);
however, further research is needed to explore this hypothesis.

Our review has at least two limitations to keep in mind.
First, we limited our review to RCTs only, which is the stron-
gest study design. This strategy meant that we excluded studies
of physical activity interventions that used other designs. Also,
as mentioned earlier, we were only able to calculate effect sizes
for three studies. This limitation precludes our ability to make
broad statements regarding the effects of these endurance-
focused physical activity interventions on the brain.

In spite of these limitations, this review shows that physical
activity interventions that target brain health continue to be a
promising area of research. These interventions have the poten-
tial to impact brain structure, and possibly cognitive function,
in the middle-aged and older adult population; however, addi-
tional investigation is needed. Future RCTs should include
larger community-based samples that represent diverse
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populations, and we encourage authors to provide effects sizes
or adequate data to calculate effect sizes. In addition to includ-
ing indirect measures of physical activity, such as cardiore-
spiratory fitness, studies should include direct measures of
lifestyle physical activity, such as accelerometer data. To our
knowledge, no study that compares endurance-focused physi-
cal activity to cognitive training has used MRI measures to
assess impact on brain structure and function. Future research
should address this gap. Moreover, given the time needed for
behavioral changes to impact specific areas of brain function,
interventions of greater duration and with longer follow-up
may permit identification of consistent effects for specific brain
regions and the corresponding neurocognitive tests (Smith
et al., 2013).
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