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Effects of physical activity on cognition, well-being, and brain:
Human interventions

Arthur F. Kramer*, Kirk I. Erickson
Beckman Institute for Advanced Science and Technology, University of Illinois at Urbana-Champaign, Urbana, IL, USA

bstract This article provides a review of the human intervention literature that has examined the influence of
fitness training on cognition, well-being, brain structure, and brain function. Meta-analyses of this
literature, which are reviewed here, suggest robust effects of fitness training on cognition and well-being.
Although there are currently few human intervention studies that have examined fitness effects on human
brain function and structure, the studies that have been conducted report promising results.
© 2007 The Alzheimer’s Association. All rights reserved.
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. Introduction

During the past several years, there has been growing
cientific and public interest in the effects of physical ac-
ivity on cognitive maintenance and brain health. This in-
erest has been driven in large part by epidemiologic studies
eported during the past decade, in which physical fitness
as emerged as one of the critical lifestyle factors associated
ith perseverance of cognitive function in older adults. In

ddition, a growing body of data from laboratory and animal
tudies has begun to reveal the potential cellular and mo-
ecular mechanisms by which physical activity might influ-
nce brain structure and function, with concomitant benefits
o cognitive processes.

The confluence of epidemiologic and animal data sup-
orting beneficial brain effects of physical activity (re-
iewed elsewhere in this supplement), combined with the
rospect of a looming public health crisis as a result of an
ging population at greater risk for cognitive decline and
ementia, has fueled interest in developing fitness-based
ublic health interventions that might interrupt, prevent, or
t least delay cognitive decline. Toward that end, a small
umber of randomized, controlled human clinical studies
ave examined the effects of various fitness training regi-
ens on cognitive skills and, more recently, on brain struc-
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ure and patterns of neural activity. The results of these
tudies have been mixed, with some showing a significant
ffect of fitness training on cognition and the delay of
ementia and others finding no effect. There are a number of
easons why this might be the case. For one, researchers
ave used a number of different fitness training regimens,
hich have varied in program duration, session length and

ntensity, and type of activity (eg, aerobic vs nonaerobic).
ethodologies, study subjects, and cognitive tasks used to

ssess fitness effects have also varied among the studies,
aking it difficult to generalize results. Critically, sample

izes in many studies have been very small, and thus they
ack the power to make strong conclusions about cause
nd effect. Meta-analytic studies have combined data
rom smaller trials to increase the statistical power of the
vidence and, at the same time, have shed light on po-
ential moderators of the fitness effect and provided di-
ections for additional research. Despite the many ques-
ions that remain, the emerging view from this growing
iterature supports a neuroprotective effect of fitness
raining for aging humans.

Here we focus on three meta-analyses that have exam-
ned physical activity training studies dating back to the
960s. We also review the results of a recent study designed
o examine interactions between physical fitness and hor-
one replacement therapy, which is one variable that might

elp explain mixed results in epidemiologic and interven-

ion studies.

ts reserved.
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. Meta-analyses

Since 2003, three groups have published meta-analyses
f human clinical studies examining the relationship among
hysical fitness, cognition, and brain health: Colcombe and
ramer [1], Heyn et al [2], and Netz et al [3].
In a meta-analysis published in 2003, Colcombe and

ramer [1] identified 18 controlled clinical trials focused on
tness training and cognitive outcomes. The studies, con-
ucted between 1966 and 2001, enrolled high-functioning
dults between the ages of 55 and 80 years; sample sizes
anged from 16 to 124. The primary interest was whether
here was a main effect for aerobic fitness training on
ognition, and what factors might moderate such an effect.

Heyn et al [2] focused on studies that examined effects of
tness training on people 65 years and older who had
ognitive impairments or dementia (the original trials often
id not distinguish between Alzheimer’s-type dementias
nd vascular dementia). The authors looked at outcomes
roader than cognition, encompassing overall fitness perfor-
ance, body mass index, and a number of other physiologic

nd behavioral end points in addition to cognition. Thirty
tudies conducted between 1970 and 2003 were surveyed,
ith sample sizes from 14 to 180. Of these, 12 targeted

ognition; moderators of the exercise-cognition effect were,
nfortunately, not analyzed.

In the third meta-analysis, Netz et al [3] analyzed 36
tudies focused on the effects of physical activity on well-

ig. 1. Effect sizes for the four different theoretical hypotheses concerning
olcombe S, Kramer AF. Fitness effects on the cognitive function of
003;14:125–30. Copyright 2003 Blackwell Publishing.
eing, 22 of which included control groups. A number of s
ther positive and negative end points were also examined,
nd data were broken out by age, sample size, and exercise
ose, including duration (number of weeks of exercise),
requency (number of sessions per week), and length (min-
tes per exercise session for treatment groups). The majority
f the intervention programs were of relatively short dura-
ion; only one study continued beyond a year. As with
tudies in the previous meta-analyses, sample sizes of the
riginal studies were small, with a mean sample of 38
articipants.

The central question posed by each of these meta-
nalyses was whether there was a significant, robust main
ffect of fitness training on cognition or well-being in hu-
an intervention trials. The answer is yes. The analyses by
olcombe and Kramer [1] and Heyn et al [2] found remark-
bly similar effect sizes of 0.60 and 0.57, respectively, for
he relationship between fitness training and cognition (only
ne small study overlapped both analyses). The meta-
nalysis by Netz et al [3] reported an overall effect size of
.24 for psychological well-being.

Notably, fitness training appears to have both broad and
pecific effects on cognition. This is in contrast to the
eported effects of cognitive training on cognition, which
end to be very task-specific with a narrow generalizability
o related tasks [4]. As seen in Fig. 1, when we broke
own the data from our meta-analysis according to the
ature of the cognitive processes being measured, we found

ture of the process-based specificity of fitness training. Reproduced from
ults: a meta-analytic study. Printed with permission from Psychol Sci
the na
older ad
ignificant effect sizes across a number of cognitive do-
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ains. Compared with controls, participants who exercised
aerobic exercise was the most prevalent type in this sam-
le) had significantly greater improvements in speeded ver-
us unspeeded tasks, in spatial processing tasks, in con-
rolled versus automatic processes, and in measures of
xecutive function. The biggest effects were seen in exec-
tive control tasks, encompassing skills such as planning,
cheduling, working memory, multitasking, and being able
o focus even in the face of distractions.

. Moderators of fitness-cognition equation

A close examination of how various factors impact the
ize of the fitness-cognition effect not only can provide
mportant clues to understanding what type of training is
ost beneficial and who might benefit most but also can

ndicate directions for further research and strategies for
mproving intervention protocols. Two of the studies [1,3]
xamined various factors that moderate the fitness-cognition
quation.

Several points are noteworthy regarding the impact of
arious moderators:

● In the analysis by Colcombe and Kramer [1], there
was a larger effect for training regimens that com-
bined aerobics with strength and flexibility training
versus cardiovascular training alone.

● In terms of program duration, both short-term (1 to 3
months) and long-term (6� months) programs
showed the greatest effect (0.522 and 0.674, respec-
tively). Oddly, programs of medium duration (4 to 6
months) had a much less effect on cognition. This is
difficult to explain but might be a reflection of the
small sample sizes or of the heterogeneity of cognitive
effects and the specific tests used in the various
studies.

● Exercise sessions of moderate duration, defined as 31
to 45 minutes per session, showed the greatest cogni-
tive benefit (effect size of 0.614), which were trailed
by longer-duration sessions (effect size of 0.466). Ex-
ercising for less than 30 minutes per session had a
smaller impact on cognitive measures.

● How gender moderates the fitness effect is still not
entirely clear, in part because many of the older trials
did not include women, and those that did include
women did not distinguish between exercise training
effects for men versus women. We divided the studies
according to whether there were mostly female or
mostly male participants and determined that those
studies with more than 50% female subjects had a
significantly larger effect size on average. Men also
exhibited significant improvements in cognitive tasks
after an exercise regimen, but the benefits were sig-
nificantly less than those seen in women. There are a

number of possible explanations for this gender gap, t
including the influence of hormone therapy, as dis-
cussed later.

● “Old-olds,” defined here as ages 71 to 75 years, tended
to exhibit the largest benefits from exercise, which
might reflect the fact that this group might have the
most to gain from an exercise training intervention.

● In the analysis by Netz et al [3], which focused on
well-being rather than cognitive processes per se, im-
provements in physical fitness status (whether defined
by cardiovascular, strength, or flexibility parameters)
or in functional capacity were associated with greater
benefits for well-being. Formerly sedentary partici-
pants gained more benefits than those who had some
prior level of regular exercise.

● Aerobic exercise had the largest effect on well-being,
and moderate-intensity exercise was the most benefi-
cial, adding to the growing literature suggesting that
exercising harder does not always provide benefits
above moderate workouts.

. Human intervention studies

Very few human intervention trials have examined fit-
ess training effects on the brain. One of the first, reported
y Rogers et al [5] in 1990, assessed the impact of retire-
ent versus continuing to work on cognition and cerebral

lood flow in a prospective, 4-year study involving 90
etirees aged 62 to 70 years. Those who either continued to
ork or exercised routinely had better cognitive perfor-
ance and tended to maintain fairly steady levels of cere-

ral blood flow during the course of the study period,
ompared with inactive retirees.

More recently, a few laboratories have measured event-
elated brain potentials (ERPs) to better understand how
hysical activity influences the neuroelectric profile of older
dults. Previous work has suggested that regular aerobic
xercise produces dynamic changes in ERP patterns of older
dults, such that older exercisers more closely resemble the
atterns found in younger people performing the same task.
n particular, changes in both the amplitude and latency of the
3 component of ERPs among older adults who exercise
uggest that physical activity might alter the allocation of
ttentional resources and might speed cognitive processing.
illman et al [6 – 8] have found that exercise participation

ncreases P3 amplitude and decreases P3 latency, which might
lay roles in the maintenance of cognitive performance. These
ata support earlier work by Dustman et al [9].

In the most recent report by Hillman et al [8], the
uthors used a task-switching paradigm that has been
sed to study selective aspects of executive control. By
omparing three different conditions—repeated task tri-
ls in task-homogenous blocks, switch trials in task-
eterogeneous blocks, and non-switch trials or repeated
ask trials in task-heterogeneous blocks—it was possible

o distinguish among certain aspects of executive control
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rocesses and identify the interactions among them. A
ross-sectional analysis of the 66 participants, who were
ivided into four groups according to age and levels of
ctivity, found that physical activity positively influences
ask performance for both younger and older subjects, as
videnced by faster reaction times. Physically active indi-
iduals also demonstrated larger P3 amplitudes and faster
3 latencies than sedentary participants, reflecting a bene-
cial effect of fitness on both perceptual/central processing
nd response-related processing.

Magnetic resonance imaging (MRI) and functional MRI
fMRI) are increasingly being applied to examine the rela-
ionship between physical activity and brain networks or
tructure. We have used a high-resolution, 3 Tesla MR
canner to measure fitness effects on brain networks while
articipants perform a number of different cognitive tests. In
ne recent study [10], we randomly assigned 38 older adults
ages 62 to 77 years) to either an exercise or control group.
he exercise group trained in aerobic exercise an average of
hour a day, three times a week during the 6-month inter-

ention period, while the control group participated in
roup toning and stretching exercises for the same duration
nd frequency. One of the cognitive tests used in this study
as the Sternberg task, which is a well-accepted measure of

hort-term memory that shows clear aging effects [11]. In
his task, participants are provided a set of items to remem-
er, words, letters, or images, and then are asked at a later
ime to identify which of the items they had previously
ncountered. Set sizes can be manipulated to increase or
ecrease the number of items subjects must remember. At
he end of the intervention period, the exercise group as a
hole had improved their performance on the Sternberg

ask by about 22%, whereas the control group improved by
nly 5%.

We also recorded fMRI activity in response to the pre-
entation of the stimulus set and to the probe items that
ubjects compared with the items held in memory. We saw
ncreases in both left ventrolateral and dorsolateral prefron-
al cortex in the aerobic exercise group as compared with
he toning and stretching control group after the 6-month
ntervention. Left dorsolateral cortex activation is thought to
e associated with encoding information into working mem-
ry. Notably, we found all the differences in fMRI scans in
rain regions related to encoding of information and none in
reas associated with information retrieval. This could re-
ect more efficient attentional processes or more efficient
ehearsal strategies.

In a previous study of the effects of fitness on attentional
ontrol processes, Colcombe et al [12] randomized 29 high-
unctioning, community-dwelling older adults into two
roups, an aerobic group and a control group. The aerobic
ntervention was designed to improve cardiorespiratory fit-
ess through a walking regimen, which began at 10 to 15
inutes per session and gradually increased to 40 to 45

inutes per session by about 3 months into the 6-month s
ntervention period. Controls participated in supervised ton-
ng and stretching classes following the same schedule and
ormat as the aerobic group.

The authors had subjects perform an Ericksen flanker
ask [13], a measure of attentional control in which subjects
ress a button to indicate the direction of a center arrow
resented within a line of arrows. Functional MRI activity
as recorded in a 3 Tesla MRI system during the task
erformance. Like the Sternberg task, this task has been
airly well-studied in terms of the cognitive processes it uses
nd the underlying brain circuits that support performance.
revious work has found an age-related increase in response

ime and errors when the center arrow is inconsistent with
hose on either side of it (interference effect). At the end of
he 6-month intervention, walkers had improved perfor-
ance on the task (as measured by the percent decrease in

he interference effect) by 16%, whereas stretching and
oning control subjects increased by 6%. The walkers also
ncreased VO2 levels, a measure of cardiorespiratory fitness,
y 10% versus 2% among controls. These very modest
erformance effects are likely a reflection of the relatively
ild intensity of the training program with the older adult

articipants.
The fMRI data, shown in Fig. 2, indicate increased ac-

ivation in aerobic exercisers over controls in the medial
rontal gyrus and superior parietal lobe, two areas previ-
usly associated with selective attention and resolution of
onflicting response cues [14]. Among the many functions
ubscribed to the medial frontal gyrus is the maintenance of
oals, which is likely to be important for focusing attention
nd for remembering what needs to be done in the task. The
uperior parietal lobe has been shown to be important for
ocusing attention on different locations in visual space,
hich would also be useful in this task. Notably, we did not
nd increased activity in favor of the aerobic exercisers in
ll areas; the toning and stretching control group actually
ad an increase in activity over time in the anterior cingulate
ortex. The anterior cingulate cortex has been linked with
any different cognitive functions; perhaps most relevant

ere is its apparent involvement in distinguishing among
onfusing or disparate stimuli and resolving conflict
13,15,16]. These data suggest that the hemodynamic re-
ponse is not brain-wide but is specific to the task being
erformed, and that better performance in the aerobic exer-
isers versus controls is associated with the activation of
ifferent brain networks.

In addition to changes in neural networks, animal studies
ave provided evidence for a fitness effect on brain structure
reviewed elsewhere in this supplement), but human data for
uch effects have been sparse as a result of the obvious
imitations of conducting histologic examinations of human
rain tissue. We have used a semiautomated image segmen-
ation technique on high-resolution MR data (voxel-based
orphometry) to compare longitudinal changes in brain
tructure in older adults randomized to either a 6-month
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erobic training regimen or a nonaerobic (toning and
tretching) control group. A number of laboratories have
sed this technique to estimate tissue atrophy regionally in
he brain, and it continues to be optimized for research
pplications. Detailed methodology for this technique has
een previously published [17–19]. Voxel-based morphom-
try allows isolation of structural tissue changes on a point-
y-point fashion with fairly high spatial resolution,
roviding a means to approximate the distribution of any
hree-dimensional voxel of tissue to cerebral spinal fluid,
hite matter, or gray matter.
Consistent with a previous cross-sectional study by

olcombe et al [20] that examined brain differences be-
ween high-fit and low-fit older adults, we found increased
ray matter volume in the anterior cingulate cortex, supple-
entary motor area, and medial frontal gyrus and increased

olume in anterior white matter for the aerobic group but
ot for the nonaerobic control group during the period of the
-month intervention.

Although voxel-based morphometry can reliably identify
reas of increased or decreased volume, it cannot reveal
recisely what mechanisms underlie such changes, of which
here are a number of possibilities (eg, angiogenesis, syn-
ptogenesis, increases in size or number of neurons or glia).
etermining the underlying mechanisms requires that his-

ologic data in non-human animals be used along with
igh-resolution MRI data to determine the relationship be-
ween brain volume changes as a function of exercise and
hanges in underlying processes like those discussed above.

Although there is clearly a need for additional studies,
he human intervention trials that have been reported to date
uggest some tentative conclusions. First, fitness training
ppears to have a beneficial influence on the neural net-
orks that support several aspects of cognition, including

ttentional control and short-term memory. Second, fitness
raining appears to have a positive influence on brain struc-

ig. 2. Patterns of fMRI activation after intervention (compared with befo
tretching groups). Reproduced from Colcombe SJ, Kramer AF, Erickson K
nd aging. Printed with permission from Proc Natl Acad Sci U S A 2004
ure, primarily in prefrontal, temporal, and parietal regions, i
nd on anterior white matter. Last (and most tentatively,
ecause of the unknowns in the data), there are interesting
ifferences between men and women, and even among
omen, in fitness effects, as well as in brain structure,

ognitive performance, and lifestyle choices that moderate
he fitness-cognition equation.

.1. Hormone replacement therapy–fitness interactions

As discussed briefly above, the meta-analysis by Col-
ombe and Kramer [1] of studies exploring the influence of
tness training on cognition revealed some intriguing gen-
er differences that warrant further exploration. In particu-
ar, those studies that included more than 50% women
howed larger cognitive benefits from fitness training than
tudies that enrolled mostly men. One potential explanation
or this observation is the possibility of an interactive effect
f fitness with estrogen in the female subjects. Hormone
eplacement therapy (HRT) has been shown to reduce age-
elated cognitive decline [21] and delay dementia [22], and
wo imaging studies have suggested that HRT reduces age-
elated declines in gray and white matter in cortical regions
18,23]. Yet other research in rodents [24], monkeys [25],
nd humans [26,27] confounds these positive results, sug-
esting that extended hormone therapy has both benefits and
osts to the brain. Moreover, the largest prospective clinical
rial to date, the Women’s Health Initiative, has found an
ncreased risk for dementia with estrogen treatment [28].
hese seemingly inconsistent results raise the question as to
hether and how an individual’s level of physical fitness, as
ne variable among many potential lifestyle moderators,
mpacts the cognitive effects of HRT.

To investigate this possible interaction between fitness
evels and HRT on cognitive function, Erickson et al [29]
nalyzed HRT use, cardiorespiratory fitness (VO2 max), and
xecutive function (as determined by Wisconsin Card Sort-

vention) for subjects in the aerobic (walking) and nonaerobic (toning and
P, McAuley E, Cohen NJ, et al. Cardiovascular fitness, cortical plasticity,

16–21. Copyright 2004 National Academy of Sciences, U.S.A.
re inter
I, Scalf
ng Test) among 54 healthy postmenopausal women aged
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8 to 80 years and then used voxel-based morphometry to
etermine regional brain differences in gray and white mat-
er. All women, regardless of HRT status, exhibited cogni-
ive and brain volume benefits (ie, more volume in a variety
f prefrontal and temporal regions) of being more physi-
ally fit. Second, short-term HRT use (10 years or less) had
eneficial effects on brain volume and executive control,
hereas long-term HRT use (longer than 16 years) nega-

ively affected both cognition and brain volume. However,
rickson et al found that being more physically fit reliably
ffset negative effects of long-term HRT use and aug-
ented the short-term benefits of HRT use.
These results present a possible explanation for the meta-

nalysis finding that studies with more female subjects show
arger exercise effects and also reinforce the concept that
any different lifestyle factors interact to influence

ognition.

. Summary

In summary, results of three meta-analyses on fitness
raining effects on cognition and a small number of ran-
omized human intervention trials that have examined fit-
ess training effects on human brain structure and function
rovide evidence for a neuroprotective effect of physical
ctivity for older adults. Many factors influence the strength
f the fitness effect, as McAuley et al [30] have summa-
ized. Environmental and personal factors clearly play im-
ortant roles, ranging from one’s physical environment and
ow conducive it is to engaging in physical activity (eg, the
ature of one’s work, accessibility to venues for physical
ctivity) as well as one’s personal lifestyle choices (eg,
ietary choices, hormonal therapy, education, levels of in-
ellectual activity). The duration, intensity, and type of the
hysical activity are also critical; the studies reviewed show
clear benefit for aerobic-type exercise over nonaerobic

orms, and moderate-intensity exercise (an average of about
hour a day, at least three times a week) appears to show

reater cognitive and brain effects. These factors all con-
ribute to one’s overall level of physical fitness, which in
urn influences disease susceptibility (eg, cardiovascular
isease, type 2 diabetes) and seems to impact brain structure
nd function. In turn, disease reduction and enhancement of
eural networks and structures presumably impact cognition
oth generally and in specific cognitive domains, including
xecutive function.

There is clearly a need for further research to better
efine the impact of moderating factors and to solidify the
tness effects suggested by research to date. The interaction
etween fitness dose and cognitive maintenance and/or de-
entia delay/prevention is one area in which more work is

eeded to better define when, how much, and what type or
ypes of physical activity should be recommended as a
eans of promoting cognitive health with age. We also need
o better understand whether fitness effects on selective
spects of cognition, brain structure, and function translate
nto changes outside the lab; is there a related enhancement
n activities of daily living, for example, or in one’s ability
o continue to work? If so, to what degree is there? A
roader question is how best to combine the multitude of
ifestyle factors that appear to have a positive effect on
ognition and brain to maximize healthy aging and, if pos-
ible, reduce comorbidities. Finally, a more long-term ques-
ion is whether healthy aging interventions might be
ustom-tailored on the basis of the genomic profiles of
ndividuals.
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