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Abstract

We provide a brief review of the extant research on the influence of cardiovascular fitness training on brain and cognition. The

review includes an examination of the non-human animal literature that has reported molecular, cellular, and behavioral conse-

quences of fitness interventions. We relate this literature to human studies of the relationship between fitness and cognition, as well

as the nascent literature on fitness influences on human brain structure and function with state-of-the art neuroimaging techniques.

We also consider the important topic of participant adherence in clinical exercise trials. Finally, we suggest future directions for

studies of cardiovascular fitness, aging, and neurocognitive function.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

There are currently 35 million adults aged 65 years

and older in the US, a figure that is expected to double

over the next several decades. Adults aged 85 years and

older are the fastest growing segment of our population

and this group is expected to grow from 4 million in

2000 to 19 million by 2050. Although mortality rates are
decreasing and life expectancy is increasing (Federal

Interagency Forum on Aging-Related Statistics, 2000),

it is not well-established whether older adults are expe-

riencing a better quality of life as they age. Indeed,

quality of life can be considered a more important goal

of health promotion than longevity. Quality of life is

viewed by many as having multiple functional and well-

being components (Stewart and King, 1991). One aspect
of function that has been well-established as demon-

strating age-related declines is cognitive function, typi-

cally characterized by decrements in a variety of

processes including aspects of memory, attention, and

perception. Declines in cognition have been identified as
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a major risk factor for nursing home entry (Federal

Interagency Forum on Aging-Related Statistics, 2000)

and age-associated diseases such as Alzheimer�s De-

mentia (Wilson et al., 2002). Consequently, development

of strategies to maintain or enhance cognitive function

in later life is an important public health goal.

One behavioral modality that has been implicated in

maintaining and enhancing multiple aspects of physical
and psychological functioning across the lifespan is

physical activity. As a modifiable risk factor, physical

inactivity has been implicated in a variety of health

conditions including cardiovascular disease, adult onset

diabetes, cancer, disability, depression, and cognitive

decline (Bouchard et al., 1994). In this paper, we ex-

amine the utility of physical activity and more specifi-

cally cardiovascular fitness training as a behavioral
strategy for improving cognitive function in older adults

through its effects on cardiovascular fitness (see Fig. 1).

Reviewing the literature from both animal and human

studies, we consider the extent to which fitness training

might be an effective strategy for the maintenance of

cognitive function and brain plasticity in late life.

However, any such effects are predicated on keeping

participants active over considerable periods of time.
Unfortunately, sedentary behavior among older adults
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Fig. 1. Provides a schematic illustration of some of the important factors which both help to influence whether (and the extent to which) individuals

participate in cardiovascular fitness training as well as the potential mechanisms of improved fitness and the influence of these mechanisms on

cognition. The factors included in the illustration are derived from animal research, human epidemiological studies, and human randomized clinical

trials. The factors, mechanisms, and links are speculative and provide a relatively high level summary of the current state of knowledge.
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is highly prevalent. Even when older adults take up

physical activity in community settings, the adherence

rates have been reported to be little better than those
reported for other segments of the population (Rhodes

et al., 1999). Consequently, we discuss issues relative to

adherence, in particular the social cognitive determi-

nants of exercise behavior. Finally, we conclude with a

brief section identifying areas of future endeavor in

cardiovascular fitness and neurocognitive function.
2. Fitness training and cognition

Early studies of the relationship between fitness and

cognition, which date back at least four decades, com-

pared the cognitive performance of low and high fit

older adults on an array of paper and pencil and com-

puter-based tasks. In general, these studies found that

higher fit individuals were able to perform more quickly
and accurately on a wide variety of perceptual, cogni-

tive, and motor tasks than low fit individuals (see Etnier

et al., 1997, for review). However, whereas these early

results were impressive with respect to the magnitude of

fitness effects and relative consistency of results across

studies, they were also inconclusive given the cross-sec-

tional nature of the experimental designs. Although the

fitness differences could indeed have been responsible for
the differences in performance exhibited by the high and

low fit individuals, so too could a multitude of other

factors (e.g., socioeconomic status, education, lifestyle

choices, general health, etc.) that may have covaried

with the decision to attain and maintain high levels of

fitness across many decades. Clearly, studies that entail

fitness training interventions, with randomized distri-
bution of study participants to aerobic training and

control groups, were necessary to determine whether

fitness training (and improvements in levels of aerobic
fitness) per se, rather than the multitude of potential

covarying factors, is responsible for the maintenance of

perceptual, cognitive, and motor function during aging.

Indeed, a number of small randomized clinical trials

have been performed to examine the influence of fitness

training on the cognition of older adults (e.g., Blumen-

thal and Madden, 1988; Kramer et al., 1999). These

studies enable one to isolate the effects of fitness training
from other factors in terms of their influence on cogni-

tion. Unlike the relatively consistent pattern of results

observed for cross-sectional studies of fitness and cog-

nition, the longitudinal training studies have produced a

more varied pattern of results with some studies re-

porting improvements in aspects of cognition with fit-

ness training while other investigators failed to observe

any such relationship between improvements in fitness
and cognition. Interpretation of these somewhat am-

biguous data is complicated by the variety of differences

across the studies in the length, intensity, and type of

fitness training regimens, the age, health, and pre- and

post-training fitness levels of the study participants, the

methods used for the assessment of cardiorespiratory

fitness, and the tasks used to index perceptual, cognitive,

and motor function improvements.
Another potential problem in interpreting the longi-

tudinal literature on fitness and cognition is related to the

fact that each of these studies enrolled a relatively small

number of participants and often had substantial attri-

tion rates and therefore likely had insufficient power to

observe significant effects. To overcome this problem,

Colcombe and Kramer (2002) conducted a meta-analysis
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to determine whether (a) fitness effects on cognition
could be discerned when aggregating data across longi-

tudinal studies and (b) whether these effects, if observed,

are moderated by other variables such as age, length and

intensity of fitness training, and the nature of the tasks

used to assess cognition. Fitness intervention studies

conducted from 1966 through 2001 were included in the

analysis. Several interesting and potentially important

results were obtained from the meta-analysis. First, a
clear and significant effect of aerobic fitness training was

found. Thus, when aggregating across studies fitness

training does indeed have beneficial effects on the cog-

nitive function of older humans. Second, fitness training

had selective effects on cognitive function. Although fit-

ness effects were observed across a wide variety of tasks

and cognitive processes, the effects were largest for those

tasks that involved executive control (i.e., planning,
scheduling, working memory, interference control, and

task coordination) processes. Such a conclusion supports

our earlier findings indicating that increases in cardio-

vascular fitness significantly improved executive control

tasks in older adults (Kramer et al., 1999). Executive

control processes have been found to decline substan-

tially as a function of aging (West, 1996), as have the

brain regions that support them (Raz, 2000). Therefore,
the results of the meta-analysis suggest that even pro-

cesses which are quite susceptible to age-related changes

appear to be amenable to physical activity intervention.

The meta-analysis also revealed that a number of

other moderator variables influenced the relationship

between fitness training and cognition. For example,

fitness training programs that were combined with

strength and flexibility training regimens had a greater
positive effect on cognition than fitness training pro-

grams that included only aerobic components. Fitness

training programs also had a larger impact on cognition

if the study samples included more than 50% females.

Finally, exercise effects on cognition were found to be

largest for exercise training interventions that exceeded

thirty minutes per session. In sum, the results of the

Colcombe and Kramer meta-analysis provide support
for the veracity of the fitness-cognitive function rela-

tionship, as well as identifying important moderating

influences on this relationship. We now consider the

functional significance of these moderating effects by

critically reviewing the non-human animal research that

has attempted to explicate the mechanisms that underlie

fitness effects on performance and cognition at the mo-

lecular and cellular level.
3. Animal research on fitness, brain structure, brain

function, and performance

The animal research on fitness effects on brain func-

tion and structure can be traced to a long-term interest
of neuroscientists in brain plasticity. Much of the early
research on brain plasticity examined the influence of

enriched versus impoverished environments with rats

and mice but was restricted to the study of young ani-

mals, largely because brain plasticity was believed to

exist only in young organisms. However, later research

discovered that morphological changes in brain struc-

ture could also be obtained with older animals, albeit to

a lesser extent than with young organisms. The changes
engendered by enriched environments include increased

dendritic branching, capillary development, the devel-

opment of new neurons presumably from adult stem

cells, enhanced learning and memory, as well as a cas-

cade of molecular and neurochemical changes (Rosen-

zweig and Bennett, 1996).

Studies have also focused on the influence of fitness

interventions on brain structure and function. For ex-
ample, Black et al. (1990) contrasted the effects of fitness

training with motor skill learning. Groups of rats had

either free access to activity wheels, were encouraged to

utilize an activity wheel, or learned non-aerobic motor

skills (e.g., traversing rope bridges, climbing over and

under obstacles, etc). The groups with access to the ac-

tivity wheel (either forced or voluntary) were found to

have a higher density of capillaries in the cerebellum
than the animals trained on motor skills or the inactive

control animals. Interestingly, the animals in the motor

skill group showed a larger number of synapses in the

cerebellum than the other three groups. Thus, these two

different forms of training, aerobic and motor skill, had

differential effects on the vasculature and synaptic con-

nectivity of the brain. Subsequent studies have shown

that fitness training can also enhance vascularization of
other regions of the brain, such as the motor cortex, in

primates as well as rats. It has been suggested that in-

creases in vascularization serves an important function

in providing a greater reserve capacity to respond in

situations requiring increased oxygen (Swain et al.,

2003).

Other studies have shown additional benefits for

physical activity. For example, physical activity has been
found to increase cell proliferation, cell survival, and

neurogenesis in the hippocampus, to improve hippo-

campus-dependent spatial learning, and to enhance

long-term potentiation or synaptic plasticity (van Praag

et al., 1999). Physical activity has also been found to

increase levels of nerve growth factors, such as brain-

derived neurotrophic factor (BDNF), which serves to

enhance synaptic efficiency, by supporting the survival
and growth of a number of neuronal subtypes. These

effects, in turn, support plasticity through enhanced

learning and memory.

The findings derived from the study of fitness training

on brain function and structure in animal models pro-

vides a conceptual framework for better understanding

the cognitive function-cardiovascular fitness relation-
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ship in humans and the factors that may moderate this
relationship. For example, meta-analytic findings (Col-

combe and Kramer, 2002) suggest that aerobic training

interventions that also included a strength training

protocol may provide greater overall benefits on cogni-

tive performance than those that only have an aerobic

training component. One possibility is that the addi-

tional strength gained in the anaerobic training simply

provides greater physical resources to facilitate the aer-
obic training component. Or, one might argue that

weight training might induce an increase in cognitive

activity in participants, which itself may increase cog-

nitive function. However, strength training is known to

increase levels of insulin-like growth factor 1 (IGF-1)

(Borst et al., 2002), which in turn is known to have

positive effects on neuronal growth, survival, differenti-

ation, and performance, perhaps by acting as an up-
stream moderator of BDNF mRNA transcription

(Mackay et al., 2003; Cottman and Berchtold, 2002).

Therefore, increased levels of IGF-1 may help to ac-

centuate the effects of aerobic training in older individ-

uals by modulating exercise-induced levels of BDNF.

Although somewhat speculative, the corroboration be-

tween human cognitive studies and data from animal

models suggests that the assessment of strength training
history, or combined strength and cardiovascular

training on brain morphology and/or cortical function

in humans may be warranted. We now turn to studies

that have attempted to empirically link animal research

that has focused on fitness effects on brain structure and

function and human research that has examined the link

between fitness and cognition.
4. Beyond cognition and fitness: human studies of the

relationship between fitness and brain structure and

function

The studies reviewed above suggest that fitness effects

can be observed in both brain structure and function.

However, thus far the study of fitness effects on cogni-
tive function and brain structure has been largely con-

fined to humans and animals, respectively. A recent

study from our research group (Colcombe et al., 2003)

attempted to bridge this gap by examining the rela-

tionship between the density of cortical grey and white

matter and aerobic fitness in a sample of adults ranging

from 55 to 79 years of age. To do so, high resolution

magnetic resonance imaging (MRI) scans were analyzed
using a Voxel-Based Morphometric (VBM) approach.

In VBM analyses, high-resolution brain scans are seg-

mented into grey and white matter maps, spatially

warped into a common coordinate system, and exam-

ined for systematic changes in tissue density as a func-

tion of some other variable of interest (e.g., age,

cardiovascular fitness, etc.). This technique allows ex-
amination of the entire brain in a point-by-point fash-
ion, revealing spatially precise estimates of systematic

variation in brain tissues. VBM provides a substantial

advantage over other techniques, such as global esti-

mates of grey and white matter volume, in that it allows

researchers to localize the effects of a given variable to a

specific region of the brain.

Our findings indicated that cardiovascular fitness

levels significantly moderated the trajectory of age-re-
lated tissue loss. Older adults with greater levels of

aerobic fitness demonstrated significantly less grey

matter loss in the frontal, temporal, and parietal lobes,

and significantly less tissue loss in the anterior and

posterior white matter tracts. It is noteworthy that these

findings remained statistically significant even after

correcting for the potential moderating effects of socio-

economic status, tobacco, caffeine, alcohol consump-
tion, and hypertension. Further analyses of these data

have enabled us to examine the relationship between

hormone replacement therapy (HRT), aging, and fit-

ness. Consistent with the observations in the animal

literature (Berchtold et al., 2001) we found a trend for

increased cortical density in females who exercised, with

the greatest effect for post-menopausal females who

were currently undergoing hormone replacement ther-
apy (HRT). One explanation for this effect is that es-

trogen replacement is known to increase mRNA

transcription of BDNF in ovarectomized animals

(Berchtold et al., 2001). As such, estrogen replacement

may boost BDNF levels in a synergistic fashion with

exercise, leading to an accentuation of the benefits of

cardiovascular fitness in post-menopausal females. In-

deed, the brain regions that benefited from the interac-
tion of HRT and fitness were the same as those that

demonstrated a beneficial influence of fitness differences

in the sample of older male and female participants in

the Colcombe et al. (2003) study.

These latter effects are interesting, particularly given

that a high proportion of females were reported to show

greater benefits of cardiovascular fitness training in the

Colcombe and Kramer (2002) meta-analysis. Although
somewhat speculative, the effects of HRT on cortical

density suggest the possibility that a subset of females

undergoing estrogen replacement therapy in these studies

may have been responsible for driving the apparent

gender effect in the Colcombe andKramer meta-analysis.

Recent meta-analyses of the effects of estrogen replace-

ment on demented and non-demented post-menopausal

females has shown that estrogen replacement can have a
positive impact on cognitive function (Maki et al., 2001;

Zek and Trivedi, 2002) whereas other studies (e.g., Shu-

maker et al., 2003) have shown that combined estrogen

and progestin therapy may have a negative impact on

cognitive function Further studies will be necessary to

examine the complex relationship between HRT, fitness

and cognition in older women (LeBlanc et al., 2001).
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The cortical density findings reported by Colcombe
et al. (2003) are consistent with the findings from the

behavioral literature that show fitness has its greatest

impact on executive functions, which are subserved in

large part by the frontal and parietal regions of cortex

(see Kramer et al., 1999). The corroboration of the be-

havioral changes that result from improvements in fit-

ness and the regional differences in brain morphology

seen as a function of participants� current fitness status
suggest that improvements in behavioral functioning

resulting from aerobic training protocols are manifest at

a relatively low biological level. Specifically, aerobic

fitness can help to maintain the structural integrity of

both the local cortical processing units (grey matter) and

the pathways by which these processing units coordinate

themselves to accomplish complex computations (white

matter tracts). This supposition is further bolstered by
recent findings from our laboratories that suggest both

high levels of cardiovascular fitness and improvements

in fitness brought about by aerobic training can impact

cortical recruitment in aging individuals. We turn now

to a brief report of these data.

In a recent series of studies (Colcombe et al., in press),

we investigated the relationship between fitness and

cortical function using an event-related functional
magnetic resonance imaging (fMRI) technique. Specifi-

cally, we asked older adults to perform a modified ver-

sion of the flanker paradigm, while we assessed regional

blood flow using a T2* echo-planar imaging scanning

protocol. Participants were asked to identify the orien-

tation of a central arrow cue (�<� or �>�) by depressing a

left or right button. These central cues were flanked on

either side by two arrow cues that pointed in the same
direction (e.g., �<<<<<�) or a different direction (e.g.,

�>><>>�). In order to make a correct response in the

presence of inconsistent flanking cues, participants were

required to inhibit or filter the information provided by

the inconsistent cues in favor of the central cue.

In study 1, participants completed the fMRI portion

of the study, and then their current levels of aerobic fit-

ness were assessed. In study 2, subjects participated in a
6-month randomized controlled trial comparing effects

of an aerobic training condition and a non-aerobic

control condition. Participants in study 2 completed the

fMRI portions of the study prior and subsequent to the

training intervention. If, in fact, aerobic fitness positively

influences cortical functioning, we would expect that the

recruitment of areas involved in selective attention would

show increased activity associated with greater baseline
levels of aerobic fitness (study 1) and cardiovascular fit-

ness change brought about by aerobic training (study 2).

Additionally, the increased performance of these regions

should lead to reductions in interference from the in-

consistent flanking items and reduction in activity in

regions of cortex sensitive to the behavioral conflict en-

gendered by the inconsistent flanking cues.
The results of the studies were consistent with the
predictions above. In study 1, older adults with higher

levels of fitness showed significantly less behavioral

conflict than their lower fitness counterparts, as mea-

sured by the relative amount of time taken to respond to

the central cue in the presence of the inconsistent

flanking items, compared to congruent stimuli. Simi-

larly, aerobically trained individuals in study 2 showed

significantly less behavioral interference after the 6-
month training protocol, whereas control participants

showed no such benefit. Additionally, high fit partici-

pants in study 1 showed greater activity in attentionally

relevant regions of the cortex of the frontal and parietal

lobes than low fit participants, and less activity in the

dorsal anterior cingulate cortex, a region of cortex sen-

sitive to behavioral conflict. Also, aerobically trained

individuals in study 2 showed an increase in the re-
cruitment of attentional circuitry and a reduction in

activity in the dorsal anterior cingulate after the 6-

month training protocol, compared to control partici-

pants. Moreover, these regions spatially overlapped with

those identified in study 1.

Taken together, the observed effects of cardiovascular

fitness on brain structure and function are encouraging

and suggest that maintaining higher levels of aerobic
fitness may protect the brain against the normal effects

of aging as well as cumulative effects of age-associated

health problems. Additionally, it appears that even rel-

atively short aerobic training interventions may begin to

repair or restore the aged brain as well as enhance per-

formance on a variety of cognitive tasks. However, the

exact mechanisms that underlie these improvements are

not clearly established in humans. It is possible that the
same effects resulting from aerobic exercise seen in other

animal models, such as increased neuronal number,

interconnections, etc. underlie both the differences in

volume and cortical recruitment seen in the studies

reviewed in this paper.
5. Behavioral issues relevant to fitness effects on brain
structure and function

Employing cardiovascular fitness training as a be-

havioral intervention to maintain and enhance brain

structure and function is an exciting avenue of research

with the potential for a considerable public health yield.

However, it is important to remember that such effects

are a function of a behavioral intervention and therefore
all benefits are predicated on successfully adhering to

exercise regimens. Unfortunately, sedentary behavior

among adults represents more normative behavior than

an exception to the norm with approximately 66% of

adults aged 65 and older not engaging in any regular

physical activity (Administration on Aging, 2002).

Even when older adults take up physical activity in
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community settings, the adherence rates have been re-
ported to be little better than those reported for other

segments of the population (Ecclestone et al., 1998).

Our research group, in realizing the importance of

adherence to successful outcomes at the cognitive and

neuroanatomical levels, has adopted a social cognitive

perspective to better understanding and facilitaing ad-

herence to fitness training interventions. Self-efficacy

expectations play a pivotal role in social cognitive the-
ory (Bandura, 1986) and have been the most consistently

identified correlate of physical activity adherence.

However, until recently, no empirical examinations have

considered what factors influence these beliefs regarding

behavioral capabilities. In the context of a 6-month

randomized controlled trial, we were able to demon-

strate that participants who exercised more frequently,

had a more positive affective experience, and enjoyed
greater social support during the intervention were more

efficacious with respect to maintaining physical activity

beyond program termination (McAuley et al., 2003a). In

turn, in a long-term follow-up study (McAuley et al.,

2003b), self-efficacy was a significant independent pre-

dictor of physical activity at 6 months and 18 months

beyond completion of the exercise intervention. Such

findings have implications for how exercise interventions
are structured to facilitate adherence and for identifying

strategies to maximize maintenance of physical activity

over time. Moreover, we believe that our research rela-

tive to cardiovascular fitness and brain structure and

function and the psychosocial factors underlying ad-

herence to physical activity regimens in older adults il-

lustrate the importance of a multidisciplinary approach

to the understanding of aging, physical activity, and
optimal functioning.
6. Future research directions

The research that we have reviewed above has sug-

gested that cardiovascular fitness training can have a

variety of beneficial effects on cognition, brain, and
psychosocial function of older adults. However, the lit-

erature also points to a number of gaps in our knowl-

edge. For example, the Colcombe and Kramer (2002)

meta-analysis suggests that women benefit more than

men with respect to the cognitive benefits of fitness

training and that combined aerobic and strength train-

ing interventions have a larger impact on cognitive

function. However, the mechanisms that underlie such
effects, as well as their robustness across heterogeneous

populations that differ in age, lifestyle factors, culture,

and race remain to be explored. Despite the fact that

there is a growing body of animal literature on the im-

pact of improved fitness on brain structure and function,

there is at present little such information on humans.

However, given the recent and continued growth of a
number of neuroimaging technologies (e.g., fMRI, PET,
and optical imaging) this is an area that will likely show

rapid growth in the near future. Finally, it will be im-

portant to address the multiple routes by which fitness

influences human cognition—whether through the re-

duction of cardiovascular disease, diabetes, hyperten-

sion, and stroke and/or increased cortical plasticity

through changes in brain structure and function.
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