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Abstract
Background Although basic research has uncovered bio-
logical mechanisms by which exercise could maintain and
enhance adult brain health, experimental human studies
with older adults have produced equivocal results.
Purpose This randomized clinical trial aimed to investigate
the hypotheses that (a) the effects of exercise training on the
performance of neurocognitive tasks in older adults is
selective, influencing mainly tasks with a substantial
executive control component and (b) performance in
neurocognitive tasks is related to cardiorespiratory fitness.
Methods Fifty-seven older adults (65–79 years) participat-
ed in aerobic or strength-and-flexibility exercise training for
10 months. Neurocognitive tasks were selected to reflect a
range from little (e.g., simple reaction time) to substantial
(i.e., Stroop Word–Color conflict) executive control.
Results Performance in tasks requiring little executive
control was unaffected by participating in aerobic exercise.
Improvements in Stroop Word–Color task performance
were found only for the aerobic exercise group. Changes
in aerobic fitness were unrelated to changes in neuro-
cognitive function.

Conclusions Aerobic exercise in older adults can have a
beneficial effect on the performance of speeded tasks that rely
heavily on executive control. Improvements in aerobic fitness
do not appear to be a prerequisite for this beneficial effect.
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Introduction

Aging is associated with considerable declines in a wide
spectrum of cognitive abilities, including speed and
accuracy of perception, decision-making, task-switching,
working memory, and multitasking [1, 2]. These declines,
particularly when they escalate to dementia, can have a
dramatic impact on the independence, safety, activities of
daily living, and overall quality of life of older adults.

Several prospective epidemiologic [3–8], cross-sectional
[9, 10], and experimental [11, 12] studies published in
recent years have brought to the forefront the notion that
physical activity and exercise might be effective in slowing
the rate, or even reversing, the cognitive decline associated
with aging. Building upon earlier work that had established
a positive effect of exercise on brain vascularization [13–
15], recent animal studies have also demonstrated a role in
neurogenesis [16, 17] and the upregulation of neurotrophic
factors [18–21]. A recent study of 11 adult human
participants also showed that blood volume in the dentate
gyrus of the hippocampus (the only hippocampal subregion
that supports adult neurogenesis), assessed by magnetic
resonance imaging as an in vivo marker of neurogenesis,
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increased significantly over a 3-month period of aerobic
exercise. Furthermore, this increase in dentate gyrus blood
volume was significantly correlated with gains in maximal
aerobic capacity, as well as with the improvement in short-
term memory in an auditory verbal learning test [22]. By
highlighting several plausible biological mechanisms, this
body of evidence has laid the foundation for establishing a
causal link between exercise and the preservation or
improvement of neurocognitive function in aging. How-
ever, certain important issues remain unresolved.

Experimental studies, in which participants were randomly
assigned to conditions, have yielded equivocal results, with
some showing that aerobic-type activities (e.g., walking)
resulted in significant benefits compared to controls (e.g., [12,
23–26]) and others producing null findings (e.g., [27–31]). In
some cases, the null findings were attributed to such
methodological factors as the already-high level of cognitive
functioning of the participants at baseline or the short
intervention periods that might have been inadequate for
substantial changes in fitness to occur (e.g., [27, 32]).

Kramer and collaborators [12] proposed a hypothesis
that offers a new and intriguing perspective on the
conflicting findings. Based on the frontal lobe hypothesis
of cognitive aging [33, 34], which suggests that the loss of
brain tissue and corresponding declines in neurocognitive
function are not uniform across brain regions, Kramer
proposed that exercise, particularly aerobic exercise that
results in measurable gains in cardiorespiratory fitness,
leads to selective, rather than generalized, benefits. Specif-
ically, tasks with a substantial frontal-lobe-dependent
executive control component exhibit the largest aging-
related declines and should also be expected to show the
largest exercise- or fitness-related improvements. Such
tasks include those that involve use of information retained
in working memory, simultaneous execution of multiple
tasks, task-switching, and inhibition of an ongoing or pre-
potent response. On the other hand, tasks that do not
require a substantial executive control component, such as
simple reaction time, are less affected by aging and are,
thus, also less likely to benefit from exercise or fitness.

Evidence in support of this “selective improvement”
hypothesis has come from a training study [12] and a
subsequent meta-analysis of randomized trials [35]. In the
6-month training study [12], 124 older adults (60–75 years of
age) were randomly divided into an aerobic (walking) and a
non-aerobic (stretching and toning) group. The former
showed modest but significant gains in aerobic fitness
(+5.1%), whereas the latter did not (−2.8%). Before and
after these treatments, the participants underwent testing on
neurocognitive tasks specifically selected to rely heavily
(e.g., task-switching, responding to “incompatible” stimuli,
or stopping an ongoing action) or not-so-heavily (e.g., simple
reaction time, involving “compatible” stimuli, without

switching or stopping) on executive control. Consistent with
the “selective improvement” hypothesis, the results showed
that, although the two groups did not differ in the low-
executive-control tasks, the aerobic group showed improve-
ments in the high-executive-control tasks. The subsequent
meta-analysis examined 18 intervention trials that involved
adults from 55–80 years of age and supervised aerobic
training with random assignment to conditions [35]. The
meta-analysis examined four competing theoretical predic-
tions, namely that the effects of aerobic exercise or fitness
would be specific to tasks characterized by (a) speed (tasks
representing low-level neurological functioning, such as
simple reaction time), (b) visuospatial ability (ability to
transform or remember visual and spatial information, such
as redrawing shapes from memory), (c) controlled processes
(tasks requiring some cognitive control, such as simple rule-
based decision-making or choice reaction time tasks), and (d)
executive control (planning, inhibition, and scheduling, such
as responding to one cue while suppressing other, simulta-
neously presented, conflicting, or irrelevant cues). Exercise
training groups showed an average effect size of 0.48,
whereas control groups showed an average effect size of 0.16.
Again providing support for the “selective improvement”
hypothesis, the effect was found to be the strongest for
executive-control tasks (0.68), followed by controlled pro-
cesses (0.46), visuospatial tasks (0.43), and speed tasks (0.27).

Kramer and coworkers have maintained that aerobic
exercise and associated gains in aerobic or cardiovascular
fitness, of at least small magnitude, are necessary for the
selective benefits to occur [36–38]. However, the evidence
for this claim is inconclusive. In fact, the aforementioned
meta-analysis [35] found no relationship between the
magnitude of gains in aerobic fitness (coded as unreported;
moderate, 5–11%; and large, 12–25%) and the effect of
exercise interventions on neurocognitive function. Similar-
ly, a more extensive meta-regression analysis that focused
specifically on this “cardiovascular fitness” hypothesis
showed (a) no relationship between fitness and cognitive
performance among older adults in cross-sectional studies,
(b) no relationship between fitness and cognitive perfor-
mance at the end of intervention trials, and (c) a negative
relationship between gains in fitness and changes in
cognitive performance from before to after intervention
trials [39]. Age interacted with fitness, in that fitness was a
significant negative predictor of cognitive performance
specifically among older adults (and was unrelated to
cognitive performance among children, young adults, and
middle-aged adults). The present study extends this line of
research. The primary purpose was to test the “selective
improvement” hypothesis. The neurocognitive tests that
were administered were specifically selected to reflect
different degrees of frontally mediated executive control.
The second purpose of the present study was to examine the
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“cardiovascular fitness” hypothesis by investigating whether
changes in performance in the neurocognitive tasks were
related to changes in aerobic fitness. We employed similar
interventions as those in the Kramer et al. [12] study (aerobic
exercise versus stretching-and-toning) but of longer duration
(10 instead of 6 months). The longer duration was intended
to increase the power of the intervention by (a) providing
larger amounts of exercise, potentially leading to a larger
separation between the distributions of the two groups in
relevant dependent variables and (b) producing highly
variable changes in aerobic fitness, conducive to detecting
any covariation with changes in neurocognitive function.

Method

Participants

The present study was part of a larger randomized clinical
trial (RCT) on the effects of exercise on immune function
[40]. Institutional Review Boards at participating academic
and medical institutions approved all experimental proce-
dures. To participate in the RCT, volunteers had to be 64
years of age or older and living independently. Prospective
participants were excluded on the basis of health-related
reasons and for being too physically active and/or physi-
cally fit at baseline. The following health-related exclusion-
ary criteria were used: (a) having an autoimmune disorder or
other disease likely to impact the immune system, (b) having
been diagnosed with cancer within the previous 5 years, (c)
taking medication that affected the immune system (such as
oral corticosteroids), (d) taking anxiolytic or antidepressant
medications, or (e) suffering from conditions for which
vigorous exercise is contraindicated, including uncontrolled
metabolic or unstable cardiovascular disease (see Ref. [41], p.
50). The ability to perform exercise safely was also
ascertained through a medically supervised graded treadmill
test performed following randomization (see the “Cardiore-
spiratory Firness” section below). Participants with electro-
cardiographic or other findings during the treadmill test were
referred to their primary health care provider for additional
testing and treatment. Furthermore, prospective participants
were excluded if they were participating in exercise 3 or
more times per week at 40% or more of their heart rate
reserve, or if their aerobic fitness level was above the 75th
percentile for their age and gender, as assessed by the 6-min
walk component of the Senior Fitness Test [42, 43].

Participation in the RCT was solicited by contacting older
adults residing in two nearby communities in the Midwestern
United States (combined three-county area population,
according to the 2000 US Census, of 480,806, with 53,721
aged 65 years or older). The study was advertised through

press releases in local newspapers, visits to senior citizen meal
sites, churches and church groups, senior community service
organizations, independent living housing facilities, and by
friend referrals. Recruitment was done in two cohorts (first
cohort of 50: August 2002 to October 2002; second cohort of
59: August 2003 to October 2003).

Of the 133 individuals who expressed interest and were
screened for eligibility, 24 were excluded for not meeting the
established criteria (see Fig. 1). Thus, 109 were subsequently
randomized either to a cardiovascular exercise group
(CARDIO, n=55) or to a group involved in flexibility
exercises and weight-training (FLEX-TONE, n=54). Before
group assignments were announced to the participants, they
were determined by a research assistant who had no
knowledge of or direct contact with the participants. Group
allocation alternated between CARDIO and FLEX-TONE,
while also balancing for gender, cardiorespiratory fitness,
and the use of beta-blockers. Two individuals, one from each
group, dropped out following randomization. After the
preparticipation graded treadmill test (see below), 27 individ-
uals were referred to their primary health care providers for
additional testing and/or treatment (54% from CARDIO, 46%
from FLEX-TONE). Of them, all but one received clearance
to initiate participation in the RCT. Another individual
continued to exhibit hypertensive symptoms and was exclud-
ed for precautionary reasons. No major adverse events or side
effects associated with the treatments occurred.

Following the preparticipation graded treadmill tests but
prior to the initiation of the treatments, the 105 remaining
participants were asked if they wanted to enroll in the present
study by taking part in a battery of neurocognitive tests. Of
them, 78 individuals (74%) agreed to participate. One person
was excluded for having a history of neurological disease
(Parkinson’s) and five individuals were excluded for being 80
years of age or older. Ten additional individuals were excluded
over the course of the 10-month interventions: four of them
dropped out of the interventions, three passed away, and three
participants in the CARDIO group did not comply with the
target heart rate prescription at least 50% of the time. “Intent to
treat” analyses were performed with these three individuals
included in the sample but none of the conclusions of the
study were affected. Thus, to maintain the meaningfulness of
comparisons between the treatment modalities (CARDIO
versus FLEX-TONE), the results reported below refer to
analyses without these three participants. Finally, five indi-
viduals were scheduled but did not return to complete all the
required neurocognitive tests.

Thus, data for 57 participants (16 men, 41 women)
were entered into the analyses (see Table 1). Of them,
seven men and 21 women belonged to the CARDIO group
and nine men and 20 women belonged to the FLEX-
TONE group. For a summary of participant character-
istics, see Table 1. All participants completed the written
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form of the Symbol Digit Modalities Test [44, 45] at each
testing session. They all scored within ±1.5 SD of the
normative mean for their age and years of education,
indicating no cerebral impairment. Scores did not differ
between participants in the CARDIO and FLEX-TONE
groups.

Measures

Cardiorespiratory Fitness

Symptom-limited treadmill tests were performed before the
initiation and after the completion of the interventions to

assess cardiorespiratory fitness by a qualified clinical
exercise physiologist and a supervising physician (both
blinded to group assignments). A modified Bruce protocol
was used. The standard Bruce protocol starts from 1.7 mph
and 10% grade and proceeds in 3-min stages (2.5 mph,
12% grade; 3.4 mph, 14% grade; 4.2 mph, 16% grade, and
so on). The modification used in the present study consisted
of adding two stages at the start of the protocol (1.7 mph,
0% grade; 1.7 mph, 5% grade). The supervising physician
monitored a continuous electrocardiogram. None of the
tests was interrupted due to medical complications. Peak
oxygen uptake (VO2peak) was estimated from treadmill
performance (time in minutes) using the general formula of

Evaluated for eligibility (n = 133)

Randomized to conditions (n = 109)

Excluded due to 
not meeting criteria 

(n = 24)

CARDIO
(n = 55)

FLEX-TONE
(n = 54)

Excluded for medical 
reasons (n = 2)

Dropped out (n = 1)
Dropped out (n = 1)

Agreed to participate in 
neurocognitive testing (n = 38)

Agreed to participate in 
neurocognitive testing (n = 40)

Included in the analyses
(n = 28)

Included in the analyses
(n = 29)

Excluded due to not 
meeting criteria 

(n =4) 

Excluded due to 
medical & other 
reasons (n = 5)

Excluded due to not 
meeting criteria 

(n = 2) 

Excluded due to 
medical & other 
reasons (n = 3)

Over 80: 4

Did not complete 
neurocognitive testing

(n =1) 

Did not complete 
neurocognitive testing

(n = 4) 

n = 52 n = 53

PARENT RCT

PRESENT STUDY

Parkinson's: 1
Over 80: 1

RCT Dropout (n = 0) RCT Dropout (n = 2)

Death: 2
Non-compliance: 3

Death: 1
Relocation: 1

Hip replacement: 1

Not included in the analyses:
10

Not included in the analyses:
11

Fig. 1 Flow diagram showing
the inclusion and exclusion of
participants throughout the
study
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Foster et al. [46], after subtracting 6 min for the two initial
stages of the modified version1:

VO2peak mlkg�1 min�1
� � ¼ 14:760�1:379 timeð Þ

þ 0:451 time2
� ��0:012 time3

� �

All participants also underwent a 6-min walk test (as
implemented in the Senior Fitness Test; [43, 47]) both
before the initiation and after the completion of the
interventions. Estimated values of VO2peak based on this
test were used in the cases of three individuals who could
not undergo postintervention graded treadmill tests due to
scheduling conflicts. Changes in cardiorespiratory fitness
for these individuals were determined on the basis of the
VO2peak estimates derived from the pre- and postinterven-
tion 6-min walk tests. The VO2peak estimation formula
suggested by the American College of Sports Medicine
(Ref. [41], p. 70) was used for this purpose.

Neurocognitive Tests

The individuals administering the neurocognitive tests were
blinded to group assignments. The selection of neurocognitive
tests was driven by the “selective improvement hypothesis”
outlined in the introduction [12]. Specifically, the different
neurocognitive tests were conceptualized as lying on a
continuum ranging from being minimally to being substan-
tially dependent upon frontally mediated executive control.
In doing so, we adhered closely to the rationale followed in
Colcombe and Kramer’s [35] meta-analysis, selecting tasks
in a manner consistent with the four-group categorization
utilized by these authors: (a) speeded, (b) visuospatial, (c)
controlled, and (d) executive tasks.

Specifically, as a test representative of the speeded
category (low-level neurological functioning), we selected
a simple reaction time task. In the visuospatial category
(transforming or remembering visual and spatial informa-
tion), we included an incompatible 8-choice reaction time
task, in which participants had to move to the button
opposite of the lighted target. This task included an explicit
speed component as well as an inhibition component. Tasks
that fall under the controlled category require controlled
attention but can be automated with sufficient practice.
Consistent with Colcombe and Kramer’s description, we
included in this category several choice reaction time tasks
(8-choice, Stroop Word, and Stroop Color). The final
category, executive, includes processes such an inhibition,
planning, and working memory, which require constant
mediation by a central executor. The tasks chosen for this
category were Go/No-Go and Stroop Word–Color conflict.
Finally, we included a task that requires executive process-
ing but does not include a speeded component, namely the
Wisconsin Card Sort Test. We included this task in order to
decipher whether the effects of exercise and/or fitness are
larger on speeded tasks that require executive control or on
tasks that are heavily dependent on executive processing
but have no speed component. Each test is described in
more detail below.

Procedures

Exercise Training

The exercise program took place at the same location for both
the CARDIO and FLEX-TONE groups and was led by the
same qualified exercise leader (obviously, blinding of
the individual administering the treatments is not possible in
the case of exercise). Both groups exercised three times per
week for 10 months. Both the CARDIO and the FLEX-TONE
programs started with a similar 10-min warm-up routine of
stretching and mild aerobic exercises and ended with a 10-min
cool down that involved stretching and some balance work.

After the warm-up, participants in the CARDIO group
exercised for 25–30 min on the aerobic exercise equipment
of their choice (including treadmills, stepper machines, arm

1 Data collected from a diverse sample of 230 individuals
(including cardiac patients, healthy adults, and athletes) showed
that the mean error (measured vs. predicted) based on this
formula was −0.6±3.4 ml·kg−1·min−1, the correlation between
measured and predicted values was 0.97, and the standard error of
prediction was 3.6 ml·kg−1·min−1 [46].

Table 1 Descriptive statistics (M±SD) for participant characteristics

CARDIO Group FLEX-TONE Group

Total (n=28)
M±SD

Men (n=7)
M±SD

Women (n=21)
M±SD

Total (n=29)
M±SD

Men (n=9)
M±SD

Women (n=20)
M±SD

Age (years) 69.86±4.59 68.55±2.65 70.30±5.06 70.52±4.47 69.80±5.13 70.85±4.24
Education (years) 15.82±2.83 17.57±3.36 15.24±2.45 14.79±2.34 16.00±2.4 14.25±2.15
VO2peak at Month 1 (ml·kg−1·min−1) 29.03±7.81 34.40±7.48 27.23±7.19 28.41±9.94 34.30±9.33 25.76±9.23
VO2peak at Month 10 (ml·kg−1·min−1) 34.32±6.23 37.71±4.39 33.18±6.43 32.12±9.66 39.82±9.02 28.65±7.88
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ergometers, stationary cycles, vertical climbing machines,
cross trainers, and elliptical machines). Heart rate during
exercise was monitored continuously with heart rate
monitors. The participants were given target heart rate
prescriptions based on the peak heart rate achieved during
their graded treadmill tests. Individualized prescriptions
started at 45–60% of heart rate reserve, progressed to 60–
70%, and were then maintained at 65–80% for the
remainder of the 10-month intervention period ([41],
p. 141). Participants on beta-blockers regulated exercise
intensity mainly using the rating of perceived exertion (RPE;
[41], p. 146). They advanced their effort in a manner
consistent with the prescription identified above, eventually
progressing to a “Somewhat hard” (i.e., rating of “13”) to
“Hard” (i.e., rating of “15”) level. All CARDIO participants
recorded the time they exercised, the machines they used, and
the heart rate and RPE ratings achieved during each workout.

The FLEX-TONE group also met three times per week
for 10 months. The participants in this group performed
strength, flexibility, and balance exercises. After the warm-
up, elements of yoga and Tai Chi, Flex bands, free hand
weights, and stability balls were used for 25–30 min.
Resistance training exercises using weight machines
designed to train all major muscle groups were used during
the second half of the intervention period. Consistent with
American College of Sports Medicine guidelines ([41],
pp. 154–158), eight to ten exercises and 10–15 repetitions
per exercise were performed.

Neurocognitive Tests

The following types of neurocognitive tests were adminis-
tered: (a) reaction-time tests, (b) the Stroop test, and (c) the
Wisconsin Card Sort Test. The participants completed
the reaction time and Stroop tests prior to the initiation of
the interventions (Month 1), midway through (Months 4–5),
and after the completion of the interventions (Month 10).
The Wisconsin Card Sort Test was administered only twice
(Month 1 and Month 10), to decrease the likelihood of
learning the task and remembering the strategies. Each
testing session lasted for approximately 90 min. The
participants completed the reaction time tests first, followed
by the Stroop, and finally the Wisconsin Card Sort Test.

The following four reaction time tests were adminis-
tered: simple reaction time (SRT), 8-choice reaction time
(8-CRT), 8-choice incompatible reaction time (8I-CRT),
and Go/No-Go reaction time (GNG). For these tests, the
participants were seated in front of a reaction time board
so that they could easily reach each of the eight lights
placed in a semi-circle. Using their dominant hand, they
were to press the home button and, when one of the lights
was illuminated (after a variable warning tone, from 800
ms to 2,000 ms), they were to respond as quickly as

possible. For the SRT test, only the light right of center
was visible and illuminated during the trial (all other lights
were covered). For the 8-CRT and 8I-CRT tests, all lights
were visible. For the 8-CRT test, the participants had to
move to the illuminated light. For the 8I-CRT, they had to
move to the light opposite to the one that was illuminated.
For the GNG test, all lights except for the two center ones
were covered. When the right light was illuminated, the
participants had to move as quickly as possible (which was
identical to the SRT test). However, when the left light was
illuminated, they were to stay on the home button. Timing of
the lights and measurement of reaction time were controlled
by a computer interfaced to the reaction time board and
appropriate software. Each test was explained and then the
participants were given the opportunity to practice (five to
eight trials) before the beginning of data collection. All
participants completed 16 trials of each test except for the
GNG, for which they completed 28 trials (12 inhibition trials
in addition to 16 “go” trials). Reaction time was measured as
the time from the “go” signal until the hand moved off the
home button. Movement time was defined as the time from
releasing the home button until pressing the illuminated
button.

Three types of the computerized Stroop tests were
administered (Word, Color, and Word–Color conflict).
The participants were to respond as quickly as possible
to the word or color block by pressing 1, 2, or 3 for
blue, green, or red, respectively2. The stimuli remained
on the screen until the participant entered a response. For
the Word–Color test, they were to respond to the color of
the word rather than the word itself (e.g., when the word
BLUE was presented in green letters, they were to respond
by pressing 2 for green). The participants were instructed
to respond as quickly as possible while trying to make as
few errors as possible. To become familiar with the
procedures and to learn to associate the color and key,
participants practiced each condition for 45 s prior to data
collection for that condition. One hundred trials were
completed. Reaction time and number of errors were
recorded (but, given the trade-off between these variables,
only reaction time was treated as a dependent variable).

The Wisconsin Card Sort Test requires executive
processing but is not a speeded task. The participants
were presented with a card and they were instructed to
match it to one of three other cards that were presented.
However, the rules were not explained. The participants
were only informed whether their choices were correct
or incorrect. Therefore, they had to figure out which

2 Note that the computerized version of the Stroop test, by requiring
that participants learn to associate a particular key with a particular
response, probably places higher demands on working memory than
the traditional paper format, in which responses are given verbally.
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rule was being used for the correct match. Moreover, at
undisclosed points during the test, the rule changed and
the participants again had to figure out which rule was
now being used. The test was administered and a
computer program evaluated performance. The number
of categories completed, the number of total errors, and
the number of perseverative errors was recorded.

Data Reduction and Analysis

For SRT, 8-CRT, and 8I-CRT, of the 16 trials that were given,
the fastest and slowest reaction times were dropped and the
remaining 14 trials for each test were averaged, to improve
reliability. For the GNG, 28 trials were given (16 “go” and 12
“no-go”) and the reaction times for the “go” trials (with the
highest and lowest reaction times removed before averaging)
were analyzed. For the Stroop test, the reaction times for the
Word, Color, and Word–Color conflict tests were analyzed.
The reaction times for the erroneous responses were removed
before averaging. For theWisconsin Card Sort Test number of
errors and categories completed were totaled.

Before statistical analysis, dependent variables were log-
transformed to address deviations from distributional normal-
ity, which is a common problem in reaction time measures.
The effect of the intervention on performance in the neuro-
cognitive tests was examined by conducting two (CARDIO
vs. FLEX-TONE) by three (Month 1,Months 4–5, andMonth
10) or, in the case of theWisconsin Card Sort Test, two by two
(Month 1 and Month 10) multivariate analyses of variance
(MANOVAs) for each of the following four sets of dependent
variables: (a) reaction times for SRT, 8-CRT, 8I-CRT, and
GNG; (b) reaction times for Stroop Word, Stroop Color, and
Stroop Word–Color conflict; (c) number of categories
completed, total errors, and perseverative errors for the
Wisconsin Card Sort Test; and (d) errors from GNG, Stroop
Word, Stroop Color, and Stroop Word–Color conflict.
Significant group by time interactions were followed-up by
repeated-measures univariate analyses of variance per group
and Bonferroni-corrected pairwise comparisons. Effect sizes
are also reported [d=(Mi−Mj)/SD pooled], to provide an
estimate of the magnitude of differences.

The “cardiovascular fitness” hypothesis can be concep-
tualized as a causal chain. In this mediational model, the
causal effect of an exercise intervention (the independent
variable) on changes in neurocognitive function (the
dependent variable) can be “explained” by a third variable
(the mediator), namely the exercise-induced changes in
aerobic fitness (VO2peak). Mediation is analyzed by
establishing whether the following four criteria are met
[48–50]: (a) the intervention has a significant effect on the
outcome variable(s); (b) the intervention has a significant
effect on the theorized mediator; (c) the mediator is
significantly related to the outcome variable(s); and (d)

the significant effect of the intervention on the outcome
variable(s) disappears once one controls for the theorized
mediator. In the present study, we considered whether (a)
the intervention had any significant effects on neuro-
cognitive variables based on the aforementioned analyses
of variance, (b) the intervention had a significant effect on
VO2peak; (c) the changes in VO2peak during the interven-
tion period were related to changes in neurocognitive
function during the same period; and (d) any significant
intervention effects on neurocognitive function remained
after controlling for changes in VO2peak.

Results

Preliminary Analyses

There were no significant differences between the groups in
terms of age or years of education. A two (group: CARDIO,
FLEX-TONE) by two (time:Month 1,Month 10) ANOVA on
VO2peak showed only a significant main effect of time, F (1,
55)=38.060, p=0.001. Although the participants in the
CARDIO group had a somewhat larger increase in VO2peak
(18%) than those in the FLEX-TONE group (13%), the
interaction was not statistically significant (see Table 1).
There were no between-group differences in VO2peak either
at the beginning or at the end of the interventions.

Reaction Time Tests

A two (group: CARDIO, FLEX-TONE) by three (time:
Month 1, Months 4–5, Month 10) MANOVA on reaction
times from the SRT, 8-CRT, 8I-CRT, and GNG showed
only a significant main effect of time, F (4, 108)=2.686, p=
0.035. However, follow-up univariate analyses failed to
find significant changes over time for any of these four
variables (see Table 2).

Stroop Tests

A similar two by three (group by time) MANOVA was
conducted on the reaction times for Stroop Word, Stroop
Color, and Stroop Word–Color conflict. This analysis
revealed a significant interaction, F (3,109)=3.079, p=
0.031. Follow-up univariate analyses indicated a significant
group by time interaction only for Word–Color conflict, F
(2,110)=4.185, p=0.018. A follow-up ANOVA for the
FLEX-TONE group showed a significant effect of time, F
(2, 56)=4.365, p=0.017. However, Bonferroni-corrected
pairwise comparisons indicated only a trend for a decrease
from Month 1 to Months 4–5 (p=.056, d=.47). A similar
follow-up ANOVA for the CARDIO group also showed a
significant effect of time, F (2, 54)=10.730, p=0.001. The
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pairwise comparisons indicated a significant and large
decrease from Month 1 to Month 10 (p=0.001, d=0.93).
Thus, the analyses of change for the Stroop data showed a
significant over-time decrease in reaction times only for the
Word–Color conflict test and only within the CARDIO
group (see Table 2).

Wisconsin Card Sort Test

A two (group: CARDIO, FLEX-TONE) by two (time:
Month 1, Month 10) MANOVA on the number of categories
completed, total errors, and perseverative errors from the
Wisconsin Card Sort Test revealed no significant main effect
of time (p=0.104) or a significant interaction (p=0.393).

Errors

A two by three (group by time) MANOVA on errors from
GNG, Stroop Word, Stroop Color, and Stroop Word–Color
conflict showed a significant interaction, F (2,110)=3.571,
p=0.031. The follow-up univariate analyses revealed a
significant interaction only for the errors associated with the
Stroop Word–Color conflict task, F (2,110)=7.82, p=
0.048. Within the FLEX-TONE group, a significant effect
of time, F (2, 56)=3.247, p=0.046, was accounted for only
by a significant increase in errors from Months 4–5 to
Month 10 (p=.028, d=.52). On the other hand, within the
CARDIO group, a significant effect of time, F (2, 54)=
7.958, p=0.001, was attributable to significant decreases
from Month 1 to Months 4–5 (p=.007, d=.64) and from
Month 1 to Month 10 (p=0.002, d=0.72). There were no
significant between-group differences at any time point.

Examination of the “Cardiovascular Fitness” Hypothesis

As noted in the previous sections, the intervention was
effective, as evidenced by significant and large decreases in
both reaction time and errors in the Stroop Word–Color
conflict task among the participants in the CARDIO group.
However, the two arms of the intervention (CARDIO,
FLEX-TONE) did not have a differential effect on
VO2peak (the group by time interaction was not significant,
indicating similar improvements in aerobic fitness in both
groups). This finding alone suffices to discount the
possibility that the differential effects on neurocognitive
function (i.e., finding significant effects only for the
CARDIO group) could be explained by the mediational
role of aerobic fitness.

In the interest of providing a more comprehensive
analysis, we also examined whether there was any
relationship between changes in VO2peak over the period
of the intervention with changes in neurocognitive function
over the same period. However, hierarchical regression
analyses, controlling for age, gender, and years of educa-
tion, revealed no significant relationships.

Discussion

The primary purpose of this study was to provide the first
independent test of the “selective improvement” hypothesis
and, as such, the first attempt to replicate the Kramer et al.
[12] findings. Consistent with this hypothesis, exercise
training (CARDIO or FLEX-TONE) did not influence
performance in tasks requiring relatively little executive

Table 2 Descriptive statistics (M±SD) for all dependent variables

CARDIO Group FLEX-TONE Group

Month 1
M±SD

Months 4–5
M±SD

Month 10
M±SD

Month 1
M±SD

Months 4–5
M±SD

Month 10
M±SD

Simple RT (ms) 345±30 338±29 357±68 345±35 333±29 336±38
8-CRT (ms) 431±40 440±48 435±35 452±82 426±44 428±62
8I-CRT (ms) 806±220 806±228 767±229 801±196 780±170 764±204
GNG RT (ms) 460±64 477±88 460±64 460±74 457±70 442±72
GNG errors 1.00±1.39 0.71±1.08 0.44±0.73 1.07±1.07 0.72±0.84 0.77±0.82
Stroop Word RT (ms) 891±141 895±172 865±138 845±115 842±138 836±136
Stroop Word errors 3.96±5.83 2.71±3.40 2.29±3.62 1.62±1.37 2.16±1.80 1.78±1.46
Stroop Color RT (ms) 846±120 875±144 915±270 821±115 816±113 860±233
Stroop Color errors 2.64±3.19 2.57±2.59 9.86±10.33 1.55±1.55 1.84±1.39 8.39±10.09
Stroop Word–Color RT (ms) 1315±302 1275±296 1155±212 1263±294 1165±216 1192±268
Stroop Word–Color errors 6.43±5.59 3.75±4.53 3.38±3.91 3.72±3.25 2.52±2.78 3.32±2.64
WCST errors (total) 18.32±9.90 15.48±9.27 19.90±9.50 20.08±9.03
WCST errors (perseverative) 9.82±8.68 7.67±4.74 9.93±5.11 10.20±5.32
WCST categ. completed 3.11±1.55 3.14±1.76 2.72±1.49 2.56±1.55

RT Simple reaction time, CRT choice reaction time, I-CRT incompatible CRT, GNG Go/No-Go, WCST Wisconsin Card Sort Test
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control (i.e., SRT, Stroop Word, and Stroop Color).
Statistically reliable improvements were limited to a task
that requires a substantial involvement of executive control,
namely the Stroop Word–Color conflict test. Performance
on this test requires remembering a rule, inhibiting the
initial impulse to respond, applying the rule, and ultimately
making a decision that is incompatible with the initial
impulse. Only the CARDIO group showed a significant
improvement over time, both by lowering the reaction time
and by decreasing the number of errors. These improve-
ments were not only statistically reliable but also of large
magnitude (i.e., effect sizes of 0.93 for reaction time and
0.72 for errors from Month 1 to Month 10) and, therefore,
of possible practical meaningfulness. On the contrary, the
FLEX-TONE group showed a considerably smaller and
non-significant decrease in reaction time and an inconsis-
tent pattern of change in errors (an initial non-significant
decrease followed by a significant increase).

Nevertheless, support for the “selective improvement
hypothesis” could be characterized as partial due to the fact
that other tasks requiring some (i.e., 8-CRT, 8I-CRT) or,
presumably, substantial (i.e., GNG) involvement of execu-
tive control did not show significant group by time
interaction effects. In particular, the difference between
the results obtained from the Stroop Word–Color conflict
test and the GNG, both of which were theorized to belong
to the “executive control” category of Colcombe and
Kramer’s [35] four-category conceptual model (i.e., speed,
visuospatial, controlled, executive) might seem puzzling.

Since the exact cognitive requirements of these two tasks
differ, there could be several explanations for the differential
effects of exercise. We consider two as perhaps more likely.
First, functional brain imaging studies have shown that both
overlapping and distinct frontal areas are involved in the
performance of these tasks. On the one hand, the anterior
cingulate cortex, which is presumed to play a role in
attentional control and error detection, has been found to be
activated during both the GNG and the Stroop [51]. On the
other hand, performance of the GNG task appears to involve
an area extending from the right dorsolateral prefrontal
cortex to the inferior frontal gyrus and the insula [51–53]. In
contrast, the Stroop task appears to be strongly left-
lateralized, perhaps due to its greater reliance on language.
Performance on this task is associated mainly with activation
of the left dorsolateral prefrontal cortex and the middle
frontal gyrus [51, 54]3. Thus, it is possible that the effects of
aerobic exercise are lateralized [55] or localized to areas
specific to the Stroop Word–Color conflict task. Interesting-

ly, after a 6-month aerobic exercise intervention, participants
were found to have increases in brain volume in the anterior
cingulate cortex and middle frontal gyrus [56], areas found to
be involved during the Stroop task.

Second, because of the highly automated nature of
reading in adults, the incorrect response in the Stroop
Word–Color conflict task is strongly prepotentiated. As a
result, the demands that the Stroop task places on cognitive
processes involved in attention and interference resolution
are comparatively greater than those involved in the GNG.
Combined with the requirement to respond under time
pressure, this highly demanding nature of the Stoop Word–
Color task is precisely the reason why it is also commonly
used as a stress-induction procedure in laboratory studies
[57]. As other authors have noted, aerobic exercise is more
likely to benefit performance on tasks that involve higher,
rather than lower, cognitive demands [24, 58, 59].

The Wisconsin Card Sort Test shares with the Stroop
task the common features of set-switching and response
suppression. Accordingly, imaging studies reveal some
commonality in the frontal areas involved. For example,
both the Wisconsin Card Sort Test and the Stroop activate
the dorsolateral prefrontal cortex and the anterior cingulate
cortex, although the former appears to do so bilaterally (but
see Ref. [60]), whereas the latter is left-lateralized [52, 54,
61]. At the same time, the Wisconsin Card Sort Test
involves some unique areas, both frontal (e.g., ventromedial
and orbitofrontal cortices) and non-frontal (e.g., the inferior
parietal lobule bilaterally, the basal ganglia, and the
cerebellum), and an apparently wider distributed network.
Although these dissimilarities in neural substrates could
again account for the differential effects of aerobic
exercise, a simpler explanation might be that the Wiscon-
sin Card Sort Test was not speeded. Consistent with the
aforementioned postulate that exercise is more likely to
have beneficial effects on tasks with higher cognitive
demands, it has been argued that exercise is also more
likely to have beneficial effects on speeded, rather than
non-speeded, tasks [58, 59]. This could be conceived as
adding an important “boundary condition” to the “selec-
tive improvement” hypothesis, suggesting that it should
not be presumed to apply to non-timed or non-speeded
executive-control tasks.

The second purpose of the present study was to test the
“cardiovascular fitness” hypothesis. Although the CARDIO
intervention was effective in improving performance in the
Stroop Word–Color conflict task, there was no evidence
that this beneficial effect was mediated by changes in
aerobic fitness. This conclusion is substantiated by two
pieces of evidence. First, significant decreases in reaction
time and errors in the Stroop Word–Color conflict task were
found only in the CARDIO group but significant and
substantial improvements in VO2peak (by 18% and 13% in

3 We consider the results of imaging studies of the Stroop as
applicable to the present study because, like the present study,
imaging studies typically also involve the computerized version of
the test and responses are entered through a keypad.
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CARDIO and FLEX-TONE, respectively) were found in
both groups, with no significant difference between them. If
fitness gains mediated the effects of exercise on neuro-
cognitive function, then the FLEX-TONE group should
have also experienced benefits in neurocognitive function.
Second, there was no evidence of a relationship between
fitness gains and changes in neurocognitive function.
Collectively, the data from the present study provided no
support for the “cardiovascular fitness” hypothesis.

This finding adds one more piece of evidence to the
growing data base supporting the ongoing paradigmatic
shift in this area of research. As noted in the introduction,
neither the meta-analysis of 18 intervention trials by
Colcombe and Kramer [35] nor the meta-regression
analysis of 37 studies (571 effect sizes) by Etnier et al.
[39, 50] have yielded any support for the idea that gains in
aerobic fitness are related to changes in neurocognitive
function. Collectively, these findings are instigating an
evolution of the conceptual paradigm, shifting research
attention to mediators other than aerobic fitness. After years
of focusing on the role of fitness [36–38], Kramer and
Erickson [62] have recently acknowledged that there seems
to be “little evidence of a significant relationship between
fitness change and cognitive change” (p. 343). Similarly,
according to Etnier et al. [39], “our focus on aerobic fitness
may have been misguided” (p. 126). Instrumental in this
paradigmatic shift is the emergence of new information on
other biological mediators by which exercise could benefit
neurocognitive function, including brain vascularization,
neurogenesis, and upregulation of neurotrophic factors
(e.g., brain-derived neurotrophic factor or BDNF). None
of these seem to be dependent on aerobic fitness. For
example, high-volume or strenuous running, which can
stimulate great gains in aerobic fitness, fails to increase
neurogenesis beyond a plateau, does not benefit learning
[63], and can have detrimental effects on BDNF [64, 65]. In
a human brain imaging study, it was reported that “fitness
itself has little effect on brain tissue density” (p. 178)
although it was found to moderate age-related declines in
tissue density [66].

It should be noted that absolute levels of aerobic fitness
(not changes in fitness induced by an exercise intervention)
have been found to correlate positively with neurocognitive
function. For example, in the Etnier et al. meta-regression
analysis [39, 50], 32 of 37 correlations reported in 10 cross-
sectional studies indicated a positive relationship between
aerobic fitness and neurocognitive task performance.
However, on average, fitness explained only 8% of the
variance in cognition. In the present study, higher absolute
levels of VO2peak were also associated with better neuro-
cognitive task performance across a range of tasks.
However, similar to the results of the meta-regression
analysis, VO2peak typically accounted for less than 10% of

the variance in neurocognitive task performance. These
findings can probably be attributed to common “third”
factors that influence overall health and vitality (of which
fitness and cognition could both be markers), such as
genetics or lifestyle characteristics.

The main strengths of the present study are the long
duration of the intervention (leading to robust fitness gains),
the assessment of neurocognitive function at three points in
time, and the hypothesis-driven selection of dependent
variables. On the other hand, the study also had several
noteworthy limitations, which readers should take into
account in interpreting its findings. First, since this study
was built within a larger RCT, a number of participants who
otherwise might have been included were excluded due to
the screening criteria of the parent study (i.e., individuals
with a history of cancer or those taking medication that
could affect their immune function). This element could
have had a negative impact on the representativeness of the
sample and, thus, the generalizability of the findings to the
population of older adults. Also relevant to this issue is
the fact that 26% of the participants in the larger RCT
declined the request to take part in neurocognitive testing
since it entailed an additional commitment of time.

Second, the sample included 41 women but only 16
men, resulting in an unequal (72% to 28%) gender
representation. It is possible that the preponderance of
women could have influenced the results. For example, in
the meta-analysis of Colcombe and Kramer [35], studies
with samples consisting of more women than men yielded a
much higher average effect size for the effects of exercise
interventions on cognitive function (0.604) than studies
with samples consisting of more men than women (0.150).
It seems that this gender difference is due to the apparently
neuroprotective effects of estrogen or estrogen replacement
therapy [67] and an exercise–estrogen interaction [68–70].
However, the elderly women in the present study were all
postmenopausal and only five of the 21 in CARDIO and
two of the 20 in FLEX-TONE were receiving hormone
replacement therapy. Therefore, the unequal gender repre-
sentation notwithstanding, the influence of the preponder-
ance of women on the results was probably attenuated.

Third, it is possible that the failure to find statistically
significant interaction effects for additional tasks that
require some degree of executive control (e.g., 8I-CRT,
GNG, or the Wisconsin Card Sort Test), besides the Stroop
Word–Color conflict test, might have been due to the
limited statistical power afforded by the sample size of 57.
However, examination of effect sizes (variance in the
dependent variable accounted for by the group by time
interaction) indicated that interaction effects were generally
weak and, therefore, probably of limited practical signifi-
cance. Moreover, a much larger sample size would have
been required to attain statistical significance.
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Additional study limitations included the estimation of
aerobic fitness by a treadmill protocol rather than its direct
assessment by analysis of expired gases, the recruitment of
apparently high-functioning volunteers, and the absence of
genetic (e.g., see [71]) and brain imaging data (e.g., see
[66]). Future studies should be designed to address these
limitations.

In summary, this study provided partial support for the
“selective improvement” hypothesis and found no support
for the “cardiovascular fitness” hypothesis. Based on the
findings reported here, it could be concluded that the effects
of aerobic exercise training for up to 10 months on indices
of neurocognitive function do not seem to be generalized
but appear, instead, to be limited to speeded tasks toward
the high end of the executive-control continuum. Gains in
aerobic fitness do not appear to be related to changes in
neurocognitive function.
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