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Background. Despite mounting evidence that physical activity has positive ben-
efits for brain and cognitive health, there has been little characterization of the
relationship between cardiorespiratory (CR) fitness and cognition-associated brain
activity as measured by functional magnetic resonance imaging (fMRI). The lack of
evidence is particularly glaring for diseases such as Alzheimer disease (AD) that
degrade cognitive and functional performance.

Objective. The aim of this study was to describe the relationship between
regional brain activity during cognitive tasks and CR fitness level in people with and
without AD.

Design. A case-control, single-observation study design was used.

Methods. Thirty-four individuals (18 without dementia and 16 in the earliest
stages of AD) completed maximal exercise testing and performed a Stroop task during
fMRI.

Results. Cardiorespiratory fitness was inversely associated with anterior cingulate
activity in the participants without dementia (r��.48, P�.05) and unassociated with
activation in those with AD (P�.7). Weak associations of CR fitness and middle
frontal cortex were noted.

Limitations. The wide age range and the use of a single task in fMRI rather than
multiple tasks challenging different cognitive capacities were limitations of the study.

Conclusions. The results offer further support of the relationship between CR
fitness and regional brain activity. However, this relationship may be attenuated by
disease. Future work in this area may provide clinicians and researchers with inter-
pretable and dependable regional fMRI biomarker signatures responsive to exercise
intervention. It also may shed light on mechanisms by which exercise can support
cognitive function.
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Alzheimer disease (AD) is a
pervasive disease typically
associated with memory loss.

However, executive dysfunction,
including deficits in inhibition, atten-
tion allocation, and response plan-
ning, is common and may be one of
the earliest manifestations of the dis-
ease.1–5 Recognition and remedia-
tion of executive impairment in peo-
ple with AD is particularly important
as it is these cognitive faculties
that underpin functional indepen-
dence.6–9 Evidence suggests that
both functional and exercise train-
ing—the domain of physical thera-
pists—can positively affect perfor-
mance of activities of daily living
in people with AD.10–15 As the per-
centage of the population over 65
years of age continues to grow, 1 in
8 Americans over age 65 now has
AD.16 Physical therapists are
uniquely qualified to prescribe indi-
vidualized aerobic exercise pro-
grams for clinical populations and
will be increasingly called upon to
provide exercise prescription for
these individuals,17 which may sup-
port brain health and functional
independence.

The hypothesis that exercise and car-
diorespiratory (CR) fitness are asso-
ciated with healthy brain aging and
reduced AD progression is biologi-
cally plausible and supported by
observational and epidemiological
studies. Increased physical activity
has been postulated to have a
trophic effect on the brain, particu-
larly the hippocampus. For instance,
exercise is associated with increased
brain-derived neurotrophic factor18

and other important neurochemi-
cals19 supporting brain growth and
survival. Exercise appears to stimu-
late neurogenesis,20 as evidenced by
increased counts of new neurons in
adult animals on an exercise regi-
men. Exercise also is associated with
enhanced neuronal survival21 and
increased synaptic development and
plasticity.22 Additionally, voluntary

exercise may mediate the amyloid
cascade by reducing the produc-
tion of beta-amyloid and thus
have a direct effect on AD
pathophysiology.23

In older adults without dementia,
there is accumulating evidence that
physical activity, such as walking,
benefits overall brain health and
executive function in particular.24–27

Fitness has been associated with
maintenance or increase in brain
gray matter volume28–31 in normal
aging. Furthermore, regular physical
activity may reduce the risk of cog-
nitive decline32,33 and delay demen-
tia onset.34 In one study, researchers
found greater activation in the right
middle frontal cortex and better per-
formance of individuals who were
more highly fit when they engaged
in a task assessing conflict
resolution.25

In people who have already been
diagnosed with dementia of various
causes, meta-analysis of the small
scale and methodologically diverse
extant literature has shown that
exercise may have small effects on
physical function, cognition, and
behavior.35 We have reported that in
people with AD, higher CR fitness
levels are associated with increased
whole brain volume36 and hip-
pocampal volume.37 We also found
that lower CR fitness levels were
associated with faster dementia pro-
gression over 2 years.31 However, a
causal link between exercise and
improved cognition, especially for
the prevention or treatment of AD, is
far from established.38 Thus, the lit-
erature warrants a broad investiga-
tion of the association between CR
fitness and cognitive health and its
potential as a remediating factor for
those in the early stages of the
disease.

Aerobic exercise may preferentially
support executive function,39 and
there is considerable interest in exer-

cise as a remediating intervention for
AD.11 Furthermore, functional mag-
netic resonance imaging (fMRI) may
offer a sensitive means of capturing
early exercise-related neuroplastic
change in cognition.40,41 In prior
cross-sectional analyses of individu-
als who were cognitively healthy,
right frontal cortical activity was cor-
related with CR fitness during a task
requiring resolution of conflicting
stimuli.25 Higher CR fitness was
associated with decreased activity
in superior frontal, supramarginal,
occipital, and superior temporal
gyri42 and in the anterior cingulate
cortex (ACC).25 Exercise interven-
tion appears to enhance these rela-
tionships in a task-dependent man-
ner.25,43 The definitive measure of
the effects of exercise on cognition
would be improved cognitive perfor-
mance. However, frequently, there
is a need in both research and clini-
cal practice for additional biomark-
ers of intervention responsiveness.
Neuroimaging may provide one mea-
sure of responsiveness to exercise
intervention. Recently, Kramer and
colleagues highlighted the need for
neuroimaging studies44 of the role of
fitness on the performance of every-
day tasks.45

Few imaging studies of executive
neural activity have been performed
in people with AD. In the available
literature, differences in activation
patterns with executive processes
have been noted in individuals with
mild cognitive impairment (MCI)
and AD compared with controls
without dementia.46–48 For example,
Rosano and colleagues46 described
increased activity in the dorsolateral
prefrontal cortex and the posterior
parietal cortex of individuals with
MCI during an executive task (pre-
potency of response). Similar
regions were active in those with
MCI when a Stroop task of atten-
tional inhibition was performed.47

Another study48 showed increased
activity in frontal regions, especially
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the medial frontal cortex, in partici-
pants with AD compared with those
without dementia or MCI during a
working memory task. Thus, the
available evidence suggests that indi-
viduals with cognitive impairment
activate additional frontoparietal
regions during executive tasks in
comparison with their peers without
dementia. However, it remains
unclear whether CR fitness is associ-
ated with brain activity during exec-
utive tasks in people with AD.

To our knowledge, there have been
no reports of the relationship
between CR fitness and executive
brain activity in people with AD.
Because the fMRI signal appears to
be altered by AD, the association of
CR fitness and fMRI signal must be
quantified before an intervention
effect can be reliably interpreted.
Therefore, we had participants with
and without AD complete maximal
exercise testing and a Stroop task
during fMRI. We hypothesized that
CR fitness would be associated with
brain activity during stimulus con-
flict resolution (ie, the Stroop inter-
ference task) in both those with AD
and those without dementia specifi-
cally in the ACC and middle frontal
(MidF) regions. We also assessed the
superior parietal lobule as a second-
ary region of attentional control
modulated by CR fitness. The impor-
tance of the knowledge gained in
this study is thus twofold: (1) it pro-
vides additional evidence toward our
understanding of the CR fitness and
brain function relationship, and (2) it
provides additional guidance toward
the use of neuroimaging to evaluate
therapeutic interventions.49

Method
Participants
Forty participants, both with and
without AD (AD and ND groups,
respectively), aged 60 to 85 years
were recruited as a sample of conve-
nience from a registry of individuals
with an interest in participating in

research at the University of Kansas
Alzheimer’s Disease Center. Partici-
pants for this case-control study
were recruited from November 2009
through May 2011. Inclusion criteria
were normal cognition or impaired
cognition possibly or probably
related to AD based on a clinical eval-
uation within the previous 6 months,
independent ambulation without an
assistive device, and an informant
regularly in contact with the partici-
pant (�3 days/week) able to be pres-
ent at the clinical evaluation. Exclu-
sion criteria were neurological
disorders other than AD that have
the potential to impair cognition (eg,
Parkinson disease, stroke), insulin-
dependent diabetes mellitus, a
recent history (�3 years) of cardio-
vascular or pulmonary disease, sig-
nificant orthopedic issues that could
limit performance on the maximal
exercise test, clinically significant
depressive symptoms (Geriatric
Depression Scale score �4), abnor-
malities in B12 or thyroid function
that may account for cognitive symp-
toms, use of psychoactive or investi-
gational medications, any magnetic
resonance imaging (MRI) exclusion,
and significant visual or auditory
impairment. Informed consent was
obtained from all participants before
enrollment in the study.

All participants first underwent a
clinical evaluation as part of the Alz-
heimer’s Disease Center Registry and
additional measures such as the Mini-
Mental State Examination (MMSE)50

and Geriatric Depression Scale.51

Participants were offered the oppor-
tunity to enroll at that time. All but 2
participants had undergone Clinical
Dementia Rating (CDR) scale testing
within 2 months of starting the exer-
cise testing or MRI. These 2 partici-
pants were enrolled from inquiries
they made to the center regarding
ongoing studies and had undergone
a clinical evaluation and CDR scale
testing within the previous 6
months. Once enrolled, MRI and

CR fitness assessment visits were
scheduled within 2 weeks of each
other without regard to order, based
on laboratory and participant
availability.

Clinical Evaluation
Dementia status and diagnosis of AD
were based on clinical evaluation by
trained clinicians.52 The assessment
included a semistructured interview
with the participant and the infor-
mant. Alzheimer disease diagnosis
was determined by a single clinician
based on established diagnostic cri-
teria.53 Data on medications, past
medical history, education, demo-
graphic information, and family his-
tory were collected. Dementia sever-
ity was determined using the CDR
scale.54,55 A global CDR scale score is
derived from individual ratings in
each domain such that a CDR scale
rating of 0 indicates no dementia, 0.5
indicates very mild, 1 indicates mild,
2 indicates moderate, and 3 indicates
severe dementia. Individuals with
AD met criteria for very mild or mild
dementia (global CDR scale score 0.5
or 1.0). All participants were com-
munity dwelling.

CR Fitness Assessment
Prior to testing, the Physical Perfor-
mance Test (PPT)56–58 was adminis-
tered to index physical function and
to allow study staff to subjectively
assess potential ability during the
maximal exercise test. Anderson et
al59 and Billinger et al60 have previ-
ously shown that maximal exercise
testing is reliable and feasible in peo-
ple with AD. Although our labora-
tory has no hard rule for PPT scores
that would raise concerns about
exercise testing performance, the
PPT items allow study staff to
observe the participant’s power,
agility, gait, balance, and ability to
follow commands. Study staff had no
concerns about any participant’s
ability to satisfactorily complete
testing.
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Cardiorespiratory fitness was
assessed as peak oxygen consump-
tion (V̇O2peak; mL � kg�1 � min�1)
during a symptom-limited, graded
treadmill test using a modified Bruce
protocol designed for older adults.61

Maximal exercise testing has been
shown to be reliable in people with
early-stage AD.59 Individuals were
instructed to abstain from consum-
ing food and caffeine 3 hours prior
the scheduled test. Calibration pro-
cedures were performed on the
metabolic cart before each test
according to the manufacturer spec-
ifications. An exercise physiologist
familiarized each participant with
the exercise equipment and testing
protocol and explained the Borg Rat-
ing of Perceived Exertion (RPE)
scale. Participants began walking at a
pace of 1.7 miles (1 mile�1.6 km)
per hour at a 0% incline. At each
2-minute interval, the grade, speed,
or both was increased. Participants
were attached to a 12-lead electro-
cardiograph to continuously monitor
heart rate and rhythm. A 2-way, non-
rebreathing valve, headgear, mouth-
piece, and noseclip were worn to
collect expired air. Blood pressure
and RPE scale score were acquired
during the last 30 seconds of each
stage. Expired gases were collected
continuously, and oxygen uptake
(V̇O2) and carbon dioxide produc-
tion were averaged at 15-second
intervals (ParvoMedics TrueOne
2400, ParvoMedics, Sandy, Utah).
The exercise test was terminated if
the participant reached volitional
exhaustion or met absolute test ter-
mination criteria according to Amer-
ican College of Sports Medicine
guidelines.62 Cardiorespiratory fit-
ness was indexed as V̇O2peak, the
highest V̇O2 value achieved during
the test.

Stroop Task During MRI
A structural MRI scan was obtained
using a Siemens 3.0 Tesla Allegra
MRI scanner. High-resolution
T1-weighted images were collected

for anatomic localization and
co-registration (magnetization pre-
pared rapid acquisition gradient
echo: 1.3- � 0.9- � 1.0-mm voxels,
repetition time/echo time�2,300/
3.05 milliseconds, 8° flip angle, field
of view�240 mm, 208 slices). Func-
tional imaging data were collected as
axial echo-planar images using a
single-shot, blipped gradient, echo-
planar pulse sequence (3 � 3 � 3.5
mm, 0.5-mm gap, repetition time/
echo time�2,000/30 milliseconds,
90° flip angle, field of vision�192
mm, 34 slices, 337 volumes). Foam
pads were placed around the partic-
ipant’s head to reduce movement.

One run of the Stroop word/arrow
task was performed following ana-
tomical imaging. The Stroop word/
arrow task63 assesses response inhi-
bition and selective attention. Each
stimulus consists of a word (“right”
or “left”) and an arrow (4 or 3),
stacked one above the other at the
center of the screen. The stacking
order was random. The 4 event con-
ditions were generated by crossing
stimulus attention (word versus
arrow) and congruency (congruent
versus incongruent) factors. The
event conditions were equally repre-
sented in a rapid event-related para-
digm, designed for maximal effi-
ciency using event-related fMRI
(Chris Rorden, http://www.mccaus
landcenter.sc.edu/CRNL/tools/
fmrisim). The task was synchronized
to MRI acquisition. Stimuli were
back-projected onto a translucent
plate and viewed on an adjustable
mirror mounted above the partici-
pant’s head.

Participants were initially instructed
to pay attention and respond to the
direction indicated by the word
using the left or right index finger on
a button box (Current Designs Inc,
Philadelphia, Pennsylvania). After
each block of 10 trials (12 blocks
total), an instruction was presented
to attend to a new stimulus object

(word or arrow). Congruency condi-
tions and relevant stimulus location
were randomized but balanced over
trials. Trials were separated by a ran-
dom, interstimulus interval of 5 to 7
seconds.

Functional images were prepro-
cessed using Analysis of Functional
NeuroImages software.64 The first 4
functional volumes of the time series
were discarded to allow the mag-
netic field to stabilize. Data sets for
each individual were first processed
using the standard uber_subject.py
pipeline settings with an 8-mm3 full-
width half-maximum smoothing ker-
nel. We modeled activation for each
participant using 4 event condition
onsets convolved with the gamma
function, the 6 motion parameters,
and third-order polynomials, censor-
ing repetition times with �1 mm of
motion. Resulting contrasts of incon-
gruent events � congruent events
(0.5 0.5 �0.5 �0.5) then were
passed to the group analysis.

Structural images were aligned to a
standard template in Talairach space
as part of the uber_subject.py pipe-
line. Additionally, structural images
were divided by tissue type and
region using Freesurfer.65,66 The
standard Freesurfer processing pipe-
line, recon_all, separates the anatom-
ical image into individualized regions
based on gyral and sulcal structure
and tissue type.65,66

Data Analysis
Published estimates of sample size
for fMRI experiments with a conser-
vative random effect model and mod-
erate effect sizes indicate that 80%
power can be achieved using a
threshold of 0.002 with approxi-
mately 20 participants per group.67

Thirty-four individuals were
included in the final analysis. Four
individuals with AD were excluded
with accuracy on the Stroop task
below 66%. One individual with AD
experienced a fall in the home prior
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to exercise testing and withdrew.
One individual without AD declined
to participate in the MRI after
consenting.

For our primary hypothesis, we
found the median percent signal
change in our a priori hypothesized
regions of interest (ROIs) con-
structed using the Freesurfer seg-
ments.65,66 We extracted the median
percent signal change values from
the following regions of the
Destrieux Atlas: left and right middle
frontal gyri, superior parietal lobule,
anterior cingulate gyri and sulci, and
precentral gyri as a control region.
We then calculated the difference in
median percent signal change
(dPSC) between conditions (incon-
gruent � congruent).

We assessed group differences in
demographics and task performance
with appropriate tests (analysis of
variance, Pearson chi-square, Mann-
Whitney). To test our primary
hypothesis that CR fitness would be
associated with greater ROI activa-
tion, we correlated dPSC with CR
fitness (V̇O2peak; mL � kg�1 �
min�1), correcting for age using par-
tial correlation. We also tested dPSC
against the response time cost of

incongruency. Tolerance of type I
error was set at ��.05. Statistical
analyses were performed using SPSS
version 20 (IBM Corp, Armonk, New
York).

We then assessed group differences
in imaging space (ie, AFNI program
3dttest��), including age and V̇O2

peak as covariates. First, we assessed
the main effect of incongruency
(incongruent � congruent) pooling
all participants. We then compared
group activation patterns. Finally,
we specifically assessed the effect of
incongruency with regard to CR fit-
ness within each group separately.
Because AD-associated atrophy can
result in spurious findings, we inclu-
sively masked all imaging analyses
using a binary mask of voxels repre-
senting gray matter in at least 50% of
the AD group. A voxel-wise thresh-
old of P�.001 uncorrected and clus-
ter size (k) of 10 voxels or greater
were set for these analyses.68

Data Management
Study data were collected and man-
aged using REDCap electronic data
capture tools hosted at the Univer-
sity of Kansas.69 Imaging data were
archived on the Extensible Neuroim-

aging Archive Toolkit (XNAT version
1.5).70

Role of the Funding Source
Portions of this work were sup-
ported by the following grants from
the National Institutes of Health:
R01AG033673, R01AG034614,
KL2TR000119, and UL1TR00001. Dr
Vidoni was supported by a New
Investigator Fellowship Training Ini-
tiative Award from the Foundation
for Physical Therapy during this
study. Dr Vidoni and Dr Burns are
supported by the University of Kan-
sas Alzheimer’s Disease Center
(P30AG035982). Dr Honea is sup-
ported by National Institutes of
Health grant K01AG035042.

Results
All participants were community
dwelling and independently ambu-
lating without an assistive device.
The groups (ND and AD) did not
differ in age, V̇O2 peak, sex, or per-
formance on the Stroop task. The
groups were different in MMSE, PPT,
and global CDR scale score, as
expected. We also saw an increased
response time for incongruent stim-
uli across all participants. Table 1
includes demographic and perfor-
mance data for the groups.

Table 1.
Demographic and Performance Measures for Participants Without Dementia (ND Group) and Those With Alzheimer Disease (AD
Group)a

Variable
ND Group

(n�18)
AD Group

(n�16) Significance

Age (y), X (SD) 72.2 (7.2) 74.9 (7.4) F�1.22, P�.28

Sex (% female) 50 44 X�0.133, P�.72

Physical Performance Test, X (SD) 33 (1.8) 28.9 (4.7) F�12.2, P�.001

Cardiorespiratory fitness (mL � kg�1 � min�1), X (SD) 23.7 (6.1) 20.5 (4.8) F�2.8, P�.10

Global Clinical Dementia Rating,b X (range) 0 (0) 0.63 (0.5–1) N/A

Mini-Mental State Examination, X (range) 29.2 (27–30) 26.8 (24–30) U�40.5, P�.001

Response time for congruent stimuli in fMRI (ms),
median (SD)

940 (213) 991 (171) Main effect of condition: F1,22�31.7, P�.001
Main effect of dementia: F1,21�0.6, P�.1

Response time for incongruent stimuli in fMRI (ms),
median (SD)

1,075 (204) 1,103 (195) Interaction: F�0.7, P�.1

a N/A�not applicable, fMRI�functional magnetic resonance imaging.
b Global Clinical Dementia Rating is by definition different between groups and, therefore, not formally tested.
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We saw no difference between left
and right dPSC in ACC and MidF and,
therefore, averaged dPSC sides for
the analyses. Our primary hypothesis
was that higher CR fitness would
be associated with greater activity in
the ACC and MidF across all individ-

uals. However, when we correlated
V̇O2peak with ACC dPSC corrected
for age, we found group differences
in the relationship of fitness level
and activity (Fig. 1). In the AD group,
V̇O2peak was not associated with
dPSC in any ROI (P�.9). The ND

group showed a significant inverse
relationship in the ACC, with higher
CR fitness level associated with a
lower dPSC in the ACC (r��.48,
P�.05; Fig. 1). No other ROIs
were significantly associated with
V̇O2peak in the ND group.

We also compared dPSC with the
response time cost of stimulus incon-
gruency. In the AD group, response
time cost again was not associated
with dPSC in any ROI (P�.3). How-
ever, the ND group displayed a pos-
itive relationship in the MidF (r�.57,
P�.02) and superior parietal lobule
(r�.48, P�.05), with greater
response time cost associated with
increased dPSC. No other regions
approached significance in the ND
group (P�.13).

We next performed our whole brain
imaging analysis. First, we assessed
the main effect of incongruency �
congruency after pooling all partici-
pants. Bilateral MidF and bilateral
inferior frontal gyri showed
increased activation, even after con-
trolling for age and V̇O2peak, demon-
strating that our paradigm elicited
activation comparable to the find-
ings of previous studies (Tab. 2A,
Fig. 2A). No differences were
detected between groups, although
there were trends (P�.005 uncor-
rected, k�10) for greater activity by
the ND group in the left precentral
gyrus (Brodmann area 4 and 6) and
right precuneus (Brodmann area 7)
(Tab. 2B). No region showed a
significant CR fitness � group
interaction.

To explore CR fitness-related brain
activity beyond our a priori–defined
ROIs, we regressed CR fitness
against whole brain contrast maps in
each group separately. In the AD
group, CR fitness was unrelated to
regional activity, although there was
a trend for decreased activity to be
associated with higher CR fitness
in the right inferior temporal gyrus

Figure 1.
Alzheimer disease modulates the relationship of cardiorespiratory (CR) fitness and
bilateral anterior cingulate (ACC) difference in percent signal change (dPSC). Partici-
pants without dementia (ND group) (open circles, dashed line) with greater CR fitness
(x-axis, toward the right) showed less difference in activity (r��.48, P�.05). Individuals
with AD (filled circles, solid line) showed no such relationship (P�.9). V̇O2peak�peak
oxygen uptake.

Figure 2.
(A) Across participants, stimulus incongruency increased activity in bilateral middle
frontal cortex (P�.001, k�10). (B) We found a trend (P�.005, k�7) for increased
activity to be associated with greater peak oxygen uptake in the left middle frontal gyrus
only in the participants without dementia. The color bar represents difference in percent
signal change. All displayed voxels are members of significant clusters overlaid on an
average anatomical image of all participants with Alzheimer disease.
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(P�.005, k�5; Tab. 2C). Likewise, in
the ND group, no regions were sig-
nificantly associated with CR fitness.
However, there was a trend in the
ND group for those participants with
higher CR fitness to demonstrate
increased activity in left MidF gyrus
(Brodmann area 9, P�.005 uncor-
rected, k�7; Tab. 2D; Fig. 2B).

Discussion
The results of this study reflect a
complex relationship among CR fit-
ness, cognitive performance, and
AD. To our knowledge, only one
other study has compared CR fitness
and functional imaging markers of
cognition in people with cognitive
impairment,71 and none have specif-
ically assessed CR fitness or execu-
tive function. In our study, we
focused on ROIs that are commonly
activated during Stroop tasks.72,73

We found that CR fitness was associ-
ated with increased activation during
Stroop interference, echoing prior
findings of a fitness and brain activity
association in people without
dementia.25 However, this relation-
ship was not present in individuals
with AD. This disease-related mitiga-
tion of the CR fitness/fMRI signal
suggests that fMRI could be used to
monitor exercise intervention
response. That is, if exercise inter-
ventions in people with AD resulted
in a “normalization” of the CR fitness
and brain activity association similar
to older adults without dementia, it
would suggest a positive response
to the intervention, especially if cou-
pled to behavioral improvement.

CR Fitness and Brain Activity
During the Stroop Task
Both increased and decreased
regional activation have now been
reported to be associated with CR
fitness.25,42 The conflicting reports
may reflect differences in functional
task, age of the participants, or anal-
ysis methods. For example, both Col-
combe et al25 and Voelcker-Rehage
et al42 reported right MidF activation

to be positively associated with CR
fitness during a task requiring reso-
lution of conflicting stimuli. How-
ever, Voelcker-Rehage et al also
reported that individuals with
increased CR fitness had decreased
activation in superior frontal and
MidF cortex.42 Colcombe et al25 also
reported an inverse relationship in
the ACC, whereas Voelcker-Rehage
et al42 found no relationship. Our
results, albeit some at a trend level,
are consistent with the findings of
Colcombe et al25: increased MidF
and superior parietal lobule and
decreased ACC activity are associ-
ated with CR fitness during an exec-
utive task.

Executive function encompasses a
broad set of cognitive functions that
few measures can fully quantify. We
chose to use a well-known task par-
adigm (Stroop interference) that spe-
cifically tests the executive functions
of selective attention and conflict
resolution. These executive func-

tions are highly applicable to func-
tional independence. For example, a
person must rely heavily on selective
attention and conflict resolution
when evaluating the many direc-
tional arrows on roadway signs
when driving on the highway.
Although our results cannot speak to
a CR fitness relationship to other
executive functions, such as work-
ing memory or scheduling, or to eco-
logically valid activities such as driv-
ing, they do support further
investigation of the executive facul-
ties and activities.

Does AD Modulate the CR Fitness
and Brain Activity Relationship?
Cardiorespiratory fitness and brain
activity associations evident in those
participants without dementia were
not evident in the AD group. We
noted that bilateral MidF activation
was increased with greater task dif-
ficulty across participants. However,
we saw no group-based differences,
and the increased activity was unre-

Table 2.
Regions of Increased Activity in the Incongruent Versus Congruent Stimulus
Conditions for Participants Without Dementia (ND Group) and Those With
Alzheimer Disease (AD Group)a

Variable k x y z

A. Main effect of incongruency � congruency
across all participants regardless of dementia

Left middle frontal gyrus (BA 9)b 32 50 �14 36

Right middle frontal gyrus (BA 9)b 19 �47 �14 33

Left inferior/middle frontal gyri (BA 47)b 11 �47 �44 3

Right inferior/middle frontal gyri (BA 46)b 11 26 �29 �10

B. Group differences (ND group � AD group) in
increased activation during incongruent stimuli

Right precuneus (BA 6 and 7)c 20 �8 47 57

Left precentral gyrus (BA 4 and 6)c 13 38 23 63

C. AD group increased activation associated with
greater V̇O2peak

Right inferior temporal gyrusc 5 �50 20 �22

D. ND group increased activation associated with
greater V̇O2peak

Left middle frontal gyrus (BA 9)c 7 32 �23 36

a Locations derived from the Talairach-Tournoux Atlas. V̇O2peak�peak oxygen uptake, BA�Brodmann
area.
b Significant at voxelwise P�.001 uncorrected, k�9.
c Trends toward significance at voxelwise P�.005.
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lated to CR fitness in the AD group.
Notably absent was an association
between CR fitness and decreased
ACC activity. Based on these results,
we suggest that AD alters or over-
rides the relationship of CR fitness
with brain function. We readily
acknowledge that absence of evi-
dence is not evidence of absence of
a relationship. However, we were
particularly careful to account for
various confounding factors that
might influence this association dis-
cussed in our “Limitations” section.
Thus, our results likely reflect a
diminished fitness effect associated
with AD.

These findings do not preclude the
possibility that exercise training
could entrain a more typical relation-
ship and positively alter brain activ-
ity, especially in the ACC. Indeed,
there is preliminary evidence that
exercise may support functional
plastic change in the earliest stages
of AD.71 In that randomized con-
trolled trial, resistance training in
individuals with mild cognitive
impairment improved performance
on both the Stroop task and an asso-
ciative memory task. Increased activ-
ity in lingual and temporal regions
was positively correlated with
improved memory task performance
in those individuals who resistance
trained.

Strengths and Limitations
The fMRI signal can change with age
and disease. With this factor in mind,
we were careful to test a priori
hypotheses and relied on several
strategies recommended to account
for age-related signal change.74 We
focused our imaging analyses on a
comparison of 2 conditions, rather
than task performance to a no-task
baseline, and used percent signal
change, which is relative to the indi-
vidual. Thus, we analyzed an interac-
tion of condition and diagnosis
rather than a main effect of diagno-
sis—an important distinction that

resolves some concerns regarding
disease-related hemodynamic differ-
ences. Because age and CR fitness
are correlated, our assessment using
age, a covariate of no interest, is con-
servative. Prior studies have not con-
trolled for age, which may explain
some differences in our study.
Tighter age groups would alleviate
this problem but decrease generaliz-
ability to the wide age range of AD
onset. A second limitation of our
study is that we cannot rule out that
our group without AD was not in the
preclinical stages of AD through bio-
marker assessment. However, we are
confident that our cohort without
dementia represents a group without
cognitive impairment based on a
thorough clinical interview that
includes corroboration with some-
one who knows the participant well.
Finally, we stress that this is a cross-
sectional assessment and thus can-
not inform our understanding of any
causal relationship between CR fit-
ness and brain function. As we have
noted, future randomized controlled
studies can build upon these obser-
vational findings and investigate
causal or intervention effects of
exercise.

Conclusions
Taken together, the results of this
study support previous findings that
suggest that in individuals without
dementia, greater CR fitness is asso-
ciated with increased middle frontal
and decreased anterior cingulate
activity during tasks that tax atten-
tion and conflict resolution, 2 exec-
utive functions. We know of no prior
studies that have examined the rela-
tionship between CR fitness and
executive function using fMRI in
early-stage AD. This gap in the liter-
ature remains despite evidence that
CR fitness supports executive cogni-
tive performance in nondemented
aging.39 The present study provides
further evidence that these regions
are appropriate candidates for mon-
itoring functional neuroplastic

response to exercise in both people
without dementia and those in the
earliest stages of AD. If CR fitness is
ultimately shown to support execu-
tive function in people with AD, it
may have significant implications as
an adjunct therapy for maintaining
functional independence. Physical
therapists could incorporate both
functional and aerobic training in
their plans of care for those in the
early stages of AD to maximize per-
formance of instrumental activities
of daily living and independence.
Future work in this area should focus
on providing clinicians and research-
ers with interpretable and depend-
able regional fMRI biomarker signa-
tures responsive to exercise
intervention. Additionally, follow-up
studies should emphasize explora-
tion of mechanisms by which exer-
cise can support cognitive function.
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