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The Relationship between Cardiovascular Fitness and Gray Matter VVolume in Healthy
Adults
Andrea Meriam Weinstein, M.S.

University of Pittsburgh, 2011

Aging is marked by a decline in cognitive function, which is often preceded by losses in
gray matter volume. Fortunately, higher cardiovascular fitness (CVF) levels are associated with
an attenuation of age-related losses in gray matter volume and a reduced risk for cognitive
impairment. Despite these links, we have only a basic understanding of whether fitness-related
increases in gray matter volume lead to elevated cognitive function. In this cross-sectional study,
we examined whether the association between higher aerobic fitness levels and elevated
executive function was mediated by greater gray matter volume in the prefrontal cortex (PFC).
One hundred and forty-two older adults (mean age = 66.6 years) completed three classic
executive function tasks yielding five measures of ability: incongruent trial reaction time (RT)
and percent interference from the Stroop task, number of perseverative errors in the Wisconsin
Card Sorting Task (WCST), and forward and backwards digit span length. In addition,
participants completed structural magnetic resonance imaging (MRI) scans and CVF
assessments. Gray matter volume in the PFC was assessed using an optimized voxel-based
morphometry approach. Consistent with our predictions, higher fitness levels were associated
with (a) better performance on both the Stroop and WCST tasks, and (b) greater gray matter
volume in several regions, including the dorsolateral PFC (DLPFC). Bilateral volume of the
inferior frontal gyrus and precentral gyrus mediated the relationship between CVF and Stroop
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performance while a non-overlapping region in the left middle frontal gyrus mediated the
association between CVF and WCST perseverative errors. Control analyses using a non-
prefrontal brain region (right occipital lobe) as a mediator and a task not heavily reliant upon
executive function (vocabulary) yielded null results in mediation analyses. This dissociation of
brain areas suggests that higher fitness levels are associated with better executive function by

means of greater gray matter volume in specific areas of the PFC.
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1.0 INTRODUCTION

A combination of better medical care and the aging baby boomer population is causing
older adults to become the most rapidly expanding segment of the American population.
Between the years 2010 and 2020 there is expected to be a 36% increase in the number of adults
over the age of 65 (Administration on Aging 2009). Unfortunately, it is expected that the
prevalence of health problems, including cognitive impairment and dementia, will also increase
as the population ages. The Alzheimer’s Association recently reported that, as of 2010,
approximately 5.3 million persons were living with dementia in the United States (2010
Alzheimer's disease facts and figures,” 2010). The costs associated with paying for health and
long-term care services for people diagnosed with dementia reached approximately $172 billion
in 2010 ("2010 Alzheimer's disease facts and figures,” 2010). Such staggering costs associated
with dementia beg the need for research to identify effective preventions. Unfortunately,
pharmacological treatments for cognitive decline in both healthy and neurologically impaired
adults are only minimally effective, prompting the search for other avenues of treatment and
prevention. Thus it is an important matter of public health that effective and financially feasible

treatments are developed for age-related problems.



1.1  AGE-RELATED CHANGES IN THE BRAIN

Normal aging is associated with structural brain changes that lead to specific declines in
cognitive function. The cognitive effects of aging are especially pronounced within the domains
of memory and executive functions (Raz, 2000). Executive functions are a set of higher order
processes that include cognitive flexibility, planning, goal-oriented behavior, working memory,
selecting appropriate and inhibiting inappropriate actions, and high-level abstract reasoning.
Many vyears of research using both patient lesion and neuroimaging studies have confirmed that
both the ventral and dorsal areas of the prefrontal cortex (PFC) play a prominent role in the
performance of executive function tasks, with dorsal PFC (DLPFC) regions playing a more
dominant role over ventral regions (D'Esposito et al., 1995; Miller & Cohen, 2001; Ranganath &
Blumenfeld, 2008). Functional neuroimaging and animal studies show that the DLPFC is
activated during the maintenance and manipulation of information in working memory
(D'Esposito et al., 1995; Petrides, 1995; Ranganath & Blumenfeld, 2008). Flexibly switching
between concurrent tasks also relies on DLPFC activation (Badre & Wagner, 2006; D'Esposito et
al., 1995; Erickson et al., 2005). Yet, the DLPFC is arguably only one node in a network of
regions that support executive function. For example, parts of the parietal cortex, basal ganglia,
cerebellum, and hippocampus have also been implicated as parts of neural networks that
contribute to executive functioning (Badre & Woagner, 2006; Middleton & Strick, 1994,
Woldorff et al., 2004). Unfortunately, all of these regions experience significant tissue loss
throughout the lifespan. It is estimated that healthy adults lose approximately 15% of their
neocortical tissue between ages 30 and 90, with disproportionately higher losses in areas crucial

for executive control (Jernigan et al., 2001; Raz, 2000). In addition, healthy adults over the age
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of 55 experience an approximate 1-2% annual decline in hippocampal volume (Raz, Rodrigue,
Head, Kennedy, & Acker, 2004). These volumetric decreases of the PFC and parietal brain
regions often precede, and lead to, the typical executive function decline seen in cognitive aging
(Raz et al., 2005).

Despite this disheartening view of aging, there is promising evidence that cognitive
decline may not be as immutable as previously thought. Previous research has found that some
people age “successfully” without any significant physical or cognitive problems (Depp & Jeste,
2006; Habib, Nyberg, & Nilsson, 2007; Rowe & Kahn, 1987; Yaffe et al., 2009). Because of this
individual variability, research has been able to examine the factors that allow some individuals
to age successfully. One factor found from epidemiological studies of successful aging is that
greater amounts of physical activity is frequently associated with maintenance of cognitive
function across the lifespan (Podewils et al., 2005; Yaffe et al., 2009). For example, in one recent
epidemiological study, 2,509 older adults were followed for a period of 8 years. After this
follow-up period, participants were divided into those that showed significant cognitive decline,
those that showed slower cognitive decline, and those that showed no cognitive decline
throughout the eight-year period. The authors of this study examined which factors were more
consistently found among those participants that maintained cognitive function over the 8-year
period. They reported that 30% of participants maintained cognitive function over the course of
8 years (Yaffe et al., 2009) and weekly amounts of moderate to vigorous exercise increased the
odds of maintaining cognitive function in this group by 31%. This finding is encouraging,
especially considering that pharmaceuticals intended to combat cognitive decline, such as
antioxidant supplements and statins, have proven ineffective as treatments (Masse et al., 2005;

Petersen et al., 2005; Sparks et al., 2005; Wolozin, Kellman, Ruosseau, Celesia, & Siegel, 2000).
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Similar findings on the relationship between physical activity and reduced risk for cognitive
impairment have been reported by several other epidemiological studies and meta-analyses
(Andel et al., 2008; Barnes, Yaffe, Satariano, & Tager, 2003; Erickson et al., 2010; Heyn, Abreu,
& Ottenbacher, 2004; Podewils et al., 2005; Weuve et al., 2004; Yaffe, Barnes, Nevitt, Lui, &
Covinsky, 2001). For example, Podewils and colleagues conducted a prospective study following
3,375 older adult participants over an average of 5.4 years. All participants were assessed for
baseline leisure time energy expenditure and engagement in physical activities, while at follow-
up participants were assessed for incident dementia. While baseline leisure time energy
expenditure was not associated with dementia diagnosis at follow-up, more baseline physical
activities was associated with a lower risk for developing dementia after controlling for
demographic and lifestyle (e.g. smoking status, alcohol intake, use of hormone replacement
therapy) characteristics (Podewils et al., 2005). In fact, individuals who participated in 4 or more
physical activities exhibited a 42% decreased risk in developing dementia as compared to
individuals who did not participate in any physical activities at baseline. The results from these
epidemiological findings support the beneficial impact of physical activity on maintaining

cognitive function in late life.

1.2 PHYSICAL ACTIVITY EFFECTS ON THE BRAIN AND COGNITION

Physical activity, such as aerobic exercise, might be both an effective prevention and
treatment for cognitive decline. In contrast to most medications, aerobic exercise interventions

are consistently associated with increased cognitive performance in older adults (Kramer &
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Erickson, 2007; Kramer et al., 1999). Aerobic exercise is generally defined as physical activity
that requires increased oxygen consumption to generate energy as compared to rest (Hillman,
Erickson, & Kramer, 2008). This is in contrast to anaerobic exercise, which is brief activity that
relies only on glucose for energy rather than oxygen (Hillman et al., 2008). The definition of
aerobic exercise is slightly different than aerobic fitness, or cardiovascular fitness (CVF), which
is the maximum capacity of the cardiovascular system to take in oxygen (Hillman et al., 2008).
In general, the term “aerobic exercise’ is used to refer to physical activity interventions with an
aerobic component, whereas ‘aerobic fitness’ or ‘CVF’ is referred to when a single snap-shot of
fitness is measured in a cross-sectional or observational design.

To date, aerobic exercise and high CVF have been consistently associated with improved
cognitive function across the lifespan, even in adults with AD (Castelli, Hillman, Buck, & Erwin,
2007; Heyn et al., 2004; Kramer et al., 1999). For example, in a seminal study of 124 sedentary
adults over age 60, participants were randomly assigned to either a walking group or a control
group (Kramer et al., 1999). Both groups attended sessions 3 times per week for 6 months, but
the walking group received 45 minutes of monitored and controlled aerobic exercise training
whereas the control group received 45 minutes of monitored and instructed anaerobic stretching
exercises. The important distinction in this study is that both the experimental and control groups
received the same amount of health instruction and social interaction; the groups only differed in
that the experimental group received aerobic exercise and the stretching control group received
anaerobic exercise. Interestingly, after 6 months, the walking group showed significant
improvements in cognition, especially on tasks of executive function, as compared to the
stretching control group that showed very minimal improvements in cognition over this period.

Overall, this research suggests that executive functioning is disproportionately affected by aging
5



but that even relatively short bouts (6-months) of aerobic exercise may prove to be an effective
method for improving cognitive health in late-life.

Research thus far has established that aerobic exercise improves executive control.
Because aerobic exercise appears to exert its strongest effects on measures of executive function,
it was hypothesized that brain regions supporting executive function (e.g. DLPFC) would be the
most affected by an aerobic exercise intervention. To test this hypothesis, Colcombe and
colleagues conducted a two-part study consisting of both cross-sectional and intervention designs
to investigate the effect of CVF and exercise on brain function using functional magnetic
resonance imaging (fMRI; Colcombe et al., 2004). In study one, a cross-sectional assessment of
fitness (CVF) was conducted on older adults and fMRI scans were collected during an
attentionally demanding task. Higher-fit participants showed increased activity in the DLPFC
and decreased activity in the anterior cingulate cortex during the task compared to their less fit
peers. As a follow-up to this, study two examined whether these same differences in brain
activity as a function of CVF could be induced by an exercise intervention. Participants were
scanned both before and after a 6-month exercise intervention with a similar protocol as that
described above (Kramer et al., 1999). Consistent with the results from study one, the exercising
participants exhibited a significant increase in activity in the DLPFC and parietal cortex along
with a decrease in anterior cingulate cortex activity when compared to the nonaerobic stretching
control group. In concert with the neuroimaging results, the aerobically trained individuals were
less affected by conflicting contextual information when performing the task than the anaerobic
control group. This ability to ignore conflicting contextual information resulted in better scores
on the task for aerobically trained and higher fit individuals. The results from this study are

important because they establish a clear association between aerobic exercise training, enhanced
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executive function, and elevated prefrontal brain activity in a group of older adults that typically
show dysfunctional activity in these same brain regions. In short, this study made an important
link between exercise training, cognition, and the supporting neural architecture in humans,
while at the same time providing an important experimental basis for the results from
epidemiological studies.

Physiologically, aerobic exercise improves cognitive performance by inducing the
proliferation of neurons and enhancing neural and synaptic plasticity. Experimental studies using
rodents show that aerobic exercise increases neuronal survival and neurogenesis, the growth of
new neurons, in the dentate gyrus of the hippocampus. For example, in one classic study van
Praag and colleagues investigated whether voluntary wheel running would stimulate
hippocampal neurogenesis in sedentary mice (van Praag, Christie, Sejnowski, & Gage, 1999).
Thirty-four young and old mice were divided into sedentary or voluntary wheel running groups
for a period of 2 — 4 months and then sacrificed to examine the degree of cell proliferation in the
dentate gyrus of the hippocampus. Notably, voluntary wheel running increased hippocampal
neurogenesis in the old group of mice such that they matched the young sedentary group in
number of new hippocampal neurons. These effects were seen behaviorally as well: running
improved spatial learning acquisition and retention in the Morris water maze for both the young
and old mice. These results illustrate several important points. First, they provide a low-level
biological justification for the morphological and functional brain results reported in humans.
Second, they demonstrate that older adult animals retain the capacity to generate new neurons
and that exercise is effective at taking advantage of this plasticity. Third, they show that
increases in cell proliferation have direct consequences on learning and memory function in both

young and old animals.



Increased cell proliferation requires the production of new vasculature to support the
distribution of nutrients and energy to the newly formed cells. Therefore, exercise has also been
associated with widespread angiogenesis, or the creation of new vasculature, in the cortex,
cerebellum, striatum, and hippocampus (Cotman, Berchtold, & Christie, 2007; Hillman et al.,
2008). In the study by van Praag and colleagues described above, voluntary wheel running
resulted in cell proliferation, but also resulted in qualitative changes in both surface area and
perimeter of blood vessels within the dentate gyrus (van Praag et al. 1999), suggesting that the
generation of blood vessels and cells are closely coupled. In another study using 30 minutes of
daily forced running, exercising rats showed an increased density of microvessels diffusely
throughout the cortex after 3 weeks of training (Ding et al., 2006). This newly created
vasculature allows for increased blood flow and nutrient transport to the supported brain areas,
resulting in increased brain mass, increased perfusion, and elevated blood volume.

Besides creating new neurons and blood vessels in the brain, rodent research shows that
exercise also affects synaptic structure by inducing long-term potentiation (LTP) in the
hippocampus. LTP is the synaptic analog for learning and memory formation (Cotman et al.,
2007). For example, van Praag et al. (2005) reported that exercising animals show enhanced
learning on the hippocampal dependent Morris water maze and enhanced LTP. In fact, enhanced
LTP resulting from exercise is directly correlated with enhanced learning on the maze. Other
studies have shown similar patterns of electrophysiological indices as a result of exercise (Black,
et al., 1990; Farmer et al., 2004; Schmidt-Hieber, Jonas, & Bischofberger, 2004). In sum, animal
studies have demonstrated that aerobic exercise not only improves cognitive performance but
also enhances the neural circuitry supporting cognitive processing in areas known to be

susceptible to age-related deterioration including cortical and hippocampal regions.
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The research from animal studies set the stage for examining whether CVF or exercise
treatments would be associated with alterations in brain circuitry in humans as assessed by
resting state fMRI techniques. For example, increased brain connectivity was demonstrated in a
recent aerobic exercise intervention trial in older adults (Voss et al., 2010). Similar to the 6-
month interventions described above (Kramer et al., 1999; Colcombe et al., 2004), 65 sedentary
participants were randomly assigned to either receive one year of monitored aerobic exercise or
one-year of stretching and toning. Three MRI assessments (pre-intervention, after 6-months, and
post-intervention) were used to assess how exercise could influence brain connectivity.
Consistent with the predictions, older adults in the walking exercise group showed increased
functional connectivity between prefrontal, medial-temporal, and lateral occipital areas after one
year, as compared to the stretching and toning control group. Furthermore, this increase in
functional connectivity was associated with greater improvement in executive function tasks for
the exercise group. The results from this study are encouraging since these networks are
disrupted in MCI and AD and represent an important focus for treatment outcomes.
Furthermore, these results provide a mechanistic explanation for how exercise elicits improved
cognition: greater communication and coherence among different brain regions allows for
cognitive processing to be more efficient, rapid, and generative.

The research from animal models also provides a basis to examine whether aerobic
exercise and CVF could attenuate, or even reverse, brain atrophy in older adult humans. In these
studies, structural magnetic resonance imaging techniques and volumetric assessments of the
brain are conducted in older adults and assessed as a function of CVF or exercise. For example,
using a voxel-based morphometry (VBM) technique to examine cortical volume on a point-by-

point basis as a function of age and CVF, Colcombe and colleagues found that, in a group of 55
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older adults, higher fit individuals exhibited less age-related gray matter loss in the frontal,
parietal, and temporal cortices than lesser fit individuals (Colcombe et al., 2003). Gordon and
colleagues replicated this finding in a more recent study (Gordon et al., 2008). That is, they also
found that higher fitness levels attenuated age-related losses in medial-temporal, parietal, and
frontal areas in a group of 40 older adults. Finally, in vivo imaging of cerebral blood volume in
the hippocampus replicated the fitness-related angiogenesis effects seen in rodents (Pereira et al.,
2007). In this study, eleven healthy adults underwent a 3-month aerobic exercise intervention.
Pre- and post-intervention cerebral blood volume maps showed that exercise increased blood
flow in the dentate gyrus. Thus, there is growing evidence that aerobic exercise may be a low-
cost and highly accessible method for improving cognitive function and reducing cortical

atrophy in late adulthood.

1.3 CURRENT STUDY

Past research demonstrates that aerobic exercise influences both functional and structural
properties of the PFC. There is now substantial evidence that higher CVF is associated with
larger brain volume and better executive function ability (Hillman et al., 2008). However, the
extant literature is currently lacking an important link in these associations. That is, we currently
do not know whether aerobic exercise improves executive function by affecting the morphology
and function of the DLPFC. There has been only one study demonstrating that structural changes
in the hippocampus mediate the relationship between CVF and memory performance in older

adults (Erickson et al., 2009). Yet research to date has not made an analogous investigation for
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the relationship between CVF, PFC volume, and executive functioning. This is a particularly
important area of research given the disproportionate atrophy of PFC volume and decline of
executive functioning with age (Hillman et al., 2008; Jernigan et al., 2001; Raz, 2000).

The goal of the present study was to determine whether CVF affected executive
functioning through an association with gray matter volume in the prefrontal cortex. Specifically,
we examined, in a cross-sectional study, whether DLPFC volume mediated the relationship
between CVF and executive function in a group of healthy older adults above the age of 60. We
used VBM analyses of structural magnetic resonance imaging (MRI) data to determine whether
DLPFC volume mediated the relationship between CVF and executive function, as assessed by
standardized neuropsychological tests. We hypothesized that PFC volume would mediate this
relationship such that higher fitness levels would be associated with larger DLPFC volume,
which would then be associated with better executive function. Additionally, we hypothesized
that DLPFC volume would specifically mediate the relationship between CVF and executive
function, rather than general cognitive performance, given that executive processes are so

heavily dependent upon DLPFC circuitry.
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2.0 RESEARCH DESIGN AND METHODS

2.1  SUBJECTS

The data for this study was obtained from a sample of 179 participants who participated
in the Healthy Active Lifestyle Trial (HALT) at the University of Illinois between 2005 and
2009. The HALT project was a 1-year randomized, controlled trial examining the effect of
aerobic activity on the brain and cognition. Data from the HALT project includes socio-
demographic information such as age, gender, years of education, race and ethnicity, and
occupation; physical information such as health history, height, weight, body mass index (BMI),
cardiovascular fitness (assessed by a VO, max test), and self-reported physical activity. The
HALT project also includes information on cognitive abilities in multiple domains such as
general intelligence levels, crystallized intelligence levels, executive functioning abilities, verbal
and spatial memory abilities, and reading ability. Finally, the HALT data includes neuroimaging
measures, including structural and functional MRI data.

HALT participants were between the ages of 58 and 81 at time of testing (mean age =
66.6 years; standard deviation = 5.6 years). Inclusion criteria for the HALT study were as
follows: 60+ years of age during the trial, capability to perform physical exercise, medical
consent to perform physical exercise from a personal physician, successful completion of the

VO, max test, absence of cognitive impairment as assessed by the modified Mini Mental Status
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Examination, normal or corrected to normal vision, absence of clinical depression (as measured
by the Geriatric Depression Scale; (Sheikh & Yesavage, 1986)), and a sedentary lifestyle at time
of baseline assessment. The sedentary lifestyle requirement removes the potential confound that
people with better cognitive abilities have a higher propensity to exercise since all participants
were at similar levels of lifestyle physical activity. A sedentary lifestyle was defined as
participating in no more than 1 twenty minute physical activity per week for the past 6 months,
as assessed by the Physical Activity Scale for the Elderly (PASE) (Washburn, Smith, Jette, &
Janney, 1993). Cognitive impairment was determined by the modified Mini-Mental Status
Examination (Stern, Sano, Paulson, & Mayeux, 1987) and participants were excluded if they did
not reach the minimum criteria of 51 points (highest score of 57). This instrument has been
verified as having high reliability and validity measures and has been used as a screening tool for
dementia in both research and clinical settings (Stern et al., 1987). In addition, all participants
met safety criteria for participating in an MRI study. These criteria include no previous history of
head trauma, head or neck surgery, diabetes, neuropsychiatric or neurological conditions
including brain tumors, or having any ferrous metallic implants that could cause injury due to the
magnetic field.

Exclusion criteria for the HALT study included: self-reported regular physical activity (2
or more times per week), physical disability that prohibited mobility, non-consent of a physician,
evidence of cardiac abnormalities during the VO, max test, clinical depression, presence of
implanted devices that would be an MRI safety concern, chronic steroidal treatment, and
claustrophobia. Participants with severe asthma or other severe respiratory problems were
excluded from the initial HALT trial since these conditions would impair ability to perform the

VO, max assessment. All participants received a physician’s consent to engage in a maximal
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graded exercise test (VO, max) and signed an informed consent approved by the University of
Illinois institutional review board.

The current study included only the cross-sectional baseline information from the HALT
participants. It is prudent to initially investigate the relationship between CVF and executive
function in a cross-sectional design, rather than proceeding immediately to longitudinal effects.
Participant data were excluded from analyses for data quality reasons, including low signal to
noise ratio in the MR data, excessive motion during MR data acquisition, structural MR artifacts,
and experimental errors in acquiring cognitive assessments. This left 142 participants with
sufficient data quality for analysis. CVF was measured by the VO, max assessment. Brain
volume was examined through VBM analyses of structural MR images and cognitive abilities

were assessed through neuropsychological tests.

2.2 INSTRUMENTS AND ASSESSMENTS

2.2.1 Cardiovascular fitness assessment

CVF was assessed by a maximal graded exercise test (VO, max) on a motor-driven
treadmill. This test assessed maximal rate of oxygen uptake (e.g. maximum volume [V] of
oxygen [O3]). The VO, max test is the “gold standard” measurement of CVF (American College
of Sports Medicine, 1991). To complete the VO, max test, participants walked at a speed slightly
faster than their normal walking pace (approximately 3 mph) with increasing grade increments of

2% every 2 minutes, expiring air samples at 30-second intervals. A cardiologist and nurse
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continuously monitored measurements of oxygen uptake, heart rate, and blood pressure to ensure
patient safety. The test continued until either there was objective evidence that the VO, max had
been attained (as determined by an exercise physiologist), or the participant volitionally
terminated the test due to exhaustion. VO, max was defined as the highest recorded VO, value
when two of three criteria were satisfied: (1) a plateau in VO, peak between two or more
workloads; 2) a respiratory exchange ratio >1.00; and (3) a heart rate equivalent to their age
predicted maximum (i.e. 220 - age). Final VO, max scores consist of the maximum gases
expired, adjusted for height and weight of the person, measured in units of milliliters per

kilogram (ml/kg).

2.2.2 Structural magnetic resonance imaging

All participants underwent structural MRI scanning on a 3 Tesla Siemens Allegra
scanner. High resolution T1 weighted brain images were collected using a 3D Magnetization
Prepared Rapid Gradient Echo Imaging (MPRAGE) protocol, collecting 144 contiguous slices in
an ascending manner (see Erickson et al., 2009 for further scanning details). Scanning paramters
included an echo time (TE) of 3.87ms, repetition time (TR) of 1,800ms, field of view (FOV) of
256mm, and an acquisition matrix of 192 x 192 mm.

While the “gold standard” of volumetric studies is the manual tracing of specific areas of
interest on high-resolution anatomical images, we used VBM to obtain volumetric brain
measurements. There are several problems with manual tracing that limits its usability. First,
manual tracing requires extensive time commitments and neuroanatomical knowledge, limiting
both the number of subjects and brain regions that can be investigated. It would not be feasible to
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conduct manual tracing on a large enough sample size as to warrant sufficient power for a
mediation analysis. Second, reproducibility of results is not guaranteed, limiting their
generalizability. VBM offers an alternative method to obtain brain volume that is generalizable,
semi-automated, reliable, and feasible in a large number of subjects.

VBM allows for a whole-brain volumetric analysis in a semi-automated fashion, making
it easily reproducible and accessible to researchers with more varied levels of anatomical
knowledge. VBM is feasible and reliable across many populations including healthy older adults
(Colcombe et al., 2003; Good et al., 2001), adults with dementia (Guo et al., 2010), diabetic
subjects (Musen et al., 2006), and psychiatric populations (Kakeda & Korogi, 2010). VBM
analysis computes the probability that each voxel in a structural MR image is cerebrospinal fluid,
gray matter, or white matter and yields statistical maps for each voxel type (Ashburner &
Friston, 2000). Voxels are then classified into the structural category with the highest probability
and can be statistically analyzed between subjects. This approach to analyzing cortical volumes
has been well established within the literature. A Pubmed search using the term voxel based
morphometry yielded 1,411 studies published in the past 10 years that have used VBM. For
volumetric estimates of cortical gray matter in older adults, VBM provides estimates that are
similar to manual tracing (Kennedy et al., 2009).

VBM offers several practical strengths that make it a viable analytical method, as
compared to other cortical volume estimates such as Freesurfer (http://surfer.nmr.mgh.harvard.
edu). For instance, VBM is not platform specific and can be used with several different statistical
packages, such as FSL and SPM. Freesurfer, on the other hand, is built on a specific software
platform with specific algorithms, limiting the freedom that a researcher has over the analysis.

While Freesurfer does yield reliable cortical thickness estimates it is computationally heavy,
16
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requiring approximately 24 hours per subject to analyze data on standard research computer
hardware (estimates on https://surfer.nmr.mgh.harvard.edu/fswiki/ReconAllRunTimes). Thus,
for the purposes of the current study, VBM was used to estimate cortical gray matter volume.
While there are many advantages to using VBM as the statistical method to determine
cortical volume, there are several limitations to this technique as well. VBM analyses provide
probability estimates of volume within a voxel, not actual volume values. Indeed, there may be
different tissue types included in a single voxel, yet each voxel is classified into a single tissue
type. In addition, VBM analyses are conducted on the residual variance that is left after the brain
has been warped and transformed into standard space, which can possibly lead to computational
problems (Bookstein, 2001). This sequence likely adds some additional error to the volumetric
estimates. Additionally, VBM analyzes both cortical thickness and surface area together, which
may mask differences that occur between these two dimensions. Despite these limitations, many
studies have found consistent and replicable effects using VBM, and VBM is considered an

appropriate method to analyze cortical volume in human subjects (Ashburner & Friston, 2001).

2.2.3 Cognitive and lifestyle assessments

2.2.3.1 Stroop task

The Stroop task is a classic test of two key components of executive function: attention
and inhibitory control (MacLeod, 1991, 1992). In this task the participant named the color ink in
which a word is printed. There are three trial types in the Stroop task: neutral, congruent, and
incongruent. Neutral trials are those in which the word is a non-color word (e.g. “Lot”).
Congruent trials are those in which the word names the same color as the ink in which it is
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printed. Incongruent trials are those in which the word names a different color than the ink.
Incongruent trials require the most attentional control and thus provide the most robust measure
of executive functioning (Banich et al., 2000). Two outcome measures were obtained from this
task: incongruent trial reaction time (RT in ms) and percent interference. Percent interference
was calculated as the average incongruent trial RT minus the average congruent trial RT, divided
by average congruent trial RT. This interference provided a measure of how much additional
executive processing is needed to respond to an incongruent trial above and beyond the

processing needed for a congruent trial.

2.2.3.2 Digit span

The digit span subtest of the Wechsler Adult Intelligence Scale- Third Edition (Wechsler,
1997) was administered to each participant. The forward subtest of the digit span measures
attentional capacity and short-term memory, whereas the backwards subtest is a measure of
working memory capacity (Wechsler, 1997). In this test an experimenter read aloud a series of
numbers at an interval of 1 number per second. After completing the series the participant orally
repeated the same numbers either verbatim (forward span) or in the reverse order (backward
span) of initial presentation. The length of the digit group increased until the participant
incorrectly responded to two presentations of the same span length in a row. Span length, or the
greatest number of digits correctly manipulated, was used as the outcome measure from this test.
The minimum span length score is 0 digits and the maximum span length score is 8 digits. This
test has been used extensively throughout clinical and research studies within psychology and is
accepted as having high validity and reliability scores among healthy older adults (Ryan &

Ward, Jun 1999; Wechsler, 1997).
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2.2.3.3 Wisconsin Card Sorting Task (WCST)

Participants completed a computerized version of the WCST, a test which assesses
multiple components of executive function including working memory, inhibition, and switching
processes (O'Sullivan et al., 2001). The participant’s task was to sort cards displayed on a
computer screen according to one of three dimensions. The cards contained geometric designs
and could be sorted into categories by shape, color, or number of shapes. Participants were asked
to match each card that appeared in the lower portion of the computer screen with one of four
cards displayed at the top of the screen. The participants were told that the computer would
provide feedback about the accuracy of their decision, but that the examiner could not give them
any additional instructions about the task. Upon accurate categorization of 10 successive cards
the categorization rule changed without participant knowledge. Test discontinuation occurred
either when the participant attempted to categorize 128 cards or when 6 categorization rules were
correctly completed. The main outcome measure from this task used in the current study is
number of perseverative errors. A perseverative error occurred when the participant incorrectly
categorized a card by using the same dimensional rule as in the immediately prior trial. This

measure is thought to demonstrate cognitive flexibility and switching ability.

2.2.3.4 Vocabulary

This task served as a control cognitive measure to support the hypothesis that the PFC is
particularly important for executive functioning rather than cognitive functioning in general. It is
a subtest of Ekstrom’s Factor-Referenced Cognitive Tests (Ekstrom, French, & Harmon, 1976).
In this task, participants viewed 36 different vocabulary words and were to choose the best

synonym for that word from four choices. Participants were instructed to skip any words for
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which they were completely unsure of since points were deducted for incorrect answers. This test
is a measure of verbal comprehension, long-term knowledge, and crystallized intelligence, with
reliability calculations ranging between .79 and .94 in adults (Ekstrom et al., 1976). Semantic
recognition tasks, while somewhat dependent on PFC integrity, are thought to depend heavily on
the hippocampus and perirhinal cortex (Squire, Wixted, & Clark, 2007). In fact, while patients
with prefrontal lesions exhibit minor deficits in verbal recognition tasks, overall they perform
similarly to healthy controls (Ranganath, 2010; Ranganath & Blumenfeld, 2008). Therefore, PFC

volume is not likely to be integral to performance in this task.

2.3 PROCEDURE

Subjects were recruited to the HALT trial through community advertisements and
physician referrals. Potential subjects were initially screened over the phone for inclusion and
exclusion criteria. Upon passing the initial phone screening, subjects were invited to a group
orientation to receive study details and ask questions regarding the program. At the orientation
participants were also provided with a battery of psychosocial questionnaires to complete and
bring back to the following study visit.

Following these initial visits, subjects completed 4 subsequent baseline sessions. Session
1 took 1 hour to complete a blood draw by a trained phlebotomist and a 24-hour food recall.
Session 2 included administration of a neuropsychological battery and a mock MRI session, for a
total session length of 1.5 hours. The neuropsychological battery provided cognitive and motor

information on each subject and was used to further screen for any signs of dementia. The mock
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MRI session ensured that the subject was not claustrophobic and was comfortable with the MRI
scanning procedure. Session 3 lasted 1.5 hours and included the cardiovascular assessment of
fitness (VO, max test). Additionally, subjects completed the physical activity questionnaire
(PASE) during this session. Finally, session 4 consisted of the MRI scan, lasting approximately 2
hours. The MRI scan collected structural and functional brain data on each subject.

All baseline sessions were conducted within an approximate timeframe of 2.5 weeks.
Combined with the phone screening and group orientation, participants completed all baseline
procedures within a 2-month timeline. Baseline sessions were conducted between 2005 and 2009

and data collection ended in 2010.

24  STATISTICAL ANALYSES

MR data was processed using tools in the FMRIB Software Library (Image Analysis

Group, FMRIB, Oxford, UK; http://www.fmrib.ox.ac.uk/fsl/; Smith, Jenkinson et al. 2004). All

images were preprocessed to achieve the following results: 1) remove non-brain matter that
would obscure statistical analyses, 2) normalize all images into the common Montreal
Neurological Institute template, 3) assign volume estimates to each voxel describing the
probability that it is either cerebrospinal fluid, gray matter, or white matter, and 4) smooth the
tissue maps with a 6.6 mm Gaussian kernel in order to reduce noise. After this segmentation,
there was partial volume correction to account for any changes in voxel size due to the

normalization step. This allowed for the voxels to represent volumes and not tissue densities.
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The DLPFC has been implicated in the monitoring of information in working memory
(Petrides, 1995), as well as playing a role in feedback processing during the WCST (Monchi et
al., 2001). Attentional control paradigms, such as the Stroop task, are also dependent on DLPFC
activation (Banich et al., 2000; D'Esposito et al., 1995; Erickson et al., 2005). Given the
prominent role that the DLPFC plays in executive control processes investigated in this study,
we focused the initial analyses on the DLPFC so as to reduce potential Type 1 error. The DLPFC
was defined bilaterally as the dorsal portions of the superior, middle, and inferior frontal gyri.
This definition is consistent with previously validated work by Raz et al. (Raz, Briggs, Marks, &
Acker, 1999; Raz et al., 1997).

Using the Threshold-Free Cluster Enhancement (TFCE) technique (Smith & Nichols,
2009), brain regions within the DLPFC were identified that were significantly correlated with
CVF when controlling for the variance associated with age, sex, and education. The TFCE
technique is completed without using a priori thresholds, such as those used in cluster-based
thresholding (Smith & Nichols, 2009). Typical cluster and voxel thresholding techniques rely on
arbitrarily defined thresholds that can be sensitive to variations in the data near the threshold
level. In addition, cluster-based thresholds are sensitive to the amount of spatial smoothing
applied before analysis. The TFCE method avoids these limitations by taking the raw
(unsmoothed or minimally smoothed) statistical image and producing an output image where
each value represents the weighted sum of the local clustered signal (see Smith and Nichols 2009
for further details). TFCE has been validated in several studies and has been shown to be more
sensitive than cluster-based or voxel-based thresholding and is the recommended approach for
most VBM analyses (Giorgio et al., 2010; Hayasaka, Phan, Liberzon, Worsley, & Nichols, 2004;

Salimi-Khorshidi, Smith, & Nichols, 2011; Smith & Nichols, 2009).
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Once the DLPFC regions associated with CVF were identified, we next determined
regions that were correlated with each cognitive variable. A conjunction between CVF effects on
DLPFC volume and each of the cognitive variables’ effects on DLPFC volume yielded seven
ROIs. Three ROIs were identified based on the conjunction of CVF and Stroop performance
(Figure 1a), two from the conjunction of CVVF and digit span (Figure 1b), and two from the
conjunction of CVF and WCST perseverative errors (Figure 1c). A final region in the occipital
lobe was extracted for control analysis. ROI characteristics are described in Table 1. Gray matter
volume within these statistically defined regions were extracted and used in a mediation analysis
to determine if volume in that region mediated the association between fitness and cognitive
performance. The final mediating variable units were partial volume estimates of gray matter.

Figure 1. Regions of interest chosen from conjunction of fitness and cognitive measures

Images are in neurological coordinates and labeled with the corresponding numbers referred to in Tables
1land 3.
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A. Three regions of interest (ROIs) chosen from a conjunction between the main effect of fitness and
correlations with Stroop performance.
B. Two ROIs chosen from a conjunction between the main effect of fitness and correlations with Digit

Span performance.
C. Two ROIs chosen from a conjunction between the main effect of fitness and correlations with the
Wisconsin Card Sorting Task perseverative errors.

Table 1. Regions of interest chosen for mediation analyses

MNI Coordinates
(center of gravity)
o Number
ROI Description of Voxels
X Y A
1. Right IFG and PCG 122 53 5 33
2. Left IFG and PCG 56 -53 7 32
3. Left MFG 58 -45 2 48
4. Left IFG 159 -51 12 20
5. Right MFG 298 42 1 48
6. Right PCG and MFG 287 44 13 44
7. Left MFG and PCG 328 -41 4 46
8. Occipital Lobe 33 18 -90 4

ROI = region of interest; MNI = Montreal Neurological Institute; IFG = inferior frontal gyrus; PCG =
precentral gyrus; MFG = middle frontal gyrus

A mediating variable is a variable that is part of the causal pathway by which an
independent variable affects a dependent variable. The main requirement for mediation is that the
indirect effect of the independent variable (CVF) through the mediator (DLPFC volume) on the
dependent variable (executive function) be significant (Gelfand, Mensinger, & Tenhave, 2009;

Zhao, Lynch, & Chen, 2010). This is illustrated as pathways a and b in Figure 2.
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Figure 2. lllustration of the mediation pathway
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DLPFC = dorsolateral prefrontal cortex; CVF = cardiovascular fitness

Thus, if pathway a = b is significant, then DLPFC volume significantly mediates the
relationship between CVF and executive functions.

Mediation analyses were conducted using the indirect macro designed for SPSS
(Preacher & Hayes, 2008). This macro uses bootstrapped sampling to estimate the indirect
mediation effect of volume on the relationship between fitness and executive function. In this
analysis, 5,000 bootstrapped samples were drawn with replacement from the dataset to estimate a
sampling distribution for the indirect mediation pathway. Indirect effects and 95% bias corrected
and accelerated confidence intervals are reported. Significant results are indicated by 95%
confidence intervals that do not include 0. The dependent variable, executive functioning ability,
was computed from each of the five neuropsychological assessment scores: Stroop incongruent
trial reaction time and percent interference, forward and backwards digit span lengths, and
WCST perseverative errors. Each assessment outcome measure was used as a dependent variable
in a separate mediation analysis, rather than a composite executive function index, as these tests

measure slightly different aspects of the overall process of executive function and therefore
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might be differentially related to DLPFC volume. AIll regression models controlled for
potentially confounding variables that were correlated with the dependent variable, including
age, education, and gender. Dummy variables were created for categorical covariates (e.g.
gender; reference group = female).

It may be the case that brain volume more generally mediates the relationship between
CVF and executive functioning. In order to control for this possibility, a control brain area was
assessed for mediation. Given that the occipital lobe is involved in low level visual processing, it
is not likely that the occipital lobe is also integral to executive function ability. Thus, a ROl in
the occipital lobe was extracted and used for a control mediation analysis. The occipital ROI
chosen was constrained to voxels that did not show an association with fitness. This requirement
ensured that an area not involved in cardiovascular-related brain changes was chosen for a
control region. The mediation analyses were conducted only using the executive function
variables in the previous analyses for which DLPFC volume significantly mediated the
relationship with CVVF. The models were constructed in the same way, except that the occipital
lobe ROI was included as the mediator. If occipital lobe volume does not mediate the
relationship between CVF and executive function ability, then this provides support for the
hypothesis that DLPFC volume specifically, rather than brain volume in general, mediates this
relationship.

A final control statistical analysis was conducted to confirm that DLPFC volume
specifically mediates the pathway between CVF and executive function ability, rather than CVF
and cognitive function in general. A set of mediation analyses identical to those described above
was conducted except with vocabulary performance as the dependent variable. While the DLPFC

may be involved in verbal comprehension and long-term memory, it is not considered to be the
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main brain area necessary for this task. Vocabulary performance is likely to be dependent on
areas involved in long-term memory, such as the medial temporal lobe (Ranganath, 2010; Squire
et al.,, 2007). Therefore, it is not likely that the DLPFC mediates the relationship between
Vocabulary performance and CVF. If the pathway from CVF to DLPFC volume to VVocabulary
performance (i.e. indirect pathway a - b) is not significant according to the bootstrapped
estimates, then there is some support for the conjecture that DLPFC volume specifically
mediates the relationship between CVF and executive functioning.

Power analyses indicate that there is sufficient power to detect results from the current
study. Using an R? of 0.35, as cited by Erickson and colleagues (2009) when regressing
hippocampal volume onto CVF in the HALT dataset, only 28 participants would be needed to
yield 80% power, well below the current sample size of 142. Gordon and colleagues (2008)
found an average R® of 0.30 for the relationship between CVF and cognition (WCST
perseverative errors and digit span). This effect size indicates that a sample size of only 33
participants would be required to yield 80% power. Finally, in order to determine power for
testing the mediation hypothesis, data from a Monte Carlo simulation study comparing different
mediation significance testing methods was consulted (MacKinnon, Lockwood, Hoffman, West,
& Sheets, 2002). Assuming a medium effect size, a sample size between 100 and 200
participants would be needed to achieve 86% power. This sample of 142 participants is well
within that range. Given these calculations, there is sufficient power to examine whether DLPFC

volume mediates a relationship between CVF and executive functioning.
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3.0 RESULTS

3.1 CORRELATIONS BETWEEN CVF AND COGNITION

Characteristics of the 142 participants are described in Table 2. Higher CVF was associated with
younger age (r = -.390; p < .001), male gender (F(1,140) = 42.313; p < .001), and higher
education (r = .197; p < .05). Consistent with our hypotheses, higher CVF was associated with
better performance on tasks of executive function. Specifically, higher CVF was associated with
less Stroop percent interference (r = -.195; p < .05) and fewer perseverative errors on the WCST
(r =-.172; p <.05). There was no relationship between CVVF and Stroop incongruent RT or digit
span length (all p’s > .05). Accounting for age, gender, and education as covariates in linear
regression analyses, higher CVVF values predicted less Stroop percent interference (F(4,137) =
1.636; B = -.224; p < .05). CVF did not predict Stroop incongruent RT, digit span length, or

WCST perseverative errors after accounting for these covariates.
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Table 2. Participant characteristics

Characteristic Mean (SD)
Age (years) 66.4 (5.5)
Education (years) 15.7 (3.0)
Sex (% female) 64.1%
Cardiovascular fitness level (ml/kg) 21.3(4.8)
Stroop percent interference 11.5 (12.9)
Stroop incongruent RT (ms) 885.0 (120.5)
Digit span forward (number of digits) 6.5(1.2)
Digit span backwards (number of digits) 49 (1.4)
WCST perseverative errors 19.9 (12.7)
Vocabulary 10.8 (4.4)

SD = standard deviation; RT = reaction time; WCST = Wisconsin Card Sorting Task

3.2 CVFISRELATED TO GRAY MATTER VOLUME IN HEALTHY OLDER

ADULTS

Consistent with our hypotheses and similar to other studies reporting fitness effects on
the brain (e.g. Colcombe et al., 2003, Floel et al., 2010, Gordon et al., 2008), we found that
higher CVF levels were associated with greater gray matter volume in several brain regions.

Areas in the prefrontal cortex, motor cortex, cingulate gyrus, anterior parietal lobe, and temporal
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lobe showed a significant relationship with CVF when controlling for age, sex, and education

(Figure 3). These associations remained significant after familywise-error correction of p < .05.

Figure 3. Brain regions exhibiting more volume with higher cardiovascular fitness

3.3  THE FITNESS-STROOP PERFORMANCE RELATIONSHIP IS MEDIATED BY

DLPFC VOLUME

Mediation analyses were conducted to test the hypothesis that gray matter volume in the DLPFC
would mediate the association between CVF and Stroop performance. After controlling for the
variance associated with age, sex, and education, gray matter volume bilaterally in the inferior
frontal gyrus (IFG) and precentral gyrus (PCG) significantly mediated the relationship between
CVF and Stroop incongruent RT (ROIs 1 and 2 in Table 3, shown as the red and dark blue
regions in Figure 1a). For the region in the right IFG and PCG, the indirect mediation effect was
-1.475 (95% Confidence Interval [CI] = -3.723 : -.162) and for the left IFG and PCG region, the
indirect mediation effect was -2.133 (95% CI = -4.604 : -.434). In addition, gray matter volume

in the right IFG and PCG significantly mediated the relationship between CVF and Stroop
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percent interference (ROl 1 in Table 3, shown as the red region in Figure 1a) with an indirect

mediation effect of -.128 (95% CI = -.336 : -.011). Mediation effects and 95% Cls are displayed

in Figure 4. These effects are negative in direction because the relationships were such that

higher CVF was associated with greater gray matter volume, which was in turn associated with

shorter incongruent RT and less percent interference, which both indicate better performance on

the Stroop task. None of these regions were significant mediators between fitness and WCST or

digit span performance.

Table 3. Mediation indirect effects and 95% confidence intervals for each cognitive variable

Stroop

Stroop

WCST Digit Span- Digit Span-
ROI Description Incorl;q[fuent Inf:e ?};gig:lce Errors Forward Backwards \ggizugr)y
(95% C1) (95% o (95% Cl) 95%Cl) | (95% Cl)
1 Right IFG 1475 _128* 023 1009 011 038
and PCG (-3723:-162) | (-336:-011) | (-115:.199) | (-003:.028) | (-.004:.032) | (-.003:.100)
2. Left IFG and 2133 ~097 ~041 007 012 037
PCG (-4.604:-434) | (-327:.075) | (-256:.131) | (-008:.029) | (-003:.034) | (-014:.117)
s Left MG 1439 ~062 _143* 001 010 017
: (-3.859:.070) | (-272:.100) | (-395:-.008) | (-015:.019) | (006 :.033) | (-034:.087)
4 Left IrG ~164 041 ~051 008 010 009
: (-2.534:1.442) | (-135:.267) | (-277:.081) | (-008:.034) | (~007:.037) | (-048:.082)
. _492 _054 101 022 014 013
5. RIGhtMFG |\ 5767 1017) | (-352:.248) | (-092:.423) | (-006:.058) | (-025:.057) | (-065:.109)
6. Right PCG 426 049 -013 0.000 008 ~005
and MEG | (-2.136:3.215) | (-190:.541) | (-403:.058) | (-026:.038) | (~031:.044) | (-089 :.094)
7. Left MFG _214 062 173 ~001 006 ~010
and PCG (-3.371:2.185) | (-213:.381) | (-545:.056) | (-025:.036) | (-028:.046) | (-104 : .080)
8. Occipital -173 .005 .045
Lobe (-1.438:.290) | (-060:.129) | (-013:.200)

ClI = confidence interval; ROI = region of interest; WCST = Wisconsin Card Sorting Task; IFG = inferior
frontal gyrus; PCG = precentral gyrus; MFG = middle frontal gyrus. * indicates significant mediation

effects determined by Cls that do not include 0.
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Figure 4. Mediation indirect effects for Stroop incongruent reaction time and percent interference
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RT = reaction time. Error bars indicate 95% confidence intervals. * indicates significant mediation
effects. Colored bars refer to the correspondingly colored regions in Figure 1 that were significant
mediators. Regions of interest are named in the same manner as in Tables 1 and 3.

34  THE FITNESS-WCST RELATIONSHIP IS MEDIATED BY DLPFC VOLUME

Mediation analyses were conducted to test the hypothesis that gray matter volume in the

DLPFC would mediate the association between CVF and WCST perseverative errors. Gray
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matter volume in the left middle frontal gyrus (MFG) significantly mediated the relationship
between CVF and WCST perseverative errors, when controlling for the variance associated with
age, sex, and education (ROI 3 in Table 3, shown as the cyan region in Figure 1a). CVF was
associated with greater gray matter volume in this region, which was then related to fewer
perseverative errors (indirect effect = -.143; 95% CI = -.395 : -.008; shown in Figure 5). This
region only mediated the relationship between CVF and WCST perseverative errors and not any

other CVF and cognition relationships.

Figure 5. Mediation indirect effects for the Wisconsin Card Sorting Task perseverative errors
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WCST = Wisconsin Card Sorting Task. Error bars indicate 95% confidence intervals. * indicates
significant mediation effects. The colored bar refers to the correspondingly colored region in Figure 1 that
was a significant mediator. Regions of interest are named in the same manner as in Tables 1 and 3.
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3.5 NO RELATIONSHIP BETWEEN FITNESS, DLPFC VOLUME, AND DIGIT

SPAN

Mediation analyses revealed no relationship between CVF, DLPFC volume, and either

digit span score. Null results are listed in Table 3 and shown in Figure 6.

Figure 6. Mediation indirect effects for the Digit Span task
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Tables 1 and 3.
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3.6 CONTROL ANALYSES

Several control analyses were run in order to determine the specificity of the DLPFC
mediators. A ROI from the occipital lobe was extracted that did not show an association with
CVF (Figure 7). In order to control for the possibility that brain volume generally can

significantly mediate a CVVF and executive function relationship, we used this occipital ROI as a
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mediator in the same analyses conducted above. These control analyses were restricted to only
those cognitive variables that already exhibited a significant DLPFC mediation effect: Stroop
incongruent RT, Stroop percent interference, and WCST perseverative errors. None of the

mediation analyses using this occipital ROl yielded significant results (Table 3).

Figure 7. Occipital lobe region chosen for control analyses

In a final control series, all extracted DLPFC ROIs were used as mediators in a CVF and
vocabulary pathway. None of the seven ROIs significantly mediated an association between
CVF and vocabulary performance (Table 3). These null control analyses provide evidence for the
importance of the DLPFC in the relationship between CVF and executive function and not

cognitive function more globally.
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40 DISCUSSION

Consistent with our predictions and with the extant literature, higher CVF levels were
associated with greater gray matter volume throughout much of the cortex, including regions that
typically show extensive age-related losses of tissue such as the PFC, cingulate cortex, motor
cortex, and temporal lobe (Colcombe et al., 2003; Erickson et al., 2009; Erickson et al., 2010;
Erickson et al., 2011; Floel et al., 2010; Gordon et al., 2008). In addition to replicating these
prior results, this study demonstrated, for the first time, that greater gray matter volume in the
DLPFC mediates the association between aerobic fitness levels and executive function.

Interestingly, a dissociation emerged such that prefrontal brain areas that mediated the
CVF association with Stroop performance failed to mediate any CVF association with other
cognitive variables (WCST perseverative errors and digit span), while the region that mediated
WCST perseverative errors failed to mediate Stroop performance. Bilateral regions in the IFG
and PCG mediated a fitness and Stroop relationship, whereas a region in the left MFG mediated
a fitness and WCST relationship. All of these mediation pathways were such that higher fitness
was associated with greater gray matter volume, which was in turn associated with better
cognitive performance (indicated by a negative relationship due to the nature of the variables
chosen for analysis). This suggests that higher fitness levels are associated with better executive

function by means of greater DLPFC volume. The regions that supported attentional control and
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inhibition (Stroop performance) in this sample were located slightly ventral to the region that
supported switching ability (WCST perseverative errors).

Most studies (e.g. Colcombe et al., 2003) have argued that greater gray matter volume is
beneficial, especially to older adults for whom atrophy is relatively widespread. But how and
why greater gray matter volume leads to better cognitive function remains unclear. In fact, the
size of particular regions might have little to do with the processing capabilities of that region or
the connectedness of the region with other brain areas (Burdette et al., 2010), both of which
might be better predictors of cognitive performance than volume. For example, Colcombe et al.
(2004) found that task-evoked activity in the prefrontal cortex differed as a function of CVF
levels, but these differences occurred independently of any differences in gray matter volume.
Similarly, Erickson et al. (2009) reported that greater hippocampal volume mediated the
association between fitness and spatial working memory, but that it only accounted for less than
10% of the total variance in spatial memory performance. It may be the case that networks of
brain regions are better predictors of cognitive performance than isolated areas (Voss, Erickson,
et al., 2010; Voss, Prakash, et al., 2010). Nonetheless, brain atrophy is common in older adults
and greater volume is often indicative of less atrophy and better cognitive performance (Raz et
al., 2004). Our results support this position since we demonstrate that greater DLPFC volume is
associated with better Stroop and WCST performance.

While the molecular pathways by which higher fitness augments DLPFC volume remain
unknown, research with animals provides several low-level biological explanations.
Physiologically, aerobic exercise enhances learning and memory by inducing the proliferation of
cells and by enhancing neural and synaptic plasticity (van Praag et al., 1999). Exercise has also

been associated with widespread angiogenesis in the cortex, cerebellum, striatum, and
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hippocampus of adult rodents (Cotman et al., 2007; Ding et al., 2006; Hillman et al., 2008).
Besides creating new cells and blood vessels in the brain, rodent research shows that exercise
also affects synaptic structure by inducing long-term potentiation in the hippocampus (Black et
al., 1990; Farmer et al., 2004; Schmidt-Hieber et al., 2004; van Praag, Shubert, Zhao, & Gage,
2005). Exercise may be influencing neural proliferation and vascularization by reducing
inflammatory markers or increasing the release of neurotrophins and improving insulin signaling
in the brain. Physical activity and fitness increases the production of insulin-like growth factor-1
and brain-derived neurotrophic factor, which facilitate neural and vascular proliferation (Cotman
et al., 2007). In addition, insulin can cross the blood-brain barrier and bind to receptors
throughout the brain (Carro, Nunez, Busiguina, & Torres-Aleman, 2000; Plum, Schubert, &
Bruning, 2005). Insulin inhibits apoptosis and clears p-amyloid from brain tissue, promoting
memory formation and overall cognitive health (Plum et al., 2005). This research suggests that
aerobic exercise and CVF not only improve cognitive performance but also enhance and expand
the neural circuitry supporting cognitive processing in areas known to be susceptible to age-
related deterioration. Which of these molecular processes contribute to the enhanced volume
found in the current study remains a matter of speculation.

There are several limitations to this study. First, while mediation analyses provide
hypotheses regarding pathways of causation, true causal models can only be determined through
experimental manipulations. Thus the cross-sectional design of the current study limits any
strong causal conclusions. Second, despite including both a control brain region and a control
task, it is possible that there is an unmeasured third variable that would improve the explanation
of the relationship between CVF and executive function over and above DLPFC volume. For

instance, we are not taking into account individual genetic variations that affect the production
38



and efficacy of neurotrophins. It is also possible that other control variables would be important
to include in the analyses, such as mental health history, social network size, and other
psychological factors. However, these higher-level models should really only be tested once a
formal link between physical activity, brain volume, and cognitive functioning has been firmly
established. Third, while conducting an ROI analysis reduces the risk of Type 1 error, this
technique leaves open the possibility that a fitness-brain relationship will occur outside of the
proposed ROI. Future analyses will be conducted using a voxel-wise whole-brain approach in
order to investigate whether any regions outside of the DLPFC, such as the ventrolateral PFC
and anterior cingulate cortex, are important in the CVF and executive function relationship.
Finally, while VBM provides probabilities of tissue type, these are only estimates. This
limitation needs to be taken into account when deriving conclusions from the data. Additional
future analyses will use convergent methods to estimate volume, such as Freesurfer, in order to
validate significant results. Nonetheless, the current study provides a strong initial investigation
of the link between CVF, DLPFC volume, and executive function from which we can
subsequently conduct experimental manipulations.

Despite these limitations, this study had several strengths in comparison to previous
research. First, the current investigation utilized a sample substantially larger than similar studies
in the literature (e.g., Gordon et al., 2008; Peters et al., 2009). This larger sample size allowed us
to reliably investigate associations with cognitive performance and to formally test mediation
models. In addition, the creation of a study-specific template reduced registration error that often
occurs when using atypical populations, such as older adults experiencing age-related atrophy.
All subjects were registered to the study specific template using an optimized method that was

not available at the time of many previous VBM investigations of fitness-brain relationships (e.g.
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Colcombe et al., 2003). In this optimized procedure, all brains were corrected for warping by
using the Jacobian determinant, thus reducing registration error even further. Finally, our study
used the “gold-standard” metric of CVF, two validated cognitive tasks, and a well-characterized
and homogeneous sample to test our hypotheses.

In sum, we have demonstrated, in a large sample of healthy older adults, that higher
fitness levels are associated with better cognitive function by the way of increased gray matter
volume in the DLPFC. Additionally, it is not the volume of the DLPFC as a whole, but rather
specific regions of the DLPFC, that differentially relate to inhibition and switching ability. These
results indicate that aerobic fitness influences cognitive function by reducing brain atrophy in

targeted areas in healthy older adults.
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