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Introduction

Abstract

Objective: Aging is associated with reduced neural integrity, yet there are
remarkable individual differences in brain health among older adults (OA).
One factor that may attenuate age-related neural decline is cardiorespiratory fit-
ness (CRF). The primary aim of this study was to link CRF to neural white
matter microstructure using diffusion tensor imaging in OA. Methods: Young
adults (YA; n = 32) and OA (n = 27) completed a graded maximal exercise test
to evaluate CRF and diffusion tensor magnetic resonance imaging to examine
neural white matter integrity. Results: As expected, pervasive age-related
declines in white matter integrity were observed when OA were compared to
YA. Further, peak VO, was positively associated with fractional anisotropy
(FA), an indicator of white matter integrity, in multiple brain regions in OA,
but not YA. In multiple posterior regions such as the splenium, sagittal stra-
tum, posterior corona radiata, and superior parietal white matter, FA values
were similar in YA and OA classified as higher fit, with both groups having
greater FA than lower fit OA. However, age-related differences in FA values
remained in other regions, including the body and genu of the corpus callosum,
precuneus, and superior frontal gyrus. Interpretation: CRF is positively associ-
ated with neural white matter microstructure in aging. The relationship
between peak VO, and FA appears to be tract-specific, as equivalent FA values
were observed in higher fit OA and YA in some white matter tracts, but not
others. Further, the association between peak VO, and FA appears to be age-
dependent.

ter regions.”® Age-related reductions in white matter micro-

structure have been reported in healthy older adults (OA),”®

Age-related decline in cerebral macrostructure, such as
reductions in gray and white matter volume, is well-docu-
mented.' ™ More recently, diffusion tensor imaging (DTI)
has been used to assess in vivo cerebral white matter micro-
structure and to evaluate specific white matter fiber bundles
that underpin information transmission between gray mat-

and decreased white matter microstructure in OA has been
linked to poorer performance on tasks tapping processing
speed, executive functions, and episodic memory.”'°

The pervasive evidence for neural decline in OA has led
to substantial interest in individual difference factors that
are associated with age-related reductions in cerebral integ-
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rity. One such factor is cardiorespiratory fitness (CRF), an
indicator of the ability of one’s circulatory and respiratory
systems to supply oxygen to skeletal muscle during sus-
tained moderate to vigorous physical activity. CRF is a
modifiable attribute and can be enhanced with aerobic
physical activities such as walking, running, swimming, or
dancing. CRF has been linked to neural structure and func-
tion in the aging brain,'" and as such, may modulate cogni-
tive performance’” as well as progression of
neurodegenerative disease.* '® Yet, evidence for a relation-
ship between CRF and white matter microstructure in the
aging brain is currently limited. A study in rodents has
demonstrated that aerobic exercise attenuates age-depen-
dent alterations in a protein marker of myelin (myelin basic
protein) as well as in astrocytes, which promote myelina-
tion via oligiodendrogial cells.'” In humans, CRF has been
positively associated with enhanced white matter integrity
in fiber tracts including the cingulum bundle,'®'” corpus
callosum,”® and regions of interest encompassing the
frontal and temporal lobes.”' Some limitations of previous
work include the indirect assessment of CRF'*** and the
use of imaging approaches that preclude consideration of
multiple white matter tracts.'®*' Other studies of CRF
or physical activity have focused exclusively on
OA.1820212325 11y the current study, we aim to extend the
extant literature by implementing a direct assessment of
CRF, whole-brain DTI analyses to examine white matter
tracts throughout the brain, and inclusion of a group of
young adults (YA) to specifically identify age-related decline
in white matter microstructure in our sample of OA.

The primary goals of the current study were (1) to exam-
ine the relationship between CRF and white matter micro-
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structure in OA using a direct measure of peak VO, obtained
during a treadmill-based maximal exercise protocol (the
gold standard for assessment of CRF); (2) to assess whether
CRF is differentially associated with white matter micro-
structure in YA and OA; and (3) to directly compare white
matter microstructure in YA, higher fit OA and lower fit OA.

Materials and Methods

Participants

Thirty-four YA (age 18-31 years) and 33 OA (age 55—
82 years) participated in the study. Six OA were excluded
from data analysis (four due to incidental findings on the
magnetic resonance imaging (MRI), one requested to ter-
minate MRI session prior to DTI scan, and one failed to
meet criteria for valid peak VO,) as well as two YA (one
was a statistical outlier based on high peak VO, value, the
other requested to terminate MRI session prior to DTI).
The final sample included in the analyses consisted of 32
YA (23 Caucasian, seven Asian, two African-American)
and 27 OA (25 Caucasian, two African-American). Four
OA reported a diagnosis of hypertension, of which one
also reported diabetes. Participant characteristics of the
sample included in the analyses are reported in Table 1.
To ensure recruitment of participants with a wide
range of CRF levels, participants were recruited from gen-
eral participant pools (Boston University for YA and the
Boston University Memory Disorders Research Center at
VA Boston, Boston University Alzheimer’s Disease Center,
the Massachusetts Alzheimer’s Disease Research Center,
and the Alzheimer’s Association TrialMatch for OA) as

Table 1. Characteristics (mean and SD) of young and older adults, as well as sub-groups of older adults based on median split of peak VO,.

YA OA LFOA HFOA

Number of participants 32 (17 F) 27 (15 F) 12(6F) 2(6F
Age (years)' 21.1(3.1) 63.4 (6.4) 64.3 (6.9) 64 3(5.7)
Education (years)'? 14.4 (1.8) 16.4 (2.6) 15.4 (2.7) 17.1 (2.4)
CES-D 6.2 (4.1) 5.7 (4.2) 6.2 (3.9) 1 (4.0)
MOCA3* 28.5(1.5) 27.7 (1.8) 26.7 (2.2) 28 4(1. o)
BMIT>©6 23.0 (2.9) 26.0 (4.6) 29.1 (5.1) 23.4 (2.4

Peak VO, (ml/kg per min)>*” 39.0 (7.1) 30.3 (8.4) 23.7 (6.6) 37.0 (5. 3)
Peak VO, ACSM percentile?34 41.9 (25.7) 46.9 (29.3) 18.3 (12.7) 74.6 (11.6)
ACSM VO, percentile min-max 10-90 10-90 10-40 60-90

ASCM, American College of Sports Medicine; F, number of females; BMI, body mass index; CES-D, Center for Epidemiologic Studies Depression
Scale; HFOA, higher fit older adults; LFOA, lower fit older adults; MOCA, Montreal cognitive assessment; OA, older adults; YA, young adults.

T0A > YA.
2HFOA > YA.
3HFOA > LFOA.
YA > LFOA.
°LFOA > HFOA.
SLFOA > YA.
YA > OA.
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well as through local libraries, YMCAs, and track (run-
ning) meets. Participants included in the study did not
have any notable medical or neurological illness or history
of head trauma. Participants completed a telephone-based
comprehensive health screen consisting of ~150 questions
to rule out major medical (e.g., myocardial infarction,
vascular disease), neurological (e.g., Alzheimer’s disease,
Parkinson’s disease, multiple sclerosis), psychiatric (e.g.,
bipolar disorder, schizophrenia), or substance abuse issues
that might affect cognition. Additional exclusion criteria
included education less than grade 12, and contraindica-
tions to cardiopulmonary exercise testing (CPX) or MRI.
Participants were screened for depression using a cut-off
score of 16 on the Center for Epidemiologic Studies
Depression Scale (CES-D) 20-item version. Mental status
was assessed using the Montreal Cognitive Assessment
(MOCA; http://www.mocatest.org/), and participants with
scores <23 were excluded.

Cognitive data are reported elsewhere.”® All participants
gave written informed consent and received financial
compensation. The VA Boston Healthcare System institu-
tional review board approved all experimental procedures.

Cardiopulmonary exercise testing

An exercise physiologist and a cardiologist of the VA Bos-
ton Healthcare system supervised all sessions. Graded
maximal exercise testing in association with air-gas-
exchange was conducted using a 2-min Bruce protocol”’
on a motor driven Woodway Barimill treadmill. A light-
weight disposable pneumotach device was positioned in
the participant’s mouth during exercise for gas exchange
assessments (MedGraphics Ultima II). Peak oxygen con-
sumption (VO,) and respiratory exchange ratio were
measured, as well as maximum heart rate, blood pressure,
and ECG waveforms. Self-reported ratings of perceived
exertion were collected at 1 min intervals using the 20-
point Borg Scale. Peak VO, was considered valid if at least
two of the following criteria were met: (1) respiratory
exchange ratio >1.0, (2) Maximum heart rate equivalent to
85% of the age-predicted maximum (i.e., 220 — age), (3)
Ratings of perceived exertion >17, which corresponds to an
exertion level of “very hard” (a rating of 20 represents
“maximal exertion”).

Image acquisition and processing

All participants underwent structural MRI on a 3 T Sie-
mens Tim Trio scanner with a 12-channel head coil located
at the Jamaica Plain campus of the VA Boston Healthcare
System. A whole-brain T1-weighted magnetization pre-
pared rapid acquisition gradient echo (MP-RAGE)
sequence, empirically optimized for a high contrast to noise
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ratio, was acquired in the sagittal plane: TR = 2530 msec,
TE = 3.32 msec, TI = 1100 msec, flip angle = 7°, slices =
176, slice thickness = 1 mm, FOV = 256, matrix = 2567,
voxel size = 1 mm’. A whole-brain high-resolution diffu-
sion-weighted sequence was acquired in the axial plane with
the following parameters: directions = 60 with an addi-
tional 10 T,-weighted “low b” images (b value = 0 sec/
mm?) for anatomical reference, TR = 10 sec, TE =
103 msec, slices = 64, slice thickness = 2 mm, FOV = 256,
matrix = 1287 voxel size = 2 mm’, b value = 700 sec/mm”.

Diffusion data were processed using The Oxford Centre
for Functional Magnetic Resonance Imaging of the Brain
(FMRIB) software library (FSL version 4.1; www.fmrib.ox.
ac.uk/fs])*® and the FreeSurfer image analysis suite (http://
surfer.nmr.mgh.harvard.edu). The dt_recon command, as
implemented in FreeSurfer, was used for eddy current and
motion correction. A 12-parameter affine transformation
process with FMRIB’s Linear Image Registration Tool
(FLIRT) was used for within-subject image registration
(e.g., the low b volume was collected using identical
parameters as the diffusion-weighted volumes and thus
registered with the diffusion maps, within-subject registra-
tion of the MP-RAGE and diffusion images). Diffusion
tensor reconstruction (including the six components, three
eigenvectors and three eigenvalues) were calculated for
each voxel using a least-squares fit to the diffusion signal.*’
To remove non-brain voxels from the analysis, the low b
volume was skull stripped using FSL’s brain extraction tool
(BET), and the resulting brain mask applied to the frac-
tional anisotropy (FA) maps. FA, the most common metric
reported in diffusion studies, measures the primary direc-
tion of diffusion of water molecules, and is considered to
reflect myelination, fiber density, and axonal diameter. FA
values range between 0 and 1, with higher values assumed
to reflect greater white matter integrity. Voxelwise statisti-
cal analysis of the FA data was carried out using Tract-
Based Spatial Statistics (TBSS®") as implemented in FSL.
All subjects’ FA data were aligned into MNI152 space
using the nonlinear registration tool FNIRT, which uses a
b-spline representation of the registration warp field. Next,
the mean FA image was created and thinned to create a
mean FA skeleton that represents the centers of all tracts
common to the group. Maps were threshold to exclude
voxels with FA values <0.2 that may reflect multiple tissue
types or crossing fibers. Each subject’s aligned FA data was
then projected onto this skeleton, manually inspected to
confirm accurate registration, and the resulting data fed
into voxelwise cross-subject statistics.

Statistical approach

Whole-brain DTI analyses were implemented using FSL’s
Randomise, a tool designed for permutation testing with

690 © 2015 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.


http://www.mocatest.org/
http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl
http://surfer.nmr.mgh.harvard.edu
http://surfer.nmr.mgh.harvard.edu

S. M. Hayes et al.

nonparametric values. Whole-brain analyses were com-
pleted using the threshold-free cluster enhancement
option (which allows for the identification of significant
clusters of voxels without choosing an arbitrary thresh-
old), 5000 permutations for each contrast (e.g.,
OA < YA), variance smoothing (5 mm), and threshold at
P < 0.05, corrected for multiple comparisons (family-wise
error rate). Age-related white matter decline was exam-
ined by comparing FA values in OA and YA (OA < YA),
controlling for gender, education (years), and depression
(CES-D) score. Differential effects of CRF on FA within
YA and OA were examined by modeling a continuous co-
variate interaction term (peak VO, by age group), con-
trolling for gender, education, and depression score.
Statistical analyses of behavioral and region of interest
(ROI) data were performed using SPSS, version 19 (IBM
Corp., Armonk, NY), with the alpha level for results set
at P < 0.05.

Automated ROl segmentation

To localize significant voxels and extract FA data for ROI
analyses and plotting purposes, we used a neuroanatomy
atlas®' that merged the parcellations from the John Hop-
kins White Matter Parcellation Atlas and the FreeSurfer
atlas. These atlases provide complementary data, with the
John-Hopkins White Matter Parcellation Atlas providing
detailed labeling of deeper white matter structures,
regions, and tracts, and the FreeSurfer atlas providing
parcellations of white matter that extends to the cortical
surface. The data plotted in the figures represent voxels
that were significant in the voxel-wise analysis within a
particular ROI, rather than FA from the entire ROL.

Results

Cardiorespiratory fitness

There was no difference in the American College of Sports
Medicine (ACSM) percentile scores in YA and OA t (57)
<1, P = ns, indicating that both groups were equivalently
fit relative to their age and gender-based norms. ACSM
percentile scores for both YA and OA ranged from the
10th—90th percentile (Table 1), and mean percentile scores
for YA and OA were not significantly different from the
50th percentile. Thus, both the YA and OA were represen-
tative samples in terms of CRF levels based on peak VO,.

Effect of age on white matter
microstructure

Controlling for gender, education, and depression score,
widespread reductions in white matter microstructure

CRF is Associated With Neural Structure in Aging

were evident with aging (Fig. 1A), as OA showed lower
FA relative to YA in the genu and body of the corpus
callosum, corona radiata, and fornix, among other
regions. Table S1 provides a comprehensive list of white
matter regions showing age-related decline, as well as the
percent of the region showing an age-effect (calculated by
dividing the number of voxels showing an age effect by
the total number of voxels of the ROI within the TBSS
skeleton). No regions showed greater FA values in OA
relative to YA.

Differential effect of CRF in YA and OA

A significant peak VO, by age group interaction was
observed in multiple white matter regions, in which peak
VO, was more strongly associated with FA in OA relative
to YA, again controlling for gender, education, and depres-
sion score (Fig. 1B; Table 2). This pattern was observed in
regions associated with age- and AD-related white matter
decline, including the genu and body of the corpus callo-
sum, fornix, precuneus, as well as other regions (see Table
S2 for a comprehensive list; see Fig. 1C for the ROIs used
to extract FA values plotted in Fig. 1A and B).

For comparison purposes, the FA maps showing a
main effect of age and a significant interaction were over-
laid on the same template, illustrating regions that over-
lap (Fig. 1D). No brain region showed a pattern in which
CRF was more strongly associated with FA in YA relative
to OA. Furthermore, a whole-brain TBSS analysis exam-
ining the relationship between FA and peak VO, in YA
only did not reveal any significant FA-peak VO, associa-
tions in the YA.

To further illuminate the relationship between CRF
and white matter microstructure in OA, FA values from
the five ROIs showing the strongest interaction effect were
extracted and entered into separate hierarchical regression
models. This approach allows for the simultaneous exami-
nation of multiple predictors of FA (peak VO,, age, gen-
der, education, and depression score) in OA in familiar
statistical terms, with the caveat that these values likely
represent an over-estimation because the voxels were
selected based on the results of the TBSS voxel-wise
analysis. In Step 1 of each model, peak VO, was entered
to examine whether CRF was a significant predictor of FA
in OA. In Step 2, age, gender, education, and depression
score were entered as predictors of FA. This approach
allows one to determine whether CRF by itself can
account for the majority of variance associated with FA
values in OA. Indeed, this pattern was observed in all five
ROIs, as Step 1 (peak VO,) was significant in the model
for each ROI (Table 3), whereas Step 2 (age, gender, edu-
cation, and depression score) did not significantly
improve model fit for any of the ROIs. When the order
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Figure 1. (A) White matter regions with reduced FA in older adults relative to younger adults (blue), as well as bar graphs of mean FA (error bars
represent SD) of selected regions showing some of the strongest age effects. Blue numbers near the anterior portion of the brain represent MNI
coordinates of the image in the z-direction. (B) White matter regions showing a significant peak VO, by age group interaction (red), driven by a
positive relationship between FA and peak VO, in older adults and no relationship in younger adults. Scatter plot and best-fit line for YA (orange) and
OA (blue) in selected regions showing the strongest interaction. (C) ROIs used to extract data plotted in (A and B). (D) Overlap (pink) of age-effect
(blue) and peak VO, by age group interaction (red). Pink regions show both the main effect of age-related decline and the peak VO, by age group
interaction. Statistical maps were dilated using tbss_fil to facilitate visualization. acr, anterior corona radiata; ant, anterior; cc, corpus callosum; FA,
fractional anisotropy; ROI, region of interest; L, left; OA, older adults; scr, superior corona radiata; sup, superior; ss, sagittal stratum; YA, young adults.
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Table 2. White matter regions showing peak VO, by age group interaction (listed by descending t-value within each lobe), as well as results of
ANCOVA comparing YA, HFOA, and LFOA.

Volume Mean ANCOVA
White matter region Hem (mm?) % ROI t-value SD F-value ANCOVA follow-up
Frontal
Pars orbitalis L 30 47.6 1.84 0.57 2.77 YA > LFOA
Superior frontal R 922 30.7 1.81 0.60 12.17 YA > HFOA > LFOA
Body of cc M 1964 62.6 1.86 0.63 10.82 YA > HFOA > LFOA
Ant limb of ic L 90 11.0 1.81 0.53 6.28 YA and HFOA > LFOA
External capsule L 642 44.9 1.80 0.64 3.67 YA and HFOA > LFOA
Pars opercularis L 325 35.5 1.76 0.61 11.65 YA > HFOA > LFOA
Genu of cc M 776 441 1.68 0.53 9.44 YA > HFOA > LFOA
Parietal
Pos corona radiata L, R 409, 524 54.5, 63.4 1.74, 1.88 0.60, 0.68 5.52, 6.73 YA and HFOA > LFOA,
YA and HFOA > LFOA
Postcentral R 445 34.2 1.79 0.70 2.47 YA and HFOA > LFOA
Pos thalamic radiation R 540 47.2 1.75 0.64 6.73 YA > HFOA and LFOA
Paracentral R 312 40.4 1.72 0.49 4.83 YA and HFOA > LFOA
Superior parietal L 857 26.3 1.71 0.61 6.88 YA and HFOA > LFOA
Precuneus L 293 22.8 1.70 0.51 9.01 YA > HFOA > LFOA
Temporal
Temporal pole R 39 32.2 2.48 0.96 1.52 (ns)
Fornix (stria) L, R 104, 150 25.9,47.9 1.81, 1.94 0.64, 0.63 4.14, 4.70 YA > LFOA, YA > HFOA
and LFOA
Sagittal stratum L, R 311, 382 64.9, 64.1 1.94, 1.76 0.81, 0.59 3.66, 3.65 YA and HFOA > LFOA,
YA and HFOA > LFOA
Superior temporal L 1M 40.8 1.81 0.67 417 YA and HFOA > LFOA
Banks sts L 185 33.6 1.77 0.51 9.95 YA and HFOA > LFOA
Occipital
Cuneus L, R 152, 122 37.7,53.3 1.75, 1.71 0.55, 0.56 2.49, 2.18 (ns) YA > LFOA
Pericalcarine R 409 49.7 1.74 0.60 6.14 YA and HFOA > LFOA
Fusiform L, R 317, 684 19.4, 43.7 1.70, 1.71 0.60, 0.50 3.49, 3.10 YA and HFOA > LFOA,
YA and HFOA > LFOA
Splenium of cc M 784 34.1 1.71 0.53 3.83 YA and HFOA > LFOA
Lateral occipital L 312 22.9 1.69 0.59 7.00 YA > HFOA > LFOA

Percent of ROI represents the percentage of the TBSS skeleton ROl showing the peak VO, by age group interaction. Mean and SD are based on
t-values of each voxel within the ROI. Two values within a single cell represent the left and right region, respectively. ANCOVA, analysis of covari-
ance; YA, young adults; HFOA, higher fit older adults; LFOA, lower fit older adults; ROI, region of interest; L, left; R, right; cc, corpus callosum;
M, mid-line; ant, anterior; ic, internal capsule; pos, posterior; sts, superior temporal sulcus; TBSS, Tract-Based Spatial Statistics.

of variable entry into the model was reversed (age, gen-
der, education, and depression entered in Step 1 and peak
VO, entered in Step 2), peak VO, remained a significant
predictor of FA in four of the five ROIs, accounting for
an additional 20-26% of the variance over and above age,
gender, education, and depression score (Table S3). The
results were not significantly altered when diagnosis of
hypertension or diabetes were also included in the
models.

Comparison of FA in YA, higher fit OA, and
lower fit OA

Although the continuous interaction approach demon-
strated a positive association between peak VO, and FA

in OA, it does not allow us to directly compare white
matter integrity in OA with peak VO, values similar to
those of YA. In order to do so, OA were classified as
lower fit or higher fit and both groups were compared
to YA. Classification of OA was based on their peak
VO, percentile scores (each subject’s percentile score is
derived from their peak VO, (mL/kg per min) relative
to age and gender-matched norms from the ACSM),
with OA who scored in the 10th—40th percentile classi-
fied as lower fit and OA in the 60th-90th percentile
classified as higher fit. OA who scored in the 50th per-
centile (n=3) were excluded from this analysis given
that classification as lower or higher fit would have been
arbitrary. Table 1 shows the characteristics of the lower
and higher fit OA, and the last row of Table 1 shows
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Table 3. Results of hierarchical regression models to elucidate the relationship between peak VO, and FA in OA.

S. M. Hayes et al.

R-value AR? AF Model F-value

Right temporal pole
Step 1 (peak VO,) 0.59 0.35 13.26, P < 0.001 13.26, P < 0.001
Step 2 (age, gender, 0.71 0.15 1.58, P=ns 4.17, P < 0.01
educ, CES-D)

Right fornix (stria terminalis)
Step 1 (peak VO,) 0.47 0.22 6.95, P < 0.05 6.95, P < 0.05
Step 2 (age, gender, 0.68 0.24 231, P=ns 3.53, P < 0.05
educ, CES-D)

Left sagittal stratum
Step 1 (peak VO,) 0.63 0.39 16.20, P < 0.001 16.20, P < 0.001
Step 2 (age, gender, 0.76 0.18 2.22,P=ns 5.65, P < 0.005
educ, CES-D)

Right posterior corona radiata
Step 1 (peak VO,) 0.61 0.37 14.51, P < 0.001 14.51, P < 0.001
Step 2 (age, gender, 0.74 0.18 2.02, P=ns 4.99, P<0.01
educ, CES-D)

Body of the cc
Step 1 (peak VO,) 0.54 0.29 10.16, P < 0.005 10.16, P < 0.005
Step 2 (age, gender, 0.72 0.23 243, P=ns 4.45, P<0.01

educ, CES-D)

FA, fractional anisotropy; OA, older adults; cc, corpus callosum; CES-D, Center for Epidemiologic Studies Depression Scale.

the mean percentile score as well as the min and max
percentile scores for lower and higher fit OA. FA values
of YA, higher fit OA, and lower fit OA were directly
compared using analyses of covariance (ANCOVAs)
(gender, education, and depression score were entered as
covariates) followed up with Tukey’s HSD test. ROIs
were based on regions showing a significant peak VO,
by age group interaction. In a number of regions,
including the sagittal stratum, posterior corona radiata,
right superior parietal white matter, and splenium of the
corpus callosum, there were no differences in FA values
in YA and higher fit OA, and both groups had higher
FA values than lower fit OA (Table 2; Fig. 2A and C).
This pattern is consistent with the notion that direc-
tional diffusion was equivalent in these regions between
higher fit OA and YA. In other regions, such as the
body and genu of the corpus callosum, precuneus, and
right superior frontal white matter, FA values were
greater in higher fit OA relative to lower fit OA, but
both groups had lower FA values than YA. Interestingly,
regions that differed in FA between high and lower fit
OA were predominantly posterior white matter regions
(Table 2; Fig. 2B and C).

Discussion

The current study yielded three main findings. First, CRF
was positively associated with white matter microstructure
in OA. Second, while peak VO, was positively associated

with white matter microstructure in OA, no relationship
was evident in YA. Finally, classification of OA based on
peak VO, revealed that white matter microstructure in
multiple brain regions was intact in higher fit OA com-
pared to YA, with higher values observed in both groups
relative to lower fit OA. Other regions showed the great-
est FA values in YA, followed by higher fit OA and then
lower fit OA.

CRF positively linked to white matter
microstructure in OA but not YA

Using a direct assessment of peak VO,, we found that
CRF was positively associated with white matter micro-
structure in OA. These results extend and strengthen the
extant literature, which has often linked CRF and white
matter microstructure using indirect assessments of fitness
(physical activity questionnaires) or a ROI approach.
Here we implemented a DTI sequence and whole brain
tract-based analyses capable of identifying specific white
matter tracts and their relationship with peak VO,. Our
results indicate that FA values within multiple white mat-
ter tracts exhibit positive associations with peak VO, in
OA, and that these associations are evident in some of
the same regions that decline with aging (Fig. 1D). We
further quantified the extent of the relationship between
peak VO, and FA values using hierarchical regressions,
and found that peak VO, accounts for roughly 20-40%
of variance in FA in OA, with age, gender, education, and
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Figure 2. (A) White matter regions showing equivalent white matter integrity (FA) in YA and higher fit OA, with both groups having higher FA
than lower fit OA. (B) Regions showing greater FA in YA, followed by higher fit OA, and then lower fit OA. (C) Examples of mean FA values
(error bars represent sd) of YA and OA classified as higher- or lower- cardiorespiratory fitness (CRF) based on a median split of peak VO,
percentiles from the American College of Sports Medicine. cc, corpus callosum; L, left; pcr, posterior corona radiata; R, right; sag, sagittal; sup,

superior; FA, fractional anisotropy; YA, young adults; OA, older adults.

depression scores unable to account for additional vari-
ance in the five regions examined. Further, peak VO,
accounted for roughly 20% of the variance in FA in four
of the five regions examined when it was entered into the
model after age, gender, education, and depression scores,
indicating that peak VO,-FA associations are not simply
accounted for by correlations with age, gender, education,
or depression.

Our results confirm and extend previous studies exam-
ining the corpus callosum, a white matter pathway sus-
ceptible to age-related decline as well as effects of
cardiovascular fitness. First, by including YA, we were
able to observe an anterior—posterior gradient in decline
in callosal microstructure: both the genu and body of the
corpus callosum had significantly lower FA in OA relative

© 2015 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

to YA, whereas the majority of the splenium was intact
(Fig. 1A; sagittal section).”®>® Second, CRF was positively
associated with integrity of the body and genu of the cor-
pus callosum in OA (Fig. 1B; Table 2). Our work repli-
cates and extends the findings of a previous DTI study of
relatively fit OA (mean ACSM VO, percentile of nearly
90% for males and 60% for females).”® Like Johnson
et al., we found that CRF is positively associated with
integrity of the body of the corpus callosum, but in our
sample, this positive association also extends to the genu
of the corpus callosum (Fig. 1B; Table 2). Third, we show
that despite a positive association with FA, CRF does not
eliminate age-related decline in FA in this region, as
higher fit OA had lower FA values than YA. Finally, our
results demonstrate that this relationship is specific to
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OA, as a positive association was not observed in our YA
sample.

Our finding that CRF was associated with white matter
microstructure in OA but not YA is consistent with the
age-dependence hypothesis.”* According to the age-
dependence hypothesis, CRF impacts cognition and the
brain during childhood, exerts minimal influence during
young adulthood when indicators of neural structure and
function are typically at their lifetime peak, but may again
positively impact brain structure and function in OA as
cognitive decline begins in later adulthood. Preliminary
support for this hypothesis is based on a study showing
enhanced white matter microstructure in high-fit children
relative to low-fit children,®® as well as data from the cur-
rent study linking peak VO, and white matter micro-
structure in OA, but not YA. Additional studies
examining the relationship between CRF and white mat-
ter across the life span are needed to further evaluate the
age-dependence hypothesis.

Comparison of white matter microstructure
in YA, higher fit OA, and lower fit OA

The current results support the notion that CRF contrib-
utes to successful brain aging. When OA were classified
according to ACSM normative values, age-related differ-
ences in FA were eliminated in multiple white matter
regions in higher fit OA, including white matter in lateral
parietal lobes, as well as temporal and occipital regions.
Furthermore, other white matter regions such as the genu
and body of the corpus callosum, and white matter adja-
cent to the superior frontal gyrus and precunues, exhib-
ited higher FA values in higher fit OA relative to lower fit
OA, although FA values of the higher fit OA were lower
than the YA. Nevertheless, these data provide further evi-
dence that CRF may positively impact white matter
microstructure in OA.

CRF is not a panacea for age-related neural decline, as
multiple white matter regions that decline with age were
not associated with peak VO,, indicating that there is
regional specificity in the associations between peak VO,
and FA. Interestingly, white matter regions demonstrating
an association between FA and peak VO, were prevalent
in posterior brain regions, whereas anterior brain regions
tended to be more resistant to an association with peak
VO,. For instance, results of our ANCOVA demonstrated
equivalent FA values in YA and higher fit OA, both greater
than lower fit OA, in multiple parietal and temporal
regions (Fig. 2A and C), yet failed to show a statistical dif-
ference in high and lower fit OA in multiple long white
matter tracts connecting the frontal lobes to the parietal
lobes or occipital/parietal association cortex. Interestingly,
the sagittal stratum ROI, which consists of the inferior

S. M. Hayes et al.

longitudinal fasciculus and the inferior fronto-occipital
fasciculus, showed a pattern in which FA was equivalent in
YA and higher fit OA, with both groups have greater FA
relative to lower fit OA only in posterior regions (predom-
inately in the temporal lobes) of the anatomical ROI. No
such pattern was observed in the anterior portions of the
ROI that extended to the frontal lobes (i.e., the anterior
portion of the fronto-occipital fasciculus). Furthermore,
visual inspection of Figure 1B reveals relatively sparse
association between FA and CRF in regions of lateral pre-
frontal white matter in OA, although there was evidence
of an association in anterior inter-hemispheric connections
such as the genu and body of the corpus callosum.

CRF likely impacts neural integrity via multiple mecha-
1136 Animal studies have linked wheel-running to
enhanced neurogenesis, synaptogenesis, and angiogenesis
(formation of new neurons, synapses, and blood vessels,
respectively), as well as growth factors that support these
processes (e.g., brain-derived neurotrophic factor).””*®
Exercise has also been associated with enhanced axonal
regeneration” and functional changes in myelin.** The
mechanisms underlying the regional specificity of the

nisms.

CRF-white matter microstructure relationship observed in
the current study are unknown, and will require a better
understanding of how these diverse mechanisms may
impact white matter microstructure.

The multivariate impact of CRF on the brain fosters
substantial enthusiasm that enhanced CRF may attenuate
dementia risk*' and progression.*> Our findings that CRF
may mitigate age-related white matter decline is appealing
for a variety of reasons, including that aerobic activities
that enhance CRF, such as walking, are inexpensive,
accessible, and could potentially improve quality of life by
delaying cognitive decline and prolonging independent
function. A recent report has indicated that physical
activity, which can enhance CRF, is positively associated
with white matter microstructure in a sample of low fit
OA.*> Additional research is needed to clarify the impact
of specific exercise programs (e.g., strength, aerobic, or
combined training) or dose of exercise (frequency, inten-
sity, duration) on white matter microstructure, as well as
to distinguish the impact of physical activity and CRF on
white matter microstructure.

Limitations

The current study was cross-sectional, and other cohort
factors such as genetics, diet, or blood pressure could
have influenced the results. The current study reports
associations between CRF and white matter microstruc-
ture, and does not necessarily represent a causal relation-
ship between CRF and white matter microstructure.
Although YA, like OA, represented the full spectrum of
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ACSM percentile scores and had a similar ranges in raw
peak VO, values (YA range: 30.8; OA range: 34.0), it is
possible that the lack of association observed within YA
may be attributable to a limited sample size. The sample
had limited ethnic and racial diversity.
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