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Older adult apolipoprotein-E epsilon 4 (APOE-ε4) allele carriers vary considerably in the expression of clinical
symptoms of Alzheimer's disease (AD), suggesting that lifestyle or other factors may offer protection from AD-
related neurodegeneration. We recently reported that physically active APOE-ε4 allele carriers exhibit a stable
cognitive trajectory and protection from hippocampal atrophy over 18 months compared to sedentary ε4 allele
carriers. The aim of this study was to examine the interactions between genetic risk for AD and physical activity
(PA) on white matter (WM) tract integrity, using diffusion tensor imaging (DTI) MRI, in this cohort of healthy
older adults (ages of 65 to 89). Four groupswere compared based on the presence or absence of an APOE-ε4 allele
(High Risk; Low Risk) and self-reported frequency and intensity of leisure time physical activity (PA) (High PA;
Low PA). As predicted, greater levels of PA were associated with greater fractional anisotropy (FA) and lower ra-
dial diffusivity in healthy older adults who did not possess the APOE-ε4 allele. However, the effects of PA were
reversed in older adults who were at increased genetic risk for AD, resulting in significant interactions between
PA and genetic risk in severalWM tracts. In theHigh Risk-Low PAparticipants, whohad exhibited episodicmem-
ory decline over the previous 18-months, radial diffusivity was lower and fractional anisotropy was higher, com-
pared to the High Risk-High PA participants. In WM tracts that subserve learning and memory processes, radial
diffusivity (DR)was negatively correlatedwith episodicmemory performance in physically inactiveAPOE-ε4 car-
riers, whereas DRwas positively correlatedwith episodicmemory performance in physically active APOE-ε4 car-
riers and the two Low Risk groups. The common model of demyelination-induced increase in radial diffusivity
cannot directly explain these results. Rather, we hypothesize that PAmay protect APOE-ε4 allele carriers from se-
lective neurodegeneration of individual fiber populations at locations of crossing fibers within projection and as-
sociation WM fiber tracts.

© 2015 Elsevier Inc. All rights reserved.
Introduction

The apolipoprotein-E epsilon4 (APOE-ε4) allele is the only clearly
identified candidate gene for late-onset Alzheimer's disease (AD).
However, it is an imperfect predictor of who will develop clinical
symptoms of the disease (Bird, 2008). The variability in clinicalmanifes-
tation of AD among APOE-ε4 allele carriers suggests that other factors
may offer protection from AD-related neurodegeneration and that in-
terventions aimed at slowing or reversing AD-related processes may
be effective if initiated at a much earlier stage of disease progression
(Sperling et al., 2014). Identification of preclinical biomarkers that re-
flect increased risk from theAPOE-ε4 allelemay permit better prediction
of future cognitive decline and development of targeted interventions
(Bateman et al., 2012; Clark et al., 2008; Reiman et al., 2010; Woodard
et al., 2010). Physical activity (PA), in both cross sectional and prospec-
tive studies, has been shown to protect healthy older adults against cog-
nitive decline (Barnes and Yaffe, 2011; Etgen et al., 2010) and dementia
onset (Beckett et al., 2015) and have beneficial effects on brain structure
(Erickson et al., 2011) and function (Colcombe et al., 2004; Smith et al.,
2013). PA has been shown to have a particularly strong protective effect
among healthy older adult ε4 allele carriers, compared to non-carriers,
in the maintenance of hippocampal volume (Smith et al., 2014) and
cognitive function (Schuit et al., 2001;Woodard et al., 2012), protection
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against the accumulation of brain amyloid (Head et al., 2012), and en-
hancement of semantic memory network activation measured by
fMRI (Smith et al., 2011). However, the neurophysiological mechanisms
associated with the neuroprotective effects of PA in APOE-ε4 allele car-
riers have not been clearly defined.

The APOE-ε4 allele is associated with several biochemical processes
that have been implicated in the etiology of AD (i.e., amyloid deposits,
neurofibrillary tangle formation, neuronal cell death, oxidative stress,
neuroinflammation, synaptic alterations, and cholinergic signaling dys-
function; Lane and Farlow, 2005; Poirier, 2000).Whitematter fiber tract
integrity, as measured by diffusion tensor imaging (DTI), is a biomarker
that has been shown to be compromised in AD and MCI patients. Indi-
viduals diagnosed with mild cognitive impairment and AD exhibit
greater isotropic patterns of water diffusivity (i.e., lower fractional an-
isotropy (FA); greater mean (MD), axial (DA), and radial (DR) diffusiv-
ity) that may reflect disease-related neurodegenerative processes
within neural networks (Bosch et al., 2012). In comparison, very few
differences have been reported between healthy cognitively intact
APOE-ε4 allele carriers and non-carriers using DTI indices of white mat-
ter integrity (Gold et al., 2010;Nyberg and Salami, 2014). The absence of
large-scale differences may result from the potential moderating role of
PA, which was not taken into consideration in these studies.

Greater levels of PA have been associated with greater FA and lower
MD within select AD-relevant fiber tracts in healthy older adults
(Johnson et al., 2012; Marks et al., 2011; Tian et al., 2014a; Tseng
et al., 2013). However, the size of these effects have been relatively
small and reported in only a few selected tracts, perhaps because DTI
studies assessing the effects of PA did not consider genetic risk for AD
as a moderating variable. The possible differential effect of PA on DTI
measures of white matter fiber tract integrity in healthy older adult
APOE-ε4 allele carriers and non-carriers has not been reported.

We recently published a series of papers that have examined the
moderating effect of PA on indices of brain structure and brain function
based on a cohort of healthy older adults who participated in a 5-year
longitudinal observational study (Rao et al., 2015). We previously re-
ported that over an 18-month period, greater levels of PA in APOE-ε4
allele carriers significantly reduced the risk for cognitive decline
(Woodard et al., 2012) and preserved hippocampal volume (Smith
et al., 2014) compared to physically inactive carriers. Moreover, we
found that physically active APOE-ε4 allele carriers showed a greater in-
tensity of brain activation during a semantic memory task. This in-
creased activation also predicted stability of cognitive function over 18
months in this cohort (Woodard et al., 2010). In the current study, we
examined the interactive effects of two levels of PA participation and
the presence or absence of the APOE-ε4 allele on DTI indices of white
matter tract integrity. These DTI data were not available at baseline
but were collected 18months after baseline, when a disproportionately
greater proportion of physically inactive APOE-ε4 allele carriers had ex-
perienced cognitive decline and hippocampal atrophy relative to phys-
ically active carriers. Based on the previous literature, we hypothesized
that greater PA would be related to greater FA and lower rates of radial
water diffusion in white matter tracts, and that greater genetic risk
would be associated with lower FA and greater rates of radial water dif-
fusion. Furthermore, we hypothesized that thesemain effects of PA and
genetic risk would be secondary to significant interactions between ge-
netic risk and PA, such that PA would benefit APOE-ε4 allele carriers
more than APOE-ε4 allele non-carriers.

Method

Participants

Healthy adults between the ages of 65 and 89 were recruited from
newspaper advertisements. A telephone screen was administered
initially to 459 individuals to determine eligibility based on inclusion/
exclusion criteria. Potential participants were excluded if they reported
a history of cognitive deterioration and/or dementia, neurological
disease (cerebral ischemia, vascular headache, carotid artery disease,
cerebral palsy, epilepsy, brain tumor, chronic meningitis, multiple
sclerosis, pernicious anemia, normal-pressure hydrocephalus, HIV in-
fection, Parkinson's disease, and Huntington's disease), medical ill-
nesses (untreated hypertension, glaucoma, and chronic obstructive
pulmonary disease), major psychiatric disturbance or substance abuse
generally consistent with DSM-IV Axis I criteria or a Geriatric Depres-
sion Scale (GDS) score greater than 15. Participants were allowed to
take cardiovascular drugs.

To enrich the sample with a higher percentage of APOE-ε4 carriers,
half the sample was recruited based on a family history of dementia
because the APOE-ε4 allele is more common in individuals with a family
history of dementia than among those without such a history (Sager
et al., 2005). Family history was defined as a report of a clear clinical di-
agnosis of AD or a reported history of gradual decline in memory and
other cognitive functions, confusion, or judgment problems without a
formal diagnosis of AD prior to death in a first-degree relative. As
expected, a family history of AD was more common in APOE-ε4 allele
carriers (n=24; 70.6%) than non-carriers (n=25; 46.3%) (chi-square=
4.99; p= .026).

Of those who met criteria, 99 completed testing at the 18-month
follow-up (when the current DTI pulse sequence was initiated) and
had agreed to undergo APOE genotyping from blood samples, complete
a PA questionnaire, be administered a brief neuropsychological and be-
havioral assessment, and undergo amagnetic resonance imaging (MRI)
scan session. Diffusion tensor and structural MRI scans were available
from 88 of 99 (88.9%) participants. DTI data from six participants were
not collected due to time constraints or the participants’ desire to end
the scan session; data from three participants were lost due to technical
errors and data corruption; one participant (Low Risk-High PA group)
was excluded as an outlier; and one participant did not undergo the
MRI scan session. From the final pool of 88 participants (87 Caucasian,
1 African American), four subgroups were formed based on the ab-
sence/presence of one or both APOE-ε4 alleles (Low Risk vs. High Risk)
and self-reported frequency of leisure time PA (Low PA vs. High PA).

This study was approved by the institutional review board at the
Medical College of Wisconsin and conducted in accordance with the
Helsinki Declaration. Written informed consent was obtained and all
participants received modest financial compensation.

Physical activity

Frequency and intensity of leisure time PAwere measured using the
Stanford Brief Activity Survey (SBAS) (Taylor-Piliae et al., 2006). There is
good evidence for the reliability and validity of SBAS scores to assess ha-
bitual PA in adults and older adults. (Taylor-Piliae et al., 2010;
Taylor-Piliae et al., 2007; Taylor-Piliae et al., 2006). For moderate inten-
sity PA, the SBAS had a sensitivity of 0.73 and a specificity of 0.61
(Taylor-Piliae et al., 2006). Participants who endorsed one of the two
items indicating two or fewer days of low intensity PA (ranging from
no PA to slowwalking or light chores)were classified as physically inac-
tive (Low PA). Participants endorsing one of the remaining three items
describing moderate to vigorous intensity PA three or more days per
week (ranging from brisk walking, jogging or swimming for 15 min or
more, or moderately difficult chores for 45min, to regular jogging, run-
ning, bicycling or swimming for 30 min or more, or playing sports such
as handball or tennis for an hour or more) were classified as physically
active (High PA) (Smith et al., 2011; Smith et al., 2014; Woodard et al.,
2012).

Genetic testing

APOE genotype was determined using a polymerase chain reaction
method (Saunders et al., 1996). Deoxyribonucleic acid was isolated
with Gentra Systems Autopure LS for Large Sample Nucleic Acid
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Purification. Participants with one or both APOE-ε4 alleles were classi-
fied as High Risk for developing AD and the remainder classified as
Low Risk. APOE genotype results for the four groups were as follows:
Low Risk-High PA (n = 21: 3 ε2/ε3 and 18 ε3/ε3), Low Risk-Low PA
(n = 33: 5 ε2/ε3 and 28 ε3/ε3), High Risk-High PA (n = 20 18 ε3/ε4
and 2 ε4/ε4), and High Risk-Low PA (n = 14: 1 ε2/ε4 and 13 ε3/ε4).

Neuropsychological testing

Cognitive functioning was determined from a neuropsychological
test battery (Woodard et al., 2009) consisting of the Mini-Mental State
Examination (MMSE; Folstein et al., 1975), Mattis Dementia Rating
Scale, 2nd Edition (DRS-2; Jurica et al., 2001), and the Rey Auditory Ver-
bal Learning Test (RAVLT; Rey, 1958), measures commonly used to as-
sess general cognitive status and anterograde memory impairment. In
addition, the Geriatric Depression Scale (GDS) (Yesavage, 1988) and
Lawton Activities of Daily Living (ADL) scale (Lawton and Brody,
1969) were both administered along with the neuropsychological
assessments.

Data collection

Participants underwent reviews of their medical and psychosocial
history, completed the neuropsychological test battery (MMSE, DRS-2,
RAVLT, GDS, ADL), and underwent functional and structural MRI scan-
ning at baseline and 18 months. Only data from the 18-month follow-
up are reported here since the DTI scans were collected only during
this examination. We incorporated the baseline neuropsychological
testing to calculate the number of participants who experienced a
significant cognitive decline over the previous 18-month follow-up
(for details, see Woodard et al., 2012).

Structural image acquisition
DTI and high-resolution anatomical imageswere collected on a Gen-

eral Electric (Waukesha, WI) Signa Excite 3.0 T short bore scanner at
Froedtert Hospital (Milwaukee, WI). Foam padding was used to reduce
headmovementwithin the coil. High-resolution anatomical scans were
obtained from a three-dimensional spoiled gradient-recalled at steady-
state (SPGR) pulse sequence (TE = 3.9 ms; TR = 9.5 ms; inversion
recovery (IR) preparation time = 450 ms; flip angle = 12°; number of
excitations (NEX) = 2; slice thickness = 1.0 mm; field of view
(FOV) = 24 cm; resolution = 256 × 224; slices = 144).

Diffusion tensor imaging
Whole brain (35 axial slices; 4mm)diffusion tensor imageswere ac-

quired with 25 encoding directions (b = 1000 s/mm2; TE = min
(86.5 ms); TR = 10, 000 ms; FOV = 240 mm, matrix = 128 × 128;
acquisitions= 1). Images were smoothed at 6 mm FWHM to eliminate
Gibbs ringing. Head movement and eddy currents were corrected and
the Brain Extraction Tool (BET; Smith, 2002) was applied to exclude
non-brain voxels. Each diffusion-weighted image was registered to the
corresponding b0 image (no diffusion encoding). Fractional anisotropy
(FA), mean diffusivity (MD), axial diffusivity (DA), and radial diffusivity
(DR) images were created by fitting a tensor model to the raw diffusion
data using the FSL Diffusion Toolbox (Behrens et al., 2003).

DTI processing methods

DTI data were first processed using the Tract-Based Spatial Statistics
(TBSS Smith et al., 2006) program found in FSL 4.0 image processing
software (http://www.fmrib.ox.ac.uk/fsl/tbss/index.html) to create a
mean white matter skeleton. Specifically, all FA images were aligned
to the FMRIB58 standard image in cubic 1 mm standard space. FA im-
ages were averaged and a skeleton created with an FA threshold of 0.2
representing tracts common to all participants. This method of “thin-
ning” each white matter tract perpendicular to the tract and applying
a threshold for FA helps to eliminate the threat of partial volume effects
and areas of high inter-subject variability (Smith et al., 2006). Each
participant's maximum FA value from the nearest relevant tract center
was assigned to the corresponding skeleton voxel, which corrects for re-
sidual misalignments after nonlinear registration. Diffusivity measures
from the same maximum FA voxels were also assigned to the corre-
sponding skeleton voxels.

Following the creation of the FA skeleton, white matter tracts of in-
terest were created using the ICBM DTI-81 white matter atlas (Mori
et al., 2008). The atlas consists of 48 white matter tracts based on ac-
ceptable levels of intra- and inter-rater reliability. Using the Analysis
of Functional NeuroImages (AFNI) software package (Cox, 1996), the
TBSS-derived FA skeleton was overlaid onto the ICBM DTI-81 atlas.
From this conjunction map, mean FA, MD, DA, and DR values were cal-
culated for each subject for each of 25 white matter tracts of interest.
Fig. 1 shows the 25 tracts of interest investigated as represented in the
ICBM DTI-81 atlas. Data were screened and outliers greater than three
standard deviations from the mean were removed (b1% of data).

Statistical analysis

FA,MD, DA, andDR values from eachWM tractwere subjected to a 2
(High Risk vs. Low Risk) × 2 (High PA vs. Low PA) analysis of variance
(ANOVA; SPSS 21, Chicago, IL), with age at the time of the scan as a co-
variate. Significant effects were followed by post-hoc group compari-
sons with the false discovery rate (FDR) threshold used to control the
family-wise error rate with significance at p b .05.

Results

Participant characteristics and cognitive status

Demographic characteristics, neuropsychological test scores, cogni-
tive trajectory over the past 18 months, symptoms of depression, and
activities of daily living are presented for the four participant groups
(Low Risk-High PA, n = 21; Low Risk-Low PA, n = 33; High Risk-High
PA, n = 20; High Risk-Low PA, n = 14) in Table 1. The groups were
not significantly different in age, education, or sex, and were similar in
symptoms of depression and activities of daily living. As reported in
our prior work (Woodard et al., 2010; Woodard et al., 2012), all partic-
ipants were determined to be cognitively intact at the baseline assess-
ment conducted 18 months prior to the data presented in the current
study. As reported in our prior publications (Woodard et al., 2010;
Woodard et al., 2012), the High Risk-Low PA group had a greater pro-
portion of participants who declined by more than 1 SD on either the
RAVLT immediate recall, RAVLT delayed recall or the DRS total score
compared to the High Risk-High PA group and high and low PA non-
carriers.

Interactions between genetic risk and physical activity

Table 2 indicates that significant 2 (Risk) × 2 (PA) interactions were
observed for FA in 13 tracts: three long association (superior longitudi-
nal fasciculus, bilateral sagittal stratum), four limbic association
(bilateral cingulum, bilateral fornix/stria terminalis), and six projection
(bilateral anterior limb of the internal capsule, bilateral anterior corona
radiata, left posterior corona radiata, and left superior corona radiata).
Inspection of the interaction revealed that within the Low Risk groups,
FA was greater in the Low Risk-High PA compared to the Low Risk-
Low PA group. However, the opposite pattern was observed in the
High Risk groups: FA was lower in the High Risk-High PA compared to
the High Risk-Low PA group. Fig. 2 displays mean FA values for each
group in four (of 13) representative tracts in which there was a signifi-
cant interaction between genetic risk and PA. The mean FA values for
each group and the contrasts between groups for FA are shown in
Supplemental Table 1.

http://www.fmrib.ox.ac.uk/fsl/tbss/index.html


Fig. 1. (Top)Axial (inferior to superior from left to right), coronal (rostral to caudal from left to right), and sagittal (left hemisphere to right hemisphere from left to right) views of thewhite
matter fiber tractmask that was created, fromwhich the DTI datawere extracted and compared in the statistical analysis. The colors of each tract represent each of the bilateral or midline
fiber tracts of interest based on the ICBMDTI-81 white matter atlas (Mori et al., 2008); anatomical labels for the tracts are listed in Table 2. (Bottom) Axial (inferior to superior from left to
right), coronal (rostral to caudal from left to right), and sagittal (left hemisphere to right hemisphere from left to right) views of the significant interactions between genetic risk and phys-
ical activity for radial diffusivity, shown in orange. White matter tracts with non-significant interaction effects for radial diffusivity are shown in blue.
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Table 2 also presents significant 2 (Risk) × 2 (PA) interactions for
MD in 12 tracts: four long association (bilateral superior longitudinal
fasciculus, bilateral sagittal stratum), two limbic association (bilateral
cingulum) and six projection (left anterior limb of the internal capsule,
Table 1
Participant Characteristics (mean ± SD; n = 88) and summary result of the 2 (Risk) x 2
(PA) between-groups ANOVAs.

Notes: All neuropsychological indices represent raw scores. Common superscript within
each variable indicates significant differences between groups (p b .05, FDR-corrected);
b
= p b .05, but does not survive FDR threshold for significance. High Risk = APOE-

ε4 allele carrier; PA=physical activity;M=male; F= female;MMSE=Mini-Mental State
Exam; DRS = Mattis Dementia Rating Scale; AVLT = Rey Auditory Verbal Learning Test;
DR = delayed recall; GDS = Geriatric Depression Scale; ADL = activities of daily living.
bilateral anterior corona radiata, right posterior corona radiata, and bi-
lateral superior corona radiata). Analysis of the interactions revealed
that within the Low Risk groups, MD was lower in the Low Risk-High
PA compared to the Low-Risk-Low PA group. However, the opposite
pattern was observed in the High Risk groups; MD was greater in the
High Risk-High PA compared to the High Risk-Low PA group. The
mean MD values for each group and the contrasts between groups for
MD are shown in Supplemental Table 2.

No significant 2 (Risk) × 2 (PA) interactions were observed for DA.
Three tracts (left superior longitudinal fasciculus, right posterior corona
radiata, and right superior corona radiata) reached p b .05, but did not
survive the FDR threshold to control for multiple comparisons
(Table 2). The mean DA values for each group and the contrasts be-
tween groups for DA are shown in Supplemental Table 3.

Table 2 indicates that there were 16 tracts that demonstrated signifi-
cant 2 (Risk) × 2 (PA) interactions for DR: four long association (bilateral
superior longitudinal fasciculus, bilateral sagittal stratum), four limbic as-
sociation (bilateral cingulum-cingulate, right cingulum-hippocampal pro-
jection; right fornix/stria terminalis), and eight projection (bilateral
anterior limb of the internal capsule, bilateral anterior corona radiata, bi-
lateral posterior corona radiata, and bilateral superior corona radiata).
Analysis of the interactions revealed that within the Low Risk groups,
DR was lower in the Low Risk-High PA compared to the Low Risk-Low
PA group. However, the opposite pattern was observed in the High Risk
groups; DR was greater in the High Risk-High PA compared to the High
Risk-Low PA group. Themean DR values for each group and the contrasts
between groups for DR are shown in Supplemental Table 4.



Table 2
Interaction effects (2 Physical Activity (High, Low) × 2 APOE-ε4 Risk (High, Low) for diffusion tensor imaging measures within 25 white matter fiber tracts.

Note: Values in bold italics exceed the false discovery rate (FDR) threshold for significance; other values are p b .05 but did not meet the FDR threshold; ns= not significant; ηp2 = partial
eta-squared; ACR=anterior corona radiata; ALIC= anterior limb of internal capsule; BCC=body of corpus callosum; CGC= cingulum (cingulate gyrus); CGH= cingulum-hippocampal
projection; FxS = fornix (cres)/Stria terminalis; GCC = genu of corpus callosum; PCR = posterior corona radiate; PLIC = posterior limb of internal capsule; SCC = splenium of corpus
callosum; SCR = superior corona radiata; SLF = superior longitudinal fasciculus; SS = sagittal stratum (includes inferior longitudinal fasciculus and inferior fronto-occipital fasciculus);
UNC = uncinate fasciculus.
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The overall pattern of the interaction effects suggests that group dif-
ferences in DR, coupled with the overall lack of group differences in DA,
were driving the interaction effects forMD and FA (which are a function
of the axial diffusivity eigenvector that defines DA and the two radial
diffusivity eigenvectors that define DR). Fig. 2 displays the DR values
for each group in four (of 16) representative tracts in which there was
a significant interaction between genetic risk and PA.
Main effects of genetic risk

No statistically significantmain effects of genetic risk were observed
on FA or DA in any of the 25WMfiber tracts (Supplemental Tables 1 and
3, respectively). There were significant main effects of genetic risk on
MD in six projection tracts (bilateral anterior limb of the internal cap-
sule, left posterior limbof the internal capsule, bilateral posterior corona
radiata, and left superior corona radiata; Supplemental Table 4). There
were significant main effects of genetic risk on DR in four projection
tracts (right anterior limb of the internal capsule, bilateral posterior co-
rona radiata, and left superior corona radiata; Supplemental Table 4).
For each significant main effect, the low risk groups had greater MD
and DR values compared to the High Risk groups (see Supplemental
Tables 2 and 4 for post-hoc comparisons).
Main effects of physical activity

One significant main of effect of PA for FA was seen within the left
fornix/stria terminalis, indicating greater FA on average in the Low PA
groups. The only statistically significant post-hoc comparison indicated
FA was greater in the High Risk-Low PA group compared to the High
Risk-High PA group (Supplemental Table 1). There were no significant
main effects of PA for MD (Supplemental Table 2), DA (Supplemental
Table 3) or DR (Supplemental Table 4).
Associations between radial diffusivity and episodic memory performance

In order to shed light on the unexpected direction of the DR interac-
tions between genetic risk and physical activity, we conducted a post-
hoc analysis to determine if there were differences between the groups
in the relationship between DR and cognitive function. Because the ef-
fect of PA on DR was in the opposite direction than hypothesized in
the two high risk groups, we focused the analysis on the comparisons
between the high and low PA groupswithin each of the two risk groups.
Pearson correlation coefficients were computed between DR and AVLT
Trials 1–5, AVLT immediate recall, and AVLT delayed recall scores in
each of the 25 WM tracts. The resulting magnitudes of the correlations



Fig. 2. (Left) Fractional anisotropy in the four groups of participants within the four WM tracts that had the largest Risk × PA interaction effects. (Right) Radial diffusivity (mm2/s) in the
four groups of participants within the four WM tracts that had the largest Risk × PA interaction effects. Error bars are the SEM.
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betweenDR and theAVLT scoreswere directly compared (using Fisher's
r to z transformation) between the High PA and Low PA groups within
each APOE risk group, and the FDR threshold was applied to determine
the statistical significance of each group comparison. We hypothesized
that radial diffusivity would be negatively correlated with episodic
memory performance in each group (greater DR associated with
lower episodic memory performance), but that the magnitude of the
negative correlations would be attenuated in the High Risk-Low PA
group compared to their High PA counterparts.

As expected, the low risk groups demonstrated significant negative
correlations between DR and AVLT performance and no significant dif-
ferences were observed between High PA and Low PA groups in terms
of the magnitude of the correlations between DR and AVLT scores. In
the Low Risk-High PA group, there were significant negative correla-
tions between DR and AVLT immediate recall in the left cingulum bun-
dle (r = − .38, p = .04), left cingulum-hippocampal tract (r = − .48,
p = .03), and body of the corpus callosum (r = −.50, p = .02); in the
LowRisk-LowPA group, therewere significant negative correlations be-
tween DR and AVLT delayed recall score in the left and right anterior
limb of the internal capsule (r = −.38, p = .04; r = −.37, p = .04, re-
spectively), the right superior corona radiata (r = −.41, p = .02), and
the genu of the corpus callosum (r = −.347, p = .05). Similarly, in
the High Risk-High PA group, there were significant negative correla-
tions between DR and AVLT immediate recall performance in the left
and right longitudinal fasciculus and left and right sagittal stratum
(r = −.48, p = .03; r = −.46, p = .04, respectively), the posterior
limb of the internal capsule (r = −.53, p = .02) and the splenium of
the corpus callosum (r = −.51, p = .02).

In contrast, within the high risk groups there were eight WM tracts
in which the correlations between DR and the AVLT delayed recall
score were significantly different between the High PA and Low PA
groups (bilateral ALIC, bilateral CGC, bilateral FxS, right SLF and right
PLIC; all met FDR threshold, p b .01, one-tailed). As shown in Fig. 3,
there were significant positive correlations between DR and AVTL de-
layed recall score in the High Risk-Low PA group compared to the neg-
ative or near zero correlations in the High Risk-High PA group, and the
group differences in the correlation coefficients were statistically signif-
icant (FDR-corrected for multiple comparisons). A similar pattern
emerged when comparing correlations between DR and AVLT immedi-
ate recall score in the two High Risk groups (three comparisons, not
shown, met the FDR threshold; bilateral CGC and right SLF, all
p b .005, one-tailed).

Discussion

Interactions between genetic risk and physical activity participation

Based on previous studies that have reported stronger effects of PA on
cognition, risk for cognitive decline, and hippocampal atrophy among
APOE-ε4 allele carriers, we hypothesized that the effects of PA on DTI
metrics would be greater in the APOE-ε4 allele carriers compared to
non-carriers. While this hypothesis was supported, the results were not
in the expected direction. Participants at greater genetic risk who report-
ed engaging in greater amounts of PA had lower FA and greater diffusivity
in severalWM tracts compared to their physically inactive APOE-ε4 allele
carrying counterparts. The group differences in FA andMD, together with
the lack of group differences in DA, indicate these effects are primarily
driven by the group differences in DR (Acosta-Cabronero et al., 2010).

Increased radial diffusivity has been observed in AD patients (Bosch
et al., 2012), and has been hypothesized to reflect axonal demyelination
(Song et al., 2002). However, this proposedmechanismdoes not explain
the greater radial diffusivity we observed in healthy physically active
compared to physically inactive ε4 carriers and it is not consistent
with their cognitive trajectory. Our previous reports from a subsample
of this cohort indicated that over the 18 months prior to the current
study, the physically active ε4 carriers were less likely to decline on
tests of episodic memory function (Woodard et al., 2012) and displayed
maintenance of hippocampal volume that was comparable to ε4 non-
carriers (Smith et al., 2014). Moreover, the physically active ε4 carriers
had greater semantic memory-related activation compared to the
group of physically inactive ε4 carriers (Smith et al., 2011), which we
have shown to predict cognitive stability over 18 months (Woodard
et al., 2010). This pattern of activation appears to reflect a successful neu-
ral compensatory response over 5 years (Rao et al., 2015). In contrast, the
combination of being physically inactive and at increased genetic risk for
AD, despite being cognitively intact with normal hippocampal volumes at
baseline, resulted in greater probability of cognitive decline and hippo-
campal atrophy over 18 months (Smith et al., 2014; Woodard et al.,
2012). These interactive effects between PA and APOE genotype have
also been reported for brain amyloid accumulation inhealthy older adults,
asmeasured by PET and CSF biomarkers, with only the physically inactive
ε4 carriers showing a substantial amyloid burden (Head et al., 2012). The
common thread among these studies is that PA appears to moderate the
effect of the APOE-ε4 allele and results in normalization of the biomarker
for AD progression, with the physically active ε4 carriers more closely re-
sembling those at low genetic risk in both their cognitive trajectory and
brain structural profile. However, being a physically inactive APOE-ε4 al-
lele carrier appears to substantially increase the likelihood for cognitive
decline and neurodegeneration.

The overall pattern of our results indicates that the radial diffusivity
in the High Risk-High PA group was more similar to the Low Risk
groups. Clues to the meaning of these results lie within the High Risk-
Low PA group, who showed unexpectedly low radial diffusivity com-
pared to the other groups. One possible explanation is that there were
fewer crossing fibers within these WM tracts in the High Risk-Low PA
group. Crossing fibers are known to be more prominent in projection
fiber tracts such as the superior corona radiata and the presence of
more crossing fibers leads to greater values for radial diffusivity using
scalar diffusion-weighted imaging metrics (Pierpaoli et al., 2001). The
loss of crossing fibers in these WM tracts due to a neurodegenerative
process may result in a reduction in radial diffusivity and increased FA,
possibly resulting in lesser structural and functional connectivitywithin
the affected neural networks (Pierpaoli et al., 2001). This selective neu-
rodegenerative effect, leading to greater FA, has been demonstrated in
AD and MCI patients compared to healthy controls within the centrum
semiovale (which is continuous with the superior corona radiata)
where there are more crossing fibers, but not the corpus callosum,
where white matter fiber direction is more uniform (Douaud et al.,
2011). Our observed interaction effects were restricted to long associa-
tion, limbic association, and projectionfiber tracts, where crossingfibers
are more likely to be present. Two of the largest interaction effects for
DR were observed in the superior corona radiata (see Table 2 and
Fig. 2), consistent with the results reported by Douaud and colleagues.
Importantly, there were no significant differences between the groups
within the commissural fiber tracts or for axial diffusivity in any of the
WM tracts. These effects are consistentwith selective degenerative pro-
cesses that preserve the tract along its primary longitudinal axis
(Douaud et al., 2011). The relationshipswe observed between radial dif-
fusivity and episodic memory performance support this interpretation.

In the low risk participants, and among the physically active ε4 car-
riers, greater radial diffusivity was associated with lower word list learn-
ing performance, as might be expected. However, in the High Risk-Low
PA group, this association was reversed, and greater radial diffusivity
was associated with greater delayed and immediate recall performance
on theAVLT. Thus, it is plausible that the significantly lower cognitive per-
formance in the High Risk-Low PA group is related to the loss or thinning
of crossingWMfiberswithinWMtracts that serve cortical andhippocam-
pal regions involved in episodic memory encoding and retrieval. These
findings require replication using animal models and human studies
with higher resolution DTI sequences that would more accurately deter-
mineWM crossing fiber differences between physically active and physi-
cally inactive ε4 carriers.



Fig. 3. Scatter plots and fitted linear regression lines showing the relationships between radial diffusivity and Rey Auditory Verbal Learning Test delayed recall performance in the High
Risk-Low PA (red squares) and High Risk-High PA (blue circles) groups in eight white matter fiber tracts. In each fiber tract, the difference in the magnitude of the correlation was signif-
icantly different between the groups (FDR-corrected, p b .05). An asterisk indicates that the correlation was significant (p b .05) compared to 0.
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Main effects for genetic risk

We found very little evidence for overall differences inWMdiffusiv-
ity between APOE-ε4 carriers and non-carriers (see Supplemental
Tables). In the current study, the main effects for genetic risk were
small and limited to a fewfiber tracts forMD andDR.However, these ef-
fects were in the opposite direction aswould be predicted due to the in-
teractions with PA in the high-risk groups and many did not survive
correction for multiple comparisons. Several previous studies have
compared DTI measures between older adults at low versus high
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genetic risk for AD and foundmixed findings. Some studies report lower
FA and/or greater diffusivity among APOE-ε4 carriers versus non-
carriers (Dowell et al., 2013; Gold et al., 2010; Heise et al., 2011;
Nierenberg et al., 2005; Persson et al., 2006; Smith et al., 2010), while
others report no differences between these groups (Bendlin et al.,
2010; Honea et al., 2009; Matura et al., 2014; Nyberg and Salami,
2014; O'Dwyer et al., 2012; Patel et al., 2013). It is possible that these
mixed reports, and the relatively limited effects that have been report-
ed, are because themoderating influence of PA and its potential interac-
tive effects with APOE genotype have not been considered.

Main effects for physical activity

Previous studies in healthy older adults have reported that greater
cardiorespiratory fitness was associated with higher FA in the cingulum
bundle (Marks et al., 2011; Marks et al., 2007; Tian et al., 2014b), unci-
nate fasciculus (Marks et al., 2007), and corpus callosum (Johnson et al.,
2012), and lower mean and radial diffusivity in the entorhinal cortex
(Tian et al., 2014b) and corpus callosum (Johnson et al., 2012), respec-
tively. One exercise training study found that increased cardiorespirato-
ry fitness in the walking intervention group, but not in the stretching
control group, was associated with greater FA in the frontal WM tracts
(Voss et al., 2012). In another study, master athletes (mean age
72 years with more than 15 years of endurance training) had higher
FA values compared to sedentary older adults in the right superior coro-
na radiata, bilateral superior longitudinal fasciculus, right inferior
fronto-occipital fasciculus, and left inferior longitudinal fasciculus, and
lower MD values in the left posterior thalamic radiation and left cingu-
lum hippocampus tract (Tseng et al., 2013). Self-reported PA in healthy
older adults has been associated with lower MD in themedial temporal
lobe and cingulate cortex (Tian et al., 2014a).

In all of these previously published studies, the influence of the
APOE-ε4 allele was not reported. When the presence or absence of the
APOE-ε4 allele was taken into consideration in the current study, the
large interaction effects between genetic risk and PA superseded the
main effects of PA. However, comparison between only the two low risk
groups reveals that the effects of PA were consistent with the prior liter-
ature. The Low Risk-High PA group, compared to the Low Risk-Low PA
group, had significantly greater FA in the left sagittal stratum, bilateral an-
terior limb of the internal capsule, and along nearly the entire corona
radiata (Supplemental Table 1). For WM diffusivity, the Low Risk-High
PA participants had lower DR in the bilateral superior longitudinal fascic-
ulus, sagittal stratum, cingulum, anterior limb of the internal capsule, and
the posterior and superior corona radiata (Supplemental Table 4), which
were mirrored in the effects on MD (Supplemental Table 2). In contrast,
the directions of the main effects of PA were reversed in the higher risk
groups. Finally, in this study and in previous studies, few if any effects
of PA or fitness have been found for axial diffusivity.

Potential mechanisms

There are several potential neurophysiologicalmechanisms for exer-
cise and PA to protect brain structure and function in old age. PA is well
known for its neurotrophic effects in rodents that support neurogenesis
in the dentate gyrus (Trejo et al., 2001; van Praag et al., 2005), effects
likely to occur in humans as well (Erickson et al., 2011; Pereira et al.,
2007). Exercise has been shown to improve cholinergic function and
to oppose the actions of acetylcholinesterase in the hippocampus and
cerebral cortex of rats (Ben et al., 2009). In addition, cholinergic en-
hancement due to PAmay increase cerebral blood flow, enhance neural
activation, and possibly reduce amyloid burden (Adlard et al., 2005;
Head et al., 2012). The neuroprotective mechanisms of PA specific to
WM integrity in ε4-carriers are less well understood. Rodent studies
suggest PA counteracts the physiologic impact of the APOE-ε4 allele,
and the resultant reduction in availability of apolipoprotein-E, through
improved brain lipid metabolism, reduced neuroinflammation, and/or
augmented cholinergic function (Intlekofer and Cotman, 2013). Exer-
cise in ε4 mice leads to normalization of tyrosine kinase B receptors,
which have a high affinity for BDNF (Nichol et al., 2009) and to in-
creased anti-inflammatory cytokines (Fukao et al., 2010). The selective
sparing of WM tracts in the current study may also be related to
exercise-induced spinogenesis and/or dendritic branching along axons
(Eadie et al., 2005), which is compromised by the APOE-ε4 allele in
mouse models of AD (Dumanis et al., 2009).

Limitations

This study is limited by its cross sectional design. A causal pathway
between PA andWM diffusivity cannot be determined until a random-
ized controlled trial is conducted to compare the effects of exercise
training on changes in white matter diffusivity between APOE-ε4 allele
carriers and non-carriers. Unfortunately, we were not able to obtain
DTI data at the baseline session 18 months before the current data
were collected. It will be important for future studies to track the longi-
tudinal changes in WM integrity as a function of both genetic risk and
PA behavior, to consider the independent role of family history for AD,
and to determine if these effects extendbeyondour predominantly Cau-
casian sample. As noted in our previous work, this study is also limited
by the use of self-reported leisure time PA, rather than an objective
measurement of cardiorespiratory fitness, such as the maximal rate of
oxygen consumption (VO2max). The SBAS, however, has been shown
in large samples to be associated with estimated caloric expenditure
during PA and to be dose-dependently related to cardiovascular risk
biomarkers (Taylor-Piliae et al., 2006).

Conclusions

Consistent with previous studies in healthy older adults, greater
levels of PA were associated with greater FA and lower radial diffusivity
within association and projection WM tracts in healthy older adults
who did not possess the APOE-ε4 allele. However, these effects of PA
were reversed in older adults who were at increased genetic risk for
AD and who had exhibited episodic memory decline over the past 18
months. In less physically active and genetically at risk individuals, radi-
al diffusivity was lower compared to those with greater levels of leisure
time physical activity who also possessed the APOE-ε4 allele. Moreover,
in several tracts that serve learning andmemory processes, lower radial
diffusivity was significantly correlated with lower episodic memory
performance in the physically inactive at-risk group.While it is possible
that PA may protect myelin and thus reduce radial diffusion, our find-
ings call into question the common interpretation that greater radial dif-
fusivity inevitably reflects demyelination and neurodegeneration. We
hypothesize that PA may specifically protect APOE-ε4 allele carriers
against the selective loss of whitematter fibers in projection and associ-
ation WM tracts, and furthermore, that physical inactivity may exacer-
bate the APOE-ε4 related processes associated with degeneration of
individual populations of white matter fibers in locations of crossing fi-
bers. This hypothesis should be confirmed using more advanced diffu-
sion-weighted imaging methods and randomized controlled exercise
trials in humans. In addition, animal models should be used to explore
the mechanisms for these potential neuroprotective effects of physical
activity in APOE-ε4 allele carriers.
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