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Abstract

Previous studies have shown that more active older adults have better cognition and brain health 

based on a variety of structural neuroimaging measures. Nevertheless, the effects of maintaining 

physical activity over an extended period of time on future changes in older adults’ cognition and 

brain structure are unknown. Participants were 141 initially well-functioning community-dwelling 

older adults (aged 70–79 years at baseline; 60% female; 42% black) studied over a 13-year period. 

Physical activity (self-reported time spent walking) was assessed annually from years 1 to 10. 

Magnetic resonance imaging with diffusion tensor was performed at years 10 and 13. Time spent 
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walking decreased on average by 8.4% annually from year 1 to year 10. Independent of initial time 

spent walking, demographics, and APOE e4 status, better maintenance of time spent walking over 

the decade predicted less reduction in hippocampal volume (p = .03), smaller increases in global 

gray matter mean diffusivity and white matter axial diffusivity (p < .01), and maintenance of 

general cognitive performance (p < .01). Maintenance of cognitive performance was associated 

with smaller increases in white matter axial diffusivity (p < .01). PA at baseline and at year 10, as 

well as changes in PA over a five-year period were less predictive of future changes in brain 

structure and cognition. Thus, how physical activity levels change over longer periods of aging 

may be an important contributor to cognitive and neural protection.
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1. INTRODUCTION

Moderate intensity physical activity (PA)—including walking—has been identified as a 

behavior to mitigate age-related cognitive decline and atrophy in the brain, including in the 

hippocampus. Cross-sectional and prospective cohort studies have shown that older adults 

who engage in greater amounts of PA have larger gray matter brain volumes across cortical 

and subcortical regions (Boyle et al., 2014; Bugg and Head, 2011; Erickson et al., 2010; 

Makizako et al., 2015), higher microstructural integrity in several white matter tracts 

(Burzynska et al., 2014; Tian et al., 2014a; Tian et al., 2015), and fewer white matter lesions 

(Burzynska et al., 2014; Sexton et al., 2016). Intervention studies have shown that structured 

exercise training—e.g. in the form of walking programs—increases cortical and 

hippocampal gray matter volume (Colcombe et al., 2006; Erickson et al., 2011; Rosano et 

al., 2016; Ten Brinke et al., 2014) and that training-induced improvements in aerobic fitness 

correlate with improved microstructural integrity (Voss et al., 2013) among previously 

sedentary older adults. PA-related structural changes in the brain have also been associated 

with improved cognitive health, including memory performance (Erickson et al., 2011) and a 

lower risk of cognitive impairment (Erickson et al., 2010).

There are unresolved issues regarding the effects of PA on brain structure and cognition in 

the elderly. First, prospective cohort studies typically use a single assessment of PA to 

determine the degree to which an individual is physically active. However, previous studies 

have shown that PA is not especially stable over longer periods of time—e.g., 5 or more 

years (Fortier et al., 2001; Telama et al., 2005)—which means that individuals identified as 

highly active might not be habitually highly active over months or years. Thus, the effects of 

maintaining PA over extended periods of time on cognition and brain structure are largely 

unknown. Second, most prospective analyses of the association between PA and brain 

structure have not examined changes in brain structure over time. Finally, previous 

prospective studies have generally included adults in the seventh or eighth decade of life and 

have rarely included those in the ninth decade of life and beyond. A previous study 

suggested that the association between PA and brain structure might vary across age (Bugg 

Best et al. Page 2

Neurobiol Aging. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and Head, 2011); hence, it is important to examine whether previous findings extend to the 

very old.

The current study sought to address these unresolved issues using data from a biracial cohort 

of older women and men followed over 13 years and into their ninth decade of life. Self-

reported time spent walking was assessed annually from year 1 to year 10. Brain macro and 

microstructure were assessed at years 10 and 13 using brain magnetic resonance imaging 

(MRI) with diffusion tensor. Macrostructural features included gray matter (GM) volume, 

and white matter hyperintensities (WMH). Four parameters from the diffusion weighted 

imaging quantified microstructural integrity: mean diffusivity (MD) of normal-appearing 

GM, and fractional anisotropy (FA), radial diffusivity (RD), and axial diffusivity (AD) of 

normal-appearing white matter (WM). Additionally, general cognitive performance was 

measured at years 10 and 13, using the modified mini-mental state examination (Teng and 

Chui, 1987).

The primary analyses focused on the hippocampus, in light of evidence that it is especially 

sensitive to PA and physical fitness (Bugg and Head, 2011; Erickson et al., 2010; Erickson et 

al., 2009; Erickson et al., 2011; Rosano et al., 2016; Ten Brinke et al., 2014). We examined 

both hippocampal volume, which has been the focus of previous studies (Erickson et al., 

2010; Erickson et al., 2011; Ten Brinke et al., 2014), and hippocampal MD, which has been 

examined infrequently (Tian et al., 2014a). Additionally, we conducted global analyses 

across normal-appearing WM and GM and hypothesized that a slower rate of decline in 

regular walking would predict smaller decreases in FA and smaller increases in WMH 

volume over time. We also explored the effects of PA on WM RD and AD to better 

understand the underpinnings of the associations between PA and WM FA values. With 

regard to global GM, we expected that a slower rate of decline in regular walking would 

predict smaller decreases in GM volume and smaller increases in GM MD. Finally, we 

examined the effects of walking on cognition and whether walking-induced effects on brain 

structure correlated with changes in cognition.

2. METHODS AND METHODS

2.1 Study Design and Participants

Participants were drawn from the larger Health, Aging, and Body Composition (Health 

ABC) Study, a prospective cohort study of adults aged 70–79 years at baseline (May 1997 to 

June 1998). Three hundred twenty-five participants at the Pittsburgh site were recruited to 

undergo brain MRI at year 10 (2006 to 2008), and of those 325, 162 completed a second 

MRI at year 13 (2009 to 2010). Diffusion tensor imaging (DTI) was also acquired on a 

smaller subset of 285 and 141 at years 10 and 13, respectively. Recruitment of this 

subsample was based on interest and eligibility to undergo brain MRI, as well as the ability 

to walk 20 meters. The study was approved by the institution review board at the University 

of Pittsburgh. All participants gave written informed consent.
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2.2 Structural MRI Data Acquisition, Processing, and Analysis

Structural MRI data were acquired with a 3T Siemens TIM TRIO scanner at the MR 

Research Center of the University of Pittsburgh using a 12-channel receiver array head coil 

at both years 10 and 13. Magnetization-prepared rapid gradient echo T1-weighted images 

were acquired in the axial plane: TR = 2300 ms; TE = 3.43 ms; TI = 900 ms; Flip angle = 

9°; slice thickness = 1 mm; FOV = 256 mm × 224 mm; voxel size=1mm×1mm; matrix 

size=256×224; and num- ber of slices = 176. Fluid-attenuated inversion recovery (FLAIR) 

images were acquired in the axial plane: TR = 9160 ms; TE=89ms;TI=2500ms;FA=150°; 

FOV=256mm×212mm; slice thickness = 3 mm; matrix size = 256 × 240; number of slices = 

48 slices; and voxel size = 1 mm × 1 mm. DTI were acquired using single-short spin-echo 

echo planar imaging sequence with the following parameters: TR = 5300 ms; TE=88ms; 

TI=2500ms; Flip angle=90°; FOV=256mm× 256 mm; two diffusion values of b = 0 and 

1000 s/mm2 ; 12 diffusion directions; four repeats; 40 slices; matrix size = 128 × 128; voxel 

size = 2 mm × 2 mm; slice thickness = 3 mm; and GRAPPA = 2.

Brain volumes and cerebrospinal fluid was quantified by segmenting the skull-stripped 

image in native anatomical space using the FAST – FMRIB’s Automated Segmentation Tool 

(Zhang et al., 2001). FLAIR T2-weighted imaging quantified WMH, using a fuzzy 

connected algorithm with automated seed selection (Wu et al., 2006b). Diffusion tensor 

images were preprocessed using the FMRIB’s Diffusion Toolbox to correct eddy current-

induced distortions (Smith et al., 2004). Four repeats were concatenated and processed with 

FMRIB Software Library to generate FA and MD maps. Diffusion maps were registered to 

their respective templates using the FMRIB’s non-linear image registration tool (Andersson 

et al., 2007). Using the segmentation of GM, WM, and WMH, these maps were restricted to 

normal-appearing WM and GM (NAWM and NAGM) (Shimony et al., 2009). Partial 

volume effects of MD were minimized by masking the aligned images with the GM 

segmented from the T1 images.

Whole brain measures of GM volume, NAGM MD, NAWM FA, NAWM RD, NAWM AD, 

and WMH were computed. Regions of interest and white matter tracts were estimated using 

atlas-based segmentation (Wu et al., 2006a) with the Automated Anatomical Labeling Atlas 

(Tzourio-Mazoyer et al., 2002) and the Johns Hopkins University White Matter Atlas (Mori 

et al., 2008; Wakana et al., 2004), respectively. Regions of interest combined both left and 

right hemispheres. A radiologist verified that MR images were free of pathological findings.

2.3 Assessment of Physical Activity, Cognition, Demographics, and Other Covariates

Self-reported time spent walking (mins/week) was measured annually from years 1 to 10 

using a standardized questionnaire developed for the Health ABC study and modeled on a 

previous questionnaire (Taylor et al., 1978). Participants were first asked whether they had 

engaged in walking at least 10 times in the past 12 months and then were asked had they 

engaged in walking at all in the past 7 days. Those answering in the affirmative were queried 

about the total number of minutes of walking over the past 7 days. For a subset (n = 114) of 

participants who also completed objective PA measurement at year 13 using a SenseWear 

Armband (BodyMedia Inc., Pittsburgh, Pennsylvania) over at least 3 days on the left upper 

arm, self-reported walking time correlated significantly with objective daily active energy 
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expenditure (r = .27, p < .01), physical activity intensity (r = .29, p < .01), and objective step 

counts (r = .21, p = .02). General cognitive functioning was measured using the modified 

mini-mental status examination (3MS). The 3MS is a comprehensive test of orientation, 

attention, calculation, language, and short-term memory (Teng and Chui, 1987), with scores 

ranging from 0 to 100. Scores lower than 80 are indicative of cognitive impairment.

Demographics included age, sex, race, and educational attainment. Health behavior included 

self-reported smoking and drinking status (current, former, or never). Prevalent stroke, 

diabetes, and cardiovascular disease were determined using prevalent disease algorithms 

designed to mirror the Cardiovascular Health Study (Fried et al., 1991) using self-report of 

physician diagnoses, medication use, and laboratory data. Body mass index (kg/m2) 

provided a measure of body composition. Gait speed (m/s) was measured at usual pace over 

3, 4, or 6 meters and was included to account for individual differences in physical 

performance, which might impact PA engagement. Usual gait speed has been shown to be a 

valid and reliable marker of physical performance in older adults (Guralnik et al., 1995). 

Apolipoprotein E ε4 carrier status was determined by standard single-nucleotide 

polymorphism analyses. Intracranial volume was obtained from the MRI scans at years 10 

and 13.

2.4 Statistical Analyses

Due to substantial positive skew, walking minutes per week and WMH were log-

transformed prior to analysis. The primary analyses used robust linear mixed effects models 

(LMM) using the statistical package ‘robustlmm’ (version 1.8) in R (Version 3.2.3). Robust 

LMM applies robustness weights to influential observations to guard against bias related to 

departures from normality in the residuals. These models used a smoothed Huber function 

with tuning parameter k = 2.28 and s = 10. An initial LMM was constructed to estimate the 

individual-level intercepts and slope values for self-reported walking minutes per week over 

the 10 annual assessments. Based on model fit statistics, a linear slope fit the data as well or 

better than quadratic, cubic, and piecewise slopes, and was chosen as the most parsimonious 

model. Next, these intercepts and slope values were standardized (M = 0, SD = 1) and 

entered into LMMs as predictors of changes in the brain structural variables. Standardized 

intercept and slope values were used to increase the interpretability of the estimates. In these 

LMMs, the brain structure of interested was entered as a repeatedly-measured outcome 

variable; time, walking intercept, walking slope, and the interactions of walking intercept 

and slope with time were entered as fixed effects. The brain structure intercept was specified 

as a random effect. Because our primary interest was on the associations between walking 

and changes in brain structure, we focused on the walking intercept*time and walking 

slope*time estimates. (The PA intercept and slope did not predict year 10 neuroimaging 

measures either separately or jointly, with all P > .05; see Supplemental Table 1).

Models were tested first with a minimal set of demographic covariates (age, sex, race, 

education), APOE ε4 carrier status, and time-varying intra-cranial volume (volumetric and 

gray matter mean diffusivity outcomes only). For the fully-adjusted model, the following 

physical health and functioning variables measured at year 10 were added to the previous 

model: body mass index, gait speed, chronic disease conditions (summed across diabetes, 

Best et al. Page 5

Neurobiol Aging. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



stroke, cardiovascular disease), health behaviors (a sum of smoking and drinking status), 

systolic blood pressure, and use of hypertension-treating medications. For all covariates, the 

main effect and interaction with time were included in the regression model. For the primary 

hippocampal outcomes, we applied a nominal significance threshold of p < .05; for global 

neuroimaging measures and cognition, we applied the Benjamini-Hochberg false discovery 

rate (FDR) correction (Benjamini and Hochberg, 1995) to account for multiple testing.

3. RESULTS

3.1 Sample Characteristics and Preliminary Analyses

The current sample consisted of 141 individuals who completed the MRI assessment with 

DTI at each time point. Supplemental Table 2 compares the study sample to the remaining 

participants of the Health ABC cohort (n = 2934) and to those participants who completed 

the baseline MRI but who did not complete the second MRI and/or had incomplete data in 

other ways (n = 172). Generally, the current study sample was younger, and in comparison 

to the overall Health ABC sample, had higher baseline cognition, faster gait speed, and a 

higher walking intercept. Descriptive statistics for the sample are shown in Table 1. Regular 

walking decreased significantly on an annual basis (slope estimate = −0.09 log mins/wk, 

95% confidence interval: −0.10, −0.07, P < .001), which translates into a 8.4% reduction per 

year in total minutes/week spent walking. The intraclass correlation coefficient across the 10 

time points was 0.41, suggesting a fair amount of stability over time (Cicchetti, 1994); 

however, there was variation in slope scores, with some individuals showing much greater 

reductions and others showing minimal reduction or even increases in walking over the 

decade (see Fig. 1A). An individual whose slope score was 1 SD above the mean was 

estimated to experience a 0.7% annual decrease in walking minutes/week, whereas an 

individual whose slope score was 1 SD below the mean was estimated to experience a 15.4% 

annual decrease in walking. Supplemental Table 3 provides the descriptive statistics for the 

untransformed self-reported walking minutes of walking at each time point. Supplemental 

Table 4 provides the correlation of the walking intercept and slope scores with the 

covariates. Generally, these correlations were non-significant; however, the intercept 

correlated weakly with participant age (r = .17, p = .04) and with APOE ε4 carrier status 

(Kendall’s τ = −.19, p = .007), and the slope correlated positively with gait speed (r = .21, p 
= .02). The walking intercept and slope scores were not significantly correlated (r = −.08, p 
= .35).

3.2 Changes in Cognition and Brain Structure

Significant change over time was observed in hippocampal volume and mean diffusivity, and 

in global measures of brain macro- and micro-structure with the exception of NAWM FA, 

which showed no group-level change over time (Table 2). Cognition, as assessed by the 

3MS, decreased slightly over time. Expressed as percent change from year 10 to year 13, the 

average participant was estimated to experience a 6.2% reduction in hippocampal volume 

and a 6.0% increase in hippocampal mean diffusivity; a 4.6% decrease in global NAGM 

volume and a 3.1% increase in global NAGM MD; a 1.0% increase in global NAWM RD 

and 0.8% increase in global NAWM AD; and finally, a 11.7% increase in WMH.
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3.3 Predictive Effects of Walking on Changes in Cognition and Brain Structure

Table 3 reports on the associations between walking (both the intercept and slope) and 

changes in 3MS, hippocampal volume, and global micro- and macro-structural variables 

when adjusting for demographic variables and APOE ε4 carrier status. The walking 

intercept did not predict changes in cognition or brain structure (all p > .05). In contrast, the 

walking slope predicted changes in hippocampal volume (Fig. 1B), global NAGM MD (Fig. 

1C), NAWM axial diffusivity (Fig. 1D), and 3MS score (Fig. 1E). Further adjustment for 

physical health and functioning at year 10 attenuated the effects of the walking slope on the 

diffusivity measures to some degree but had limited impact on cognition or hippocampal 

volume (Table 4). We then tested whether any of these brain changes were associated with 

3MS changes, independently of the walking intercept and slope scores. We observed only 

that decreases in NAWM AD correlated with increases in 3MS (B = −.20, p = .007; Fig. 1F). 

Changes in hippocampal volume or NAGM MD were not correlated with changes in 

cognition (p > .10).

Next, we used the results from the fully-adjusted regression models in Table 4 to estimate 

the impact of a 1 standard deviation increase in the walking slope on the percent change in 

these brain structures relative to the percent change expected of an average individual in the 

sample. As noted above, the average slope score represented an 8.4% annual reduction in 

time spent walking, and a one standard deviation increase in the slope score from the mean 

represented a 0.7% annual reduction in time spent walking. A 1 standard deviation increase 

in the walking slope predicted a 4.5% decrease in hippocampal volume (average = 6.2% 

decrease), a 2.4% increase in global NAGM volume (average = 3.1% increase), and a 0.6% 

increase in global NAWM AD (average = 0.8% increase).

Four supplemental analyses followed. First, we tested whether the above findings were 

altered when we removed individuals with stroke (see Supplement Table 5); these results 

suggested similar, if not slightly stronger, effects than the results using the full sample. 

Second, we examined whether the year 10 time spent walking score was predictive of 

changes in cognition and brain structure (see Supplemental Table 6). There was no 

predictive association with changes in the hippocampus (nominal p > .05) or in global 

neuroimaging measures or cognition (FDR-corrected p > .05). Third, we used walking 

scores between years 6 to 10 to determine whether changes in walking over the most recent 

five years predicted subsequent changes in brain and cognition (see Supplemental Table 7). 

With the exception of NAGM MD, these findings suggested that changes over 5 years were 

not as predictive as changes over 10 years in regular walking. Fourth, we examined whether 

10-year changes in 400-meter walk time, an objective measure of physical performance and 

cardiorespiratory capacity (Simonsick et al., 2006), predicted subsequent changes in 

cognition and brain structure. Although the associations were in the expected direction, none 

reach our statistical significance threshold (see Supplemental Table 8).

3.4 Exploratory Analyses

In light of the effects of the walking slope on global NAGM MD and NAWM AD changes, 

exploratory analyses were conducted to determine whether the walking slope predicted MD 

and AD changes in specific regions of interest. Based on previous studies examining the 
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effects of physical activity and fitness on brain structure in older adults (Burzynska et al., 

2014; Colcombe et al., 2006; Erickson et al., 2010; Erickson et al., 2014; Marks et al., 2011; 

Tian et al., 2014b; Tseng et al., 2013), GM regions included the anterior cingulate cortex, 

dorso-lateral and superior prefrontal cortex, and supplemental motor area; WM tracts 

included the cingulum (partitioned into dorsal and parahippocampal portions), superior 

longitudinal fasciculus, inferior longitudinal fasciculus, and uncinate fasciculus. In models 

adjusting for demographic variables and APOE ε4 carrier status, the walking slope predicted 

MD changes in the anterior cingulate cortex (B = −0.02, p = .048) and dorso-lateral cortex 

(B = −0.03, p = .008), and AD changes the parahippocampal (B = −0.01, p = .008) and 

dorsal regions (B = −0.01, p = .048) of the cingulum, and inferior longitudinal fasciculus (B 

= −0.01, p = .036). Moreover, independently of the walking intercept and slope, changes in 

3MS correlated with MD changes in the anterior cingulate cortex (B = −0.16, p = .02) and 

AD changes in the parahippocampal (B = −0.16, p = .032) and dorsal (B = −0.17, p = .015) 

portions of the cingulum, and inferior longitudinal fasciculus (B = −0.18, p = .001).

4. DISCUSSION

This study found that changes in self-reported time spent walking over one decade, 

independent of initial levels of walking, predicted subsequent changes over 3 years in 

hippocampal volume, in global microstructural features of NAGM and NAWM, and in 

general cognitive functioning among older adults. Importantly, changes in NAWM AD 

correlated with changes in cognition, which suggests that long-term maintenance of regular 

walking in older age might benefit cognitive health through preservation of WM integrity.

A key finding was that neither the slope intercept—which quantifies initial level of walking 

at the beginning of the study—nor year 10 walking level was as predictive of subsequent 

changes in brain and cognition as was the walking slope. Furthermore, changes in walking 

over a shorter period of time (i.e., from year 6 to year 10) were not as predictive as the 

longer-term changes from year 1 to year 10. Thus, in order to better understand an older 

adult’s risk for cognitive and neural decline, clinicians should consider asking older adults 

on a regular basis (e.g., annually or semi-annually) about their physical activity behavior 

(including walking) and then tracking changes over time. An average individual in this 

sample experienced an 8.4% annual reduction in walking minutes/week, an individual with a 

gradual walking slope score (defined as one standard deviation above the mean) showed a 

0.7% annual decrease, and an individual with a steep walking slope score (defined as one 

standard deviation below the mean) showed a 15.4% annual decrease. To put these values 

more concretely, for a hypothetical individual who began the study with 100 minutes/week 

of walking, an average slope score would result in the individual engaging in roughly 45 

minutes/week of walking at year 10; a gradual slope score in roughly 94 minutes/week at 

year 10; and a steep slope score in roughly 22 minutes/week of walking at year 10.

The hippocampus shrinks rapidly starting around age 60, with estimates of ~1% annual 

reduction for older individuals aged 60 to 90 (Fjell et al., 2013; Raz et al., 2005). Our 

findings suggest that this rate of hippocampal atrophy might vary as a function of how an 

individual’s walking behavior changed over the previous decade. Specifically, we found that 

the average individual in our sample (aged 82.5 years at first MRI) demonstrated a 6.2% 

Best et al. Page 8

Neurobiol Aging. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reduction in bilateral hippocampal volume over 3 years, whereas individuals who had 

maintained walking over the previous decade (based on a slope value 1 SD above the mean) 

demonstrated a 4.5% reduction in bilateral hippocampal volume. Although previous studies 

have shown that PA— including walking—might mitigate hippocampal atrophy, our study 

adds to the literature by showing that this mitigation effect is not restricted to individuals 

under the age of 80 (Bugg and Head, 2011; Erickson et al., 2011; Makizako et al., 2015; 

Rosano et al., 2016; Ten Brinke et al., 2014). Our results also add to the literature by 

suggesting that walking effects on hippocampal structure might primarily involve macro- 

rather than microstructural protection, as there was no evidence that regular walking had an 

impact on changes in hippocampal MD.

There is substantial interest in the mechanisms underlying the effects of PA on hippocampal 

structure and function. Rodent studies suggest that voluntary wheel running has various 

effects on the hippocampus, including promoting angiogenesis and neurogenesis, and 

modulating synaptic plasticity (Duzel et al., 2016). Upregulation of neurotrophic factors, 

such as bran-derived neurotrophic factor, insulin-like growth factor, and vascular endothelial 

growth factor, have been posited to mediate these structural and functional changes (Cotman 

et al., 2007). In older adults, Erickson and colleagues (2011) demonstrated that six months 

of progressive walking increased hippocampal volume and that increases in hippocampal 

volume correlated with concurrent increases in serum brain-derived neurotrophic factor 

level. Whether long-term changes in routine walking correlate with circulating levels of 

brain-derived neurotrophic factor is unknown; however, this possibility should be pursued in 

future research to elucidate the results described herein.

We also observed that long-term changes in walking predicted subsequent changes in global 

NAGM and NAWM diffusivity. Specifically, gradual slope scores (representing better 

maintenance of walking over the decade) were associated with smaller increases in NAGM 

MD and NAWM AD. Previous cross-sectional studies have shown that NAWM AD 

increases with advanced age (Hsu et al., 2010; Michielse et al., 2010) and can distinguish 

healthy older adults from those with mild cognitive impairment or dementia (Bosch et al., 

2012). Longitudinal studies show that AD increases over relatively brief periods of time 

(i.e., <5 years) among older adults (Burzynska et al., 2017; Rieckmann et al., 2016; Sexton 

et al., 2014; Storsve et al., 2016), a finding that was confirmed in the current study. Previous 

studies that have examined the association between PA and WM integrity in older adults 

primarily have been cross-sectional and have suggested an inverse correlation between PA 

and WM diffusivity (Sexton et al., 2016). In the current study, we did not observe strong 

evidence for this cross-sectional association (Supplemental Table 6). With regard to 

longitudinal associations, a previous intervention study (Voss et al., 2013) found no effect of 

one year of walking on changes in WM diffusion indices. In light of our findings, it is 

possible that this previous study was insufficiently long to observe the associations between 

walking and WM diffusivity we observed herein. In follow-up exploratory analyses, we 

observed that the association between changes in walking and changes in NAWM AD were 

evident in particular regions, including the cingulum (dorsal and parahippocampal portions) 

and the inferior longitudinal fasciculus. These regions were also identified in a previous 

cross-sectional study of physical fitness and WM integrity in older adults (Tseng et al., 

2013).
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With regard to NAWM FA (a second-order statistic derived from the WM AD and RD 

values), we observed no effects of walking (intercept or slope) or significant changes over 

time, a finding that stands in contrast to previous longitudinal studies (Rieckmann et al., 

2016; Sexton et al., 2014; Storsve et al., 2016). One important discrepancy between our 

study and these previous ones is that we examined global NAWM FA, rather than specific 

tracts separately. There appears to be substantial spatial heterogeneity in age-related changes 

in FA values (Burzynska et al., 2010; Sexton et al., 2014), which might be obscured by our 

examination of global FA changes. Moreover, WM diffusivity indices (both RD and AD) 

appear to change more markedly with age than FA values (Storsve et al., 2016), which is 

consistent with our results.

Less research has examined diffusion of gray matter within the context of aging or physical 

activity. GM MD is thought to increase as microstructural cellular atrophy occurs and the 

extracellular space enlarges, which would allow for freer movement of water molecules (Le 

Bihan, 2003; Whitwell et al., 2010). A recent systematic review suggested that elevated 

hippocampal and cortical MD might be a more sensitive marker of future cognitive 

impairment than volume loss (Weston et al., 2015). A previous cross-sectional study, also 

derived from the Health ABC cohort, observed that active individuals, as compared to their 

sedentary counterparts, had lower GM MD values in the medial temporal lobe and anterior 

cingulate cortex (Tian et al., 2014a). Our exploratory analyses extend this latter finding by 

showing that changes in anterior cingulate cortex MD is also sensitive to previous changes in 

walking.

Beyond the potential role of neurotrophic factors in explaining the effects of regular walking 

on brain health described above, prior studies have suggested that walking affects brain 

health via the amelioration of cerebrovascular risk factors (Burzynska et al., 2014). Indeed, 

when we adjusted for such risk factors (blood pressure, BMI, chronic diseases, as well as 

health behaviours) measured at the time of the first MRI (see the fully-adjusted models in 

Table 4), we observed that the association between the walking slope and changes in GM 

and WM diffusivity were attenuated to a degree. This could suggest that these associations 

are partly mediated by these risk factors but could also imply that there are a variety of 

mechanisms that contribute to the association between regular walking and structural 

changes to the brain with advanced age.

A critical finding was that better maintenance of walking over time, as indicated by gradual 

walking slope scores, predicted smaller decline in general cognitive performance, and 

further, that changes in cognition correlated significantly with changes in global NAWM 

AD, as well as AD in parahippocampal and dorsal portions of the cingulum, inferior 

longitudinal fasciculus, and MD in the anterior cingulate cortex. A previous meta-analysis 

showed that compared to controls, diffusivity in a variety of WM tracts is increased in 

individuals with Alzheimer’s disease and to a lesser degree, in individuals with mild 

cognitive impairment (Sexton et al., 2011). Moreover, this previous meta-analysis showed a 

significant negative correlation between the severity of the cognitive impairment and WM 

diffusivity, which is supported by the findings of our study.
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Although our results provide evidence that decade-long changes in walking predict 

subsequent changes in various neuroimaging markers and cognition, the results do not imply 

causality, and thus, it is possible that cognitive impairment and underlying brain atrophy lead 

to reduced walking. Recent research has suggested that the associations between health 

behaviour and cognitive function might be explained by the notion of ‘neuroselection’ 

(better cognitive performance leads to more frequent engagement in positive health 

behaviours) in addition to the notion of ‘neuroprotection’ (engagement in positive health 

behaviours leads to better maintenance of cognitive functioning) (Belsky et al., 2015). It is 

likely that the associations observed in this study reflect a complex, bidirectional relation 

between time spent walking and brain health.

Another limitation is that PA was measured via a self-report measure of time spent walking. 

This might increase measurement error from inaccurate recall due to cognitive limitations 

and social desirability. Previous research suggests that individuals both over-report (Prince et 

al., 2008) and under-report their engagement in PA(Johnson-Kozlow et al., 2007). Indeed, in 

the current study, the correlations between the self-report PA measure and objective activity 

and energy expenditure were modest. Also, because the measure focuses exclusively on 

walking, it does not capture the full range of activities that older adults might engage in. 

However, walking is the most common PA (Siegel et al., 1995) and was the one form of PA 

assessed repeatedly over time in this cohort, which was required for the analyses conducted 

for the current study. Also, the strongest previous evidence for a link between PA and brain 

structure come from randomized controlled trials that have used walking as the primary form 

of PA (Colcombe et al., 2006; Erickson et al., 2011; Ten Brinke et al., 2014). Finally, our 

study sample is not a random sample of the overall Health ABC study; this selection bias 

could impact the generalizability of the findings to older adults.

The primary strength of this study is the longitudinal assessment of PA, cognition, and brain 

structure in a biracial cohort of older women and men. This allowed us to show that earlier 

changes in PA predict later changes in cognition and brain structure. Our results add to the 

growing body of evidence that the hippocampus is a gray matter region sensitive to changes 

in PA. Importantly, our findings also suggest that when examining brain structure at a global 

level, microstructural features of the brain (i.e., diffusivity) might be especially sensitive to 

changes in PA. Our examination of brain-cognition associations revealed that the impact of 

sustained walking over many years on cognition might be attributed in part to gray and white 

matter microstructural integrity. Another key finding was that initial PA level 10 years 

earlier, year 10 PA level, and changes in PA over a shorter period of time were all less 

informative in predicting future changes in brain structure and cognition than long-term 

changes in PA over a decade. Thus, older adults should be encouraged to maintain regular 

walking throughout aging to buffer against cognitive and structural brain changes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Change in walking and subsequent changes in brain structure and cognition 

were assessed.

• Changes in walking predicted changes in cognition and hippocampus

• Global gray matter and white matter axial diffusivity were affected by 

walking changes

• Initial walking levels were not predictive of cognitive or brain changes
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Figure 1. 
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Table 1

Characteristics of the study sample (n = 141).

Demographics

 Age in years at first PA assessment, mean (SD) 72.5 (2.5)

 Age in years at first MRI, mean (SD) 82.5 (2.5)

 Age in years at second MRI, mean (SD) 85.8 (2.5)

 Sex, female, n (%) 84 (60%)

 Race, black, n (%) 59 (42%)

 Greater than high school education, n (%) 72 (51%)

Body mass index (kg/m2) at first MRI, mean (SD) 27.9 (4.4)

Chronic disease conditions at first MRI

 Cardiovascular disease, n (%) 35 (25%)

 Stroke, n (%) 13 (9%)

 Diabetes, n (%) 12 (9%)

APOE ε4 carrier, n (%) 25 (18%)

Gait speed (m/s) at first MRI, mean (SD) 1.1 (0.3)

Health behavior at first MRI

 Current or former smoker, n (%) 69 (49%)

 Current or former alcohol drinker, n (%) 110 (80%)

Systolic blood pressure at first MRI (mmHg) 134.5 (19.3)

Medication for hypertension at first MRI 96 (69%)
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Table 2

Year 10 and change values in cognition and neuroimaging measures.

Outcome

Year 10 Score Δ Year 10 to Year13 (SE)

Mean (SD) Estimate (SE) P value

Hippocampus

 Volume (cm3)    9.57 (1.14)   −0.60 (0.08) <.001

 Mean diffusivity (10−3 mm2/s)    1.33 (0.01)       0.08 (0.004) <.001

Global brain measures

 GM volume (cm3) 532.19 (53.19) −24.61 (1.86) <.001

 GM mean diffusivity (10−3 mm2/s)    1.10 (0.52)       0.03 (0.003) <.001

 WM fractional anisotropy    0.36 (0.01)   −0.0008 (0.0006) .142

 WM radial diffusivity (10−3 mm2/s)    0.70 (0.33)      0.007 (0.002) <.001

 WM axial diffusivity (10−3 mm2/s)    1.12 (0.03)      0.009 (0.002) <.001

 WM hyperintensities1    5.51 (7.11)      3.59 (0.47) <.001

Cognition

 Modified Mini-Mental State   93.65 (6.38) −0.85 (0.44) .054

 Examination

Notes. GM = gray matter. SE = standard error of the mean. WM = white matter.

1
Log-transformed.
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Table 3

Effects of the time spent walking intercept and slope on changes in cognition, hippocampal volume, and global 

structural measures.

Outcome

Predictor

Walking Intercept Walking Slope

Estimate (SE) P value Estimate (SE) P value

Hippocampus

 Δ Volume (cm3) 0.10 (0.07) .176 0.16 (0.07) .032

 Δ Mean diffusivity (10−3 mm2/s) 0.004 (0.008) .593 0.002 (0.008) .844

Global brain measures

 Δ GM volume (cm3) 0.73 (2.05) .721 4.91 (2.05) .016

 Δ GM mean diffusivity 0.001 (0.003) .674 −0.007 (0.003) .005*

 Δ WM fractional anisotropy 0.004 (0.006) .453 0.004 (0.006) .456

 Δ WM radial diffusivity (10−3 mm2/s) 0.001 (0.002) .760 −0.003 (0.002) .037

 Δ WM axial diffusivity (10−3 mm2/s) 0.003 (0.002) .112 −0.006 (0.002) .004*

 Δ WM hyperintensities 0.56 (0.30) .063 0.14 (0.31) .654

Cognition

 Δ Modified Mini-Mental State Examination 0.49 (0.35) .164 0.97 (0.34) .004*

Adjusted for intracranial volume (volumetric and mean diffusivity measures only), age, gender, race, education, and APOE ε4 carrier status.

GM = gray matter. WM = white matter.

*
Statistically-significant when applying false discovery rate correction to global neuroimaging and cognition outcomes.
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Table 4

Predictive effects of the walking slope on brain structure and cognition, adjusting for demographics, genetic 

risk, and year 10 health factors.

Outcome

Walking Slope

Estimate (SE) P value

Hippocampus

 Δ Volume (cm3) 0.17 (0.08) .048

Global brain measures

 Δ GM mean diffusivity −0.005 (0.003) .053

 Δ WM axial diffusivity (10−3 mm2/s) −0.005 (0.002) .019

Cognition

 Δ Modified Mini-Mental State Examination 1.01 (0.37) .007

Notes. Adjusted for walking intercept, intracranial volume (volumetric and mean diffusivity measures only), age, gender, race, education, APOE ε4 
carrier status, body mass index, gait speed, chronic disease conditions (diabetes, stroke, cardiovascular disease), health behaviours (smoking and 
drinking status), systolic blood pressure, and use of hypertensive medications. GM = gray matter. WM = white matter.
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