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Abstract

Hippocampal atrophy is associated with memory impairment and dementia and serves as a key
biomarker in the preclinical stages of Alzheimer's disease. Physical activity, one of the most
promising behavioral interventions to prevent or delay cognitive decline, has been shown to be
associated with hippocampal volume; specifically increased aerobic activity and fitness may have
a positive effect on the size of the hippocampus. The majority of older adults, however, are
sedentary and have difficulty initiating and maintaining exercise programs. A modestly more
active lifestyle may nonetheless be beneficial. This study explored whether greater objectively
measured daily walking activity was associated with larger hippocampal volume. We additionally
explored whether greater low-intensity walking activity, which may be related to leisure-time
physical, functional, and social activities, was associated with larger hippocampal volume
independent of exercise and higher-intensity walking activity. Segmentation of hippocampal
volumes was performed using FMRIB's Software Library (FSL) and daily walking activity was
assessed using a step activity monitor (SAM) on 92, non-demented, older adult participants. After
controlling for age, education, body mass index (BMI), cardiovascular disease risk factors, and the
Mini Mental State Exam (MMSE), we found that a greater amount, duration, and frequency of
total daily walking activity were each associated with larger hippocampal volume among older
women, but not men. These relationships were specific to hippocampal volume, compared to the
thalamus, used as a control brain region, and remained significant for low-intensity walking
activity, independent of moderate- to vigorous-intensity activity and self-reported exercise. This is
the first study, to our knowledge, to explore the relationship between objectively measured daily
walking activity and hippocampal volume in an older adult sample. Findings suggest the
importance of better understanding whether increasing non-exercise, lifestyle physical activities
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may produce measurable cognitive benefits and effect hippocampal volume through molecular
pathways unique to those related to moderate-intensity exercise.
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Introduction

Given the disappointing results of numerous dietary and pharmaceutical studies and primary
prevention trials to delay or halt Alzheimer's Disease (AD) (Daviglus et al., 2010), focus has
shifted towards more promising behavioral and activity-based approaches to prevent or
delay cognitive decline. The relationship between increased physical activity and reduced
risk of AD (Abbott et al., 2004; Buchman et al., 2012; Larson et al., 2006; Podewils et al.,
2005) as well as increased physical activity and cognitive health (Angevaren et al., 2008;
Lautenschlager et al., 2008; Rockwood and Middleton, 2007; Weuve et al., 2004; Yaffe et
al., 2001) have been shown in a number of large, epidemiological studies.

Animal models have provided much of the neurobiological evidence linking physical
activity to enhanced brain function, implicating the hippocampus as particularly structurally
and functionally sensitive to exercise (Cotman and Berchtold, 2007), a subcategory of
physical activity. In mice models, voluntary exercise increases cell proliferation in the adult
hippocampus (van Praag et al., 1999a; van Praag et al., 1999b) and reduces age-dependent
decline in hippocampal neurogenesis (Kronenberg et al., 2006); this relationship may be
partially mediated through trophic factors, including insulin-like growth factor 1 (IGF-1)
and brain-derived neurotrophic factor (BDNF) (Ferris et al., 2007; Vaynman et al., 2004)
and increased cerebral blood flow and angiogenesis (Pereira et al., 2007; van Praag et al.,
2005). Mice with access to a running wheel have additionally shown better spatial learning
and memory on water maze tests (Adlard et al., 2004; van Praag et al., 1999b).

Recent neurobiological evidence in human models have began to link physical activity to
key neurocognitive pathways vulnerable to dementia. Research has shown that exercise
training may reduce brain atrophy in non-demented individuals (Colcombe et al., 2006;
Colcombe et al., 2004; Erickson et al., 2010). Exercise and fitness may have a positive effect
specifically on the size of the hippocampus (Erickson et al., 2011; Erickson et al., 2010;
Erickson et al., 2009). Hippocampal atrophy is associated with memory impairment and
dementia (Driscoll et al., 2003; Jack et al., 2009; Mueller et al., 2010) and may serve as a
key biomarker in early and presymptomatic diagnosis of AD (Cummings, 2009; Jack et al.,
2013). Thus, identifying modifiable factors which can have a positive effect on the
hippocampus is critical for preventive and therapeutic strategies to preserve cognitive health
and delay the onset of cognitive impairment (Fotuhi et al., 2012).

The majority of neurobiological evidence showing the benefits of physical activity on
cognition has indicated that exercise and improvements in cardiovascular fitness are
associated with structural and functional benefits. Physical activity, however, includes a
broad range of activities, in addition to exercise that increase energy expenditure above a
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resting level (Howley, 2001; “What is Physical Activity?,” 2011). These activities can
include non-exercise leisure-time and life-style activities (e.g. walking, gardening, etc.) and
instrumental activities of daily living (IADLS) (e.g. shopping, housework, etc.), which are
typically in the low-intensity range. Research using self-report measures of walking activity
indicates that these non-exercise physical activities may be associated with cognitive health
benefits (Scarmeas et al., 2001; Yaffe et al., 2001). More recently, studies using objective
measures of physical activity found that total physical activity and daytime movement,
including both exercise and non-exercise physical activity, as well as total energy
expenditure, were associated with better cognitive function, lower odds of cognitive
impairment, and reduced risk of AD (Barnes et al., 2008; Buchman et al., 2012; Buchman et
al., 2008; Middleton et al., 2011).

Research into the cognitive benefits of low-intensity physical activity is extremely important
considering that the majority of older adults are sedentary (Harvey et al., 2013; “One in five
adults meet physical activity guidelines,” 2013) and have difficulty initiating and adhering to
exercise programs (Resnick and Spellbring, 2000; Schutzer and Graves, 2004). This is of
particular concern for older adults of low socio-economic status (SES) who have low
baseline levels of physical activity, and fewer physical activity-related facilities due to
restrictive environmental and neighborhood characteristics (Day, 2006; Parra-Medina et al.,
2010; Physical Activity Guidelines Advisory Committee Report, 2008; Powell et al., 2006).
For older adults who may not participate in or have access to formal exercise programs, a
more active lifestyle may be beneficial.

To our knowledge, no study has yet explored the relationship between objectively measured
daily physical activity and brain structure, as well as the independent relationship between
low-intensity physical activity and brain structure, in an older adult cohort. We therefore
explored the cross-sectional association between objectively measured daily walking activity
and hippocampal volume in a non-demented, older, mostly sedentary cohort at elevated
socio-demographic risk for cognitive and functional decline.

Materials and Methods

Participants

Participants were from the Brain Health Study (BHS), a sub-study within the larger
Baltimore Experience Corps Trial (BECT), a sex-stratified randomized, controlled
effectiveness trial to evaluate the health benefits for older adults participating in Experience
Corps Baltimore, a high-intensity volunteer service program, vs. a control group offered
other low-service volunteer opportunities. Details on sex-stratification, randomization, study
design, sampling methodology, and recruitment have been described previously (Fried et al.,
2013; Fried et al., 2004). Enrollment criteria included : aged = 60 years; =24 on the Mini-
Mental State Exam (MMSE) (Folstein et al., 1975); and ability to read at a minimum 6th
grade level (Wilkinson, 1993). BHS enrollment criteria have been described previously
(Agbedia et al., 2011; Carlson et al., 2014; Chuang et al., 2013), and included right-hand
dominance; free of a pacemaker or other ferrous metals in the body; and no history of brain
cancer or brain aneurism/ stroke in the past year.
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Of 123 participants enrolled in the BHS, 10 participants did not complete the MRI
evaluation due to excessive head movement or claustrophobia, and 21 did not complete or
provide usable data for the objective walking activity assessment (see below for exclusion
criteria). The final usable sample included 92 participants. The baseline evaluation occurred
prior to randomization to BECT intervention or control groups. Participants in the final
study sample did not vary significantly (p<0.05) from the remaining BECT participants on
any socio-demographic or health characteristic at baseline other than sex. The study protocol
was approved by the Johns Hopkins School of Medicine Institutional Review Board and
each participant provided written informed consent.

Walking Activity Measure

Walking activity was measured using a step activity monitor (SAM; Orthocare Innovations,
Mt. Terrace, WA), an accelerometer that is worn on the dominant ankle and measures step
activity in daily life over continuous periods of time. The device measures the number of
steps at one-minute intervals using acceleration, position, and timing information, and can
therefore characterize the amount, duration and frequency of daily walking activity. The
SAM has been validated across a range of community-dwelling older adult populations with
varying levels of function using self-report and objective measures (e.g. hand-tallied step
counts and accelerometers) (Cavanaugh et al., 2007; Resnick et al., 2001; Storti et al., 2008).
The SAM is particularly sensitive in measuring activity at decreased gait speeds (Storti et
al., 2008), and is well tolerated by older adults because it is placed on the ankle vs. the hip
(Algase et al., 2003).

Participants were instructed to wear the SAM for three to seven days while keeping a wear
time/ activity diary at approximately one-hour intervals. Participants were instructed to
remove the SAM only when bathing, showering or swimming, and replace the device
immediately after. The majority of participants wore the SAM during the late summer and
fall which reduced the influence of seasonal effects. Additionally, the majority of
participants were not employed at baseline (79%), which reduced the influence of weekday/
weekend effects. The data cleaning protocol included exclusion of days that represented
noncompliance based on SAM inactivity and by participants' self-reported noncompliance in
their activity diaries. Detailed cleaning protocol for a larger sample, of which participants in
this study are a subsample, has been described previously (Varma et al., 2013).

In order to characterize the proportion of participants meeting physical activity guidelines,
we used the 10,000 steps/day threshold developed in previous studies as a reasonable
equivalent of U.S. physical activity guidelines (Tudor-Locke et al., 2008; Tudor-Locke and
Bassett, 2004) (Table 1). We classified participants who met the 10,000 steps/day threshold
across all days surveyed as active. Based on previous studies translating physical activity
recommendations (30 minutes of moderate-intensity activity/day that can be split into three,
10 minute bouts) into a pedometer based step goal (3 bouts/day of 1,000 steps in 10 min
(Marshall et al., 2009; Tudor-Locke et al., 2005), we additionally classified participants who
met the 3 bouts/day threshold across all days surveyed as active.

Intensity ranges (effort associated with walking) included low-intensity (> 0 steps/min and <
100 steps/min) and moderate- to vigorous-intensity (= 100 steps/min) based on studies
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translating laboratory measurements of oxygen consumption while walking into pedometer-
based metrics (Marshall et al., 2009; Tudor-Locke et al., 2005). Metrics representing
components of activity, including amount, duration and frequency (Howley, 2001;
Kesaniemi et al., 2001) within intensity ranges are described below and summarized in
Table 1.

Activity amount was defined as the number of steps/day, and included total steps/day
segmented into steps/day at low-intensity and at moderate- to vigorous-intensity. Activity
duration was defined as the number of minutes/day of any activity, and included total
minutes/day segmented into minutes/day at low-intensity and at moderate- to vigorous-
intensity. Activity frequency was defined as the number of bouts/day of continuous 10-
minute activity, and calculated by adding the number of times participants completed 10
minutes of activity. We included total bouts/day as well as bouts/day at low-intensity and at
moderate- to vigorous-intensity. All metrics were averaged across all valid days surveyed.

MR Image Acquisition and Preprocessing

High resolution brain images were acquired on a 3.0T Phillips scanner (Best, the
Netherlands) using a 3D T1-weighted MPRAGE sequence (Magnetization Prepared Rapid
Gradient Echo Imaging) with the following parameters: repetition time (TR)= 8.037 ms;
echo time (TE)= 3.7 ms; flip angle= 8°; 200 contiguous 1mm sagittal slices; FOV= 200 mm
x 256 mm x 200 mm; matrix size=256mm x 256 mm; voxel size (1x1x1mm); protocol has
been described previously (Carlson et al., 2009; Chuang et al., 2013). Segmentation of
hippocampal and thalamus volumes, were performed using FMRIB's Integrated Registration
and Segmentation Tool (FIRST) in FMRIB's Software Library (FSL) version 4.1 (Patenaude
et al., 2011) and has been successfully used previously in older adult populations (e.g.,
(Erickson et al., 2011; Erickson et al., 2009) and validated against other automated methods
and manual tracing (Eggert et al., 2012; Seixas and de Souza, 2010). FIRST is a model-
based segmentation/ registration tool using a Bayesian framework from shape and
appearance models obtained from manually segmented images from the Center for
Morphometric Analysis, Massachusetts General Hospital, Boston. Briefly, images were first
registered to MNI (Montreal Neurological Institute) 152 standard space using 2-stage affine
transformations based on 12-degrees of freedom. A subcortical mask was then applied to
exclude voxels outside the subcortical regions. Then the volumes were segmented with 30
modes of variation. Last, boundary correction was performed to classify the boundary
voxels as belonging to the structure or not according to a statistical probability (z score >
3.00; p<0.001). Additional pre-processing steps included motion correction and non-uniform
intensity normalization. All processed images were then visually inspected to identify any
significant errors resulting from the segmentation process. No participants were excluded
due to segmentation errors.

All brain volumes (hippocampus, thalamus) were adjusted for sex and height using a
measure of intracranial volume (ICV) as a covariate in all analyses. ICV was calculated as
the sum of gray, white, and cerebrospinal fluid using FMRIB's automated segmentation tool
in FSL version 4.1 (Smith et al., 2004; Zhang et al., 2001), and used as a covariate in all
analyses.
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In order to control for potential confounders of the relationship between daily walking
activity and brain volume, all models included a number of covariates associated with both
physical activity and hippocampal volume in prior studies. These included ICV, age, years
of education, body mass index (BMI), cardiovascular disease (CVD) burden, exercise, and
global cognitive function measured by the MMSE. All covariates were assessed at baseline.
BMI was calculated using height and weight. CVD burden was calculated by summing
participants' self-report of hypertension, diabetes, heart attack/ myocardial infarction,
intermittent claudication, congestive heart failure, and angina/ chest pain due to heart
disease. Self-reported exercise was assessed using the Community Health Activities Model
Program for Seniors (CHAMPS)(Stewart et al., 2001) and included estimated caloric
expenditure/week for 12 exercise-related physical activities: jogging/running, walking fast
for exercise, aerobic machines, water exercises, swimming moderately/fast, swimming
gently, stretching/ flexibility exercises, yoga/ tai-chi, aerobics/aerobic dancing, moderate/
heavy strength training, light strength training, and general conditioning. The MMSE, a
global test of cognitive function useful in quantitatively estimating the severity of cognitive
impairment (Folstein et al., 1975), was administered by a trained evaluator.

Statistical Analysis

The main objective of the analyses was to explore whether components of daily walking
activity, including amount, duration, and frequency, were associated with hippocampal
volume independent of covariates. Multiple linear regression using Stata version 12
(StataCorp. 2011. Stata Statistical Software: Release 12. College Station, TX: StataCorp LP)
was used to model the relationship between the dependent variable (brain volume) and
explanatory variables (e.g. daily walking activity) (Table 2, Table 3). The models were fit
using the least squares approach to estimate model parameters. Standardized Beta ()
coefficients, standard errors (SE), and p-values of two-sided statistical tests are presented in
Tables; F-statistics with degrees of freedom for the model and residuals, R2 values (e.g.
percent of variance of brain volume explained by daily walking activity) t-statistics, and p-
values, in addition to coefficient values as a percentage of mean hippocampal volume, are
reported in the Results section. Pearson correlations between the explanatory variable of
interest — daily walking activity — and confounders are also included in the Results section.
In order to assess regional specificity of daily walking activity we explored the thalamus as a
control region; this brain structure has been used previously to investigate regional
specificity of physical activity (Erickson et al., 2011).

Model 1 explored the relationship between components of total daily walking activity and
hippocampal volume as well as the control brain region. Model 2 explored whether
objectively measured, low-intensity daily walking activity was associated with hippocampal
volume independent of the relationship between exercise and hippocampal volume. Low-
intensity walking activity, which may include non-exercise lifestyle activities (e.g. walking
for pleasure) and IADLS (e.g. walking related to housework or shopping) (Physical Activity
Guidelines Advisory Committee Report, 2008) and moderate- to vigorous-intensity walking
activity were included as separate variables. Self-reported exercise and covariates included
in Model 1 were additionally included in Model 2.
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Analyses were stratified by sex a priori. The BHS was designed to allow for sex-
stratification in analyses of brain volume (Fried et al., 2013) given differences in brain
morphology and differences in the association between exercise and neurocognition (Coelho
et al., 2012; Colcombe and Kramer, 2003; Vaughan et al., 2012). Additionally, in
exploratory analysis in the non-stratified models, we observed a significant sex x walking
activity interaction (not shown). Estimated effect sizes of steps/day (amount) and minutes of
activity (duration) were expressed in units of 1000 steps/day and 10 minutes/day,
respectively, based on previous studies as well as ease of interpretation (Sisson et al., 2010).
The CHAMPS variable was log transformed due to its skewed distribution.

Baseline Characteristics of Study Subjects

Table 1 presents baseline characteristics of the study sample. A large percentage of
participants had low education (37.0% reporting high school or less education) and income
(29.4% reporting household income less than $15,000). Participants were additionally at risk
for cognitive and physical function decline due to high rates of chronic disease: 56.52% of
participants were obese (BMI = 30), 72.53% reported hypertension, and 31.87% reported
diabetes. Women were more obese than men (P < .05) and did not vary significantly on any
other socio-demographic or health characteristic.

According to the 10,000 steps/day walking activity guideline, 12.0% of participants were
considered active. According to Department of Health and Human Services guidelines of 30
minutes of moderate-intensity activity/day, no participants met guidelines by completing
three or more 10-minute bouts/day of 1000 steps/ bout. Results did not vary significantly by
Sex.

Participants completed a total of 7969.4 (SD: 3516.2) steps/day, and 337.9 (SD: 94.8)
minutes of activity/day. The majority of activity was in the low-intensity range (7212.1 (SD:
2814.3); 90.5% of total steps/day and 330.9 min/day (SD: 91.4); 97.9% of total minutes of
activity/day) with minimal activity in the moderate- to vigorous-intensity ranges (757.3 (SD:
1045.1); 9.5% of total steps/day and 6.9 min/day (SD: 9.6); 2.1% of total daily minutes of
activity) (Figure 1). Participants averaged 11.9 (SD: 6.9) bouts/day of 10-minute activity.
On average, participants expended 1209.2 (SD: 1616.8) calories/week in exercise-related
physical activity. Women had a marginally greater number of low-intensity minutes of
activity/day and fewer exercise-related calories/ week expended compared to men (P < .10).

The mean volume of participants' hippocampus was 6.9 cm?3 (SD: 0.8) and thalamus was
15.1 cm3 (SD: 1.0). Women, on average, had significantly smaller hippocampal and
thalamus volumes, and ICV than men (P < .05).

Daily Walking Activity and Hippocampal Volume

Total steps/day, total minutes/day and total bouts/day were significantly correlated with
BMI (r =-0.45, P<.01; r =-0.40, P <.01; r =-0.45, P <.01) and no other covariates in
women. Daily walking activity metrics were not significantly correlated with any other
covariates in men. As expected, low-intensity steps/day, minutes/day and bouts/day were
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each significantly correlated with moderate- to vigorous-intensity walking activity metrics in
women (r = 0.32, P=.01; r = 0.27, P = .03; bouts/day not significantly correlated) and men
(r=0.80,P<.01;r=0.52,P<.01;r=0.60, P<.01).

Table 2 presents the sex-stratified associations between walking activity metrics and
hippocampal volume. In Model 1, after adjusting for ICV, age, years of education, BMI,
cardiovascular disease burden, and MMSE, in women, an additional 1000 steps/day was
significantly associated with a 0.10 cm3 larger hippocampal volume (F (7, 54) = 5.63; RZ =
0.42; t=2.96; P <.01) (Figure 2); an additional 10 minutes/day of total walking activity was
significantly associated with a 0.02 cm3 larger hippocampal volume (F (7, 54) = 4.94; R2 =
0.39; t = 2.35; P =.02); and an additional 10-minute bout of total walking activity was
significantly associated with a 0.04 cm3 larger hippocampal volume (F (7, 54) =5.11; R2 =
0.40; t = 2.52; P =.02). These associations were approximately 0.2-1.4% of the mean
hippocampal volume of the sample.

Table 3 presents the sex-stratified associations between low-intensity walking activity
metrics and hippocampal volume independent of moderate- to vigorous-intensity walking
activity and exercise. In women, an additional 1000 steps/day in the low-intensity range was
significantly associated with a 0.10 cm? larger hippocampal volume (F (9, 52) = 6.04; R2 =
0.51; t = 2.88; P < .01); an additional 10 minutes/day of low-intensity walking activity was
significantly associated with a 0.02 cm3 larger hippocampal volume (F (9, 52) = 5.57; RZ =
0.49; t = 2.44; P = .02); and an additional 10-minute bout of low-intensity walking activity
was significantly associated with a 0.04 cm3 larger hippocampal volume (F (9, 52) = 5.54;
R2=0.49; t = 2.50; P = .02).

In men across all models, metrics of daily walking activity were not significantly associated
with hippocampal volume or thalamus volume.

Covariates and Hippocampal Volume

We displayed covariates of interest (i.e. age, CVD burden, and exercise) in Tables 2 and 3.
As expected, in women, older age was significantly associated with smaller brain regions
(hippocampus and thalamus) across all models. CVD burden was associated with smaller
hippocampal volume in Model 1 and Model 2 in women, and in men associated with smaller
hippocampal volumes in Model 1 and Model 2 (other than Model 2 - Frequency). Greater
exercise in women was significantly associated with larger hippocampal volume in Model 2.

We explored the relationship between daily walking activity and memory function measured
by the Rey Auditory Verbal Learning Test (RAVLT) and found no significant associations.

Discussion

We observed that greater daily walking activity was cross-sectionally associated with larger
hippocampal volumes among older women, but not men, in a sample of non-demented,
mostly sedentary older adults. As hypothesized, this relationship was specific to
hippocampal volume, compared to the control brain region, thalamus volume, and remained
significant for low-intensity walking activity, independent of moderate- to vigorous-
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intensity activity and self-reported exercise. Effect sizes in this sample ranged from
0.2-1.4% of average hippocampal volumes; considering annual hippocampal atrophy rates
from 0.8-2.0% in healthy older adults (Barnes et al., 2009; Du et al., 2006; Fjell et al., 2009),
these findings underscore the importance of exploring whether modest increases in non-
exercise, lifestyle activities in the low-intensity range may promote cognitive health related
to memory and reduced risk of dementia.

These study results add to a growing body of evidence suggesting that in humans, physical
activity may be linked to key brain regions vulnerable to dementia including hippocampal
volume. Prior evidence from human models suggests that moderate-intensity exercise and
aerobic fitness may be associated with hippocampal volume (Erickson et al., 2011; Erickson
et al., 2010; Erickson et al., 2009). Animal models have provided much of the mechanistic
evidence supporting this relationship, suggesting that exercise may increase cerebral blood
flow and angiogenesis, and may also promote neurogenesis through the upregulation of
neurotrophic factors (Cotman and Berchtold, 2007; van Praag, 2008).

Recent research utilizing objective physical activity monitors that can sensitively measure a
broad range of physical activities in-community, suggest that non-exercise physical activity
may also be associated with cognitive health benefits (Buchman et al., 2012; Middleton et
al., 2011). The results from this study expand this body of evidence to suggest that non-
exercise walking activity within the low-intensity range may be associated with the same
brain region most consistently shown to be effected by increased aerobic fitness and
exercise. These findings encourage us to better understand whether increasing non-exercise,
lifestyle physical activities may produce measurable cognitive benefits and effect
hippocampal volume through molecular pathways unique to those related to moderate-
intensity exercise (Voss et al., 2014). Additionally, these findings suggest that it may be
useful to explore the extent to which environmental enrichment and associated molecular
pathways may be critical to brain benefits independent of the intensity of physical activity
within those contexts (van Praag et al., 2000).

Objective metrics of daily walking activity, including amount, duration, and frequency, may
be important to accurately measure walking activity within a community setting, particularly
among mostly sedentary older adults at elevated risk for cognitive and functional decline.
Older adults within this cohort were mostly non-active by traditional standards for exercise;
very few met estimated physical activity guidelines, and the majority of daily walking
activity was within the low-intensity range. Low-intensity walking activity in this study
sample may be related to lifestyle physical activities as well as functional activities (e.g.
walking to catch a bus, shopping, housekeeping, and caretaking of grandchildren). By
adjusting for moderate- to vigorous-intensity walking activity and exercise — as well as age,
education, CVD burden, BMI and MMSE — all of which have been shown to be associated
with hippocampal volume in older adults (e.g. (Erickson et al., 2011; Erickson et al., 2009;
Gattringer et al., 2012; Jack et al., 1998; Noble et al., 2012; Szabo et al., 2011)), these
findings indicate that low-intensity daily walking activity is associated with hippocampal
volume independent of these covariates. Hippocampal atrophy is one of the strongest
predictors of progression to AD (Henneman et al., 2009). The results of this study suggest
the importance of better understanding the brain health benefits of interventions that may
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increase low-intensity walking activity, particularly for older adults who may be at high risk
for functional decline and disability and may not be able to participate in moderate-intensity
exercise.

In this study we found a clear sex difference in the relationship between daily walking
activity and hippocampal volume. These findings are consistent with a meta-analysis
showing that physical activity may be more cognitively beneficial for women (Colcombe
and Kramer, 2003) as well as the results of a number of randomized-clinical trials of
exercise (Baker et al., 2010; van Uffelen et al., 2008; Vaughan et al., 2012). Additionally,
compared to men in this study, women were more obese, and expended fewer calories/ week
in exercise-related activities. These risk factors may place women at elevated risk for
physical and mobility difficulties, and therefore hippocampal volumes in older women may
be more sensitive to modest increases in low-intensity walking activity.

This study has limitations. While the cognitive screening criteria used in the trial
(MMSE=>24) as well as the inclusion of a cognitive covariate in all analytic models may
account for the possibility of reverse causation, the cross-sectional design of the study
precludes causal inferences. Future longitudinal analyses within a randomized-clinical trial
design such as the BECT, will enable us to explore whether intervention related increases in
non-exercise related physical activity may result in increased hippocampal volume. In
addition, while we excluded moderate- to vigorous-intensity from the low-intensity walking
activity metrics, and controlled for self-reported exercise, the SAM does not differentiate
among types of activities. In future analyses, we hope to utilize daily activity diaries to
better understand how various types of daily walking activities may be associated with
cognitive health. Finally, while the study sample represented an understudied and at-risk
segment of the older adult population, a trial of high-intensity volunteer service may select
for more health conscious members of the community. Therefore generalization of findings
to a larger population must be done so carefully.

To the best of our knowledge, this is the first study to explore the relationship between
objectively measured total daily walking activity and hippocampal volume within a non-
demented, community-dwelling cohort. The significant relationship between low-intensity
daily walking activity and hippocampal volume, independent of moderate- to vigorous-
intensity walking activity and self-reported exercise, indicates the importance of
understanding the longitudinal benefits of modest increases in daily walking activity.
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Figure 1. Distribution of walking activity by intensity
Moderate- to vigorous-intensity walking activity contributed to only 9.5% of total steps/day

and 2.1% of total minutes of activity/day; Note. low-intensity activity: <100 steps/min;
moderate- to vigorous-intensity activity: = 100 steps/min
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Figure 2. Relationship between daily walking activity and brain volume
A. Greater total daily walking activity was associated with larger hippocampal volume

(adjusted for intracranial volume; ICV) in women. Associations remained significant for
low-intensity daily walking activity, and after adding covariates exercise, moderate- to
vigorous-intensity daily walking activity, age, years of education, body mass index (BMI),
cardiovascular disease burden, and Mini Mental State Exam (MMSE).
B. Total daily walking activity was not significantly associated with thalamus volume in

women.

Hippocampus. Author manuscript; available in PMC 2016 May 01.

Average steps/day

T
10000

T
15000



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Varma et al.

Table 1

Baseline characteristics of Brain Health Study Subjects (N=92)

Characteristic

N (%) or Mean + SD

Age (years)

Sex (women)

Race (African American)

Education (< high school)

Income (< $15,000)

MMSE

Chronic Disease
Obesity (BMI = 30)
Hypertension
Diabetes

Brain volume &
Hippocampus (cm?3)
Thalamus (cm?3)

% meeting physical activity guidelines
10,000 steps/day?
Active (= 10,000 steps/day)

30 minutes of moderate-intensity activity®
Active (= 30 min/day)
Daily walking activity metrics
Amount: Steps/ day (total)
Steps/ day at low-intensity d

Steps/ day at moderate- to vigorous-intensity €

Duration: Minutes of activity (total)
Minutes of activity at low-intensity d

Minutes of activity at moderate- to vigorous-intensity ©

Frequency:  Bouts of 10 min activity (total)
Bouts of 10 min activity at low-intensity d

Bouts of 10 min activity at moderate- to vigorous-intensity €

Exercise

Total caloric expenditure/weekf

67.3+6.1
64 (69.6)
82 (89.1)
34 (37.0)
27 (29.4)
28.4 (1.5)

52 (56.5)
66 (72.5)
29 (31.9)

6.9+0.8
151+1.0

11 (12.0)

0(0.0)

7969.4 + 3516.2
7212.1+2814.3

757.3+1045.1

337.8+94.8
330.9+91.4

6.9+9.6

11.9+6.9
105+6.0

01+0.4

1209.3 + 1616.8

SD = standard deviation; MMSE = Mini Mental State Exam
a. . . .
Adjusted for intercranial volume (ICV)

b10,000 steps/day considered an estimate of daily recommended walking activity

C30 minutes/day of moderate-intensity activity (= 100 steps/min) considered an estimate of daily recommended walking activity

dLow-intensity defined as walking activity at < 100 steps/min

eModerate- to vigorous-intensity is defined as walking activity at = 100 steps/min
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Assessed using the self-report of exercise-related physical activities from the Community Health Activities Model Program for Seniors
(CHAMPS) questionnaire
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Table 3
Multiple linear regression models of low-intensity daily walking activity and hippocampal
volume stratified by sex
Model 2
Women
Hippocampus (cm3)  Hippocampus (cm3)

Amount B SE B SE
Low-intensity steps/day® (per 1000 steps increase) 0.10"" 0.04 -0.16 0.10
Moderate- to vigorous-intensity steps/day® (per 1000 steps increase) 0.04 0.10 0.09 0.25
Age -0.03 0.01 -0.01 0.04
CcVvD © -0.22" 0.09 -0.50% 0.22
Exercise d 0.08"* 0.07 0.12 0.06
Duration

Low-intensity min/day® (per 1000 steps increase) 0.02" 0.01 -0.04 0.03
Moderate-intensity min/day® (per 1000 steps increase) 0.06 0.11 -0.12 0.20
Age -0.03" 0.01 -0.01 0.04
cvD© 021" 0.09 -050% 0.23
Exercise 9 0.08™" 0.03 0.13 0.07
Frequency

Low-intensity bouts/day@ (per 1, 10-minute bout) 0.04" 0.02 -0.04 0.04
Moderate- to vigorous-intensity bouts/day® (per 1, 10-minute bout) 0.06 0.21 -0.38 0.79
Age -0.03" 0.01 -0.01 0.04
cvD ¢ -0.18" 0.09 -0.49 0.23
Exercise d 0.08"* 0.03 0.12 0.06

SE = standard error; CVD = cardiovascular disease burden;

*
p<0.05

*%

p<0.01

Note: all models included the following covariates; intercranial volume (ICV), age, years of education, body mass index (BMI), CVD, exercise,
moderate- to vigorous-intensity walking activity, and the Mini Mental State Exam (MMSE)

aLow-intensity defined as walking activity at < 100 steps/min

Moderate- to vigorous-intensity is defined as walking activity at = 100 steps/min

C . - .
CVD calculated by summing participants self-report of vascular disease

Exercise calculated as estimated caloric expenditure/week of self-reported exercise-related physical activities using the Community Health

Activities Model Program for Seniors (CHAMPS) questionnaire
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