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Abstract
Objectives: Physical activity (PA) is a modifiable health behavior that can protect against age-related gray matter atrophy 
and cognitive dysfunction. Current studies of PA and gray matter failed to utilize device measures of PA and do not focus on 
adults >80 years. Thus, the purpose of this secondary analysis was to examine cross-sectional associations between acceler-
ometer lifestyle PA and (a) gray matter volumes and (b) cognitive function, controlling for demographics, and health status.
Method: Participants were 262 older adults without dementia or mild cognitive impairment from Rush Memory and Aging 
Project, an epidemiological cohort study. Participants wore an accelerometer to assess total daily lifestyle PA, and completed 
anatomical magnetic resonance imaging to assess gray matter volumes and a neurocognitive test battery to assess cognitive 
function.
Results: Multivariate linear regression indicated that higher levels of total daily lifestyle PA was significantly related to 
larger gray matter volumes, F(2, 215) = 3.61, p = .027, including subcortical gray matter (β = 0.17, p = .007) and total gray 
matter (β = 0.11, p = .049), with no significant associations between lifestyle PA and cognitive function.
Discussion: These findings may inform future lifestyle PA interventions in order to attenuate age-related gray matter 
atrophy.
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Over 15% of adults 65  years or older develop cognitive 
dysfunction, or decline in one or more dimensions of cog-
nition (e.g., memory, visuospatial ability, perceptual speed), 
progressing to nearly 40% of adults 85  years or older 
(Hugo & Ganguli, 2014). Of older adults with cognitive 
dysfunction, nearly 33% progress to dementia (Mitchell 
& Shiri-Feshki, 2009), a distressing chronic condition that 
impacts quality of life, independence, and health care costs 
(Hugo & Ganguli, 2014). Age-related cognitive dysfunction 

can be attributed in part to structural changes in the brain, 
such as declines in gray matter volumes (A.-L. Lin, Laird, 
Fox, & Gao, 2012). Declines in gray matter volumes often 
precedes declines detected in tests of cognition and memory 
(Erickson, Leckie, & Weinstein, 2014) and atrophy of gray 
matter is associated with the development of mild cognitive 
impairment and Alzheimer’s disease and related demen-
tias (Pini et al., 2016). The rate and extent of gray matter 
volume decline varies among older adults, and depends on 
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a variety of factors, including genetics, biological factors, 
and lifestyle behaviors.

Physical activity  (PA) is a modifiable health behav-
ior associated with a host of health benefits (Bauman, 
Merom, Bull, Buchner, & Fiatarone Singh, 2016), includ-
ing improved cognitive function in older adults without 
dementia (Watson, 2016). PA is any bodily movement that 
increases energy expenditure. There are two subcategories 
of PA: structured exercise and lifestyle PA. Structured exer-
cise is planned, repetitive, purposive, and aimed to improve 
or maintain physical fitness, while lifestyle PA refers to 
activities that a person carries out in the course of daily 
life, including household, transportation, and occupational 
activities (Centers for Disease Control and Prevention, 
2015).

Nine studies published between 2010 and 2017 exam-
ined the association between self-report of structured 
exercise and gray matter volumes in adults without mild 
cognitive impairment or dementia (Benedict et  al., 2013; 
Brown et  al., 2014; Bugg & Head, 2011; K. Erickson 
et al., 2010; Head, Singh, & Bugg, 2012; Kooistra et al., 
2014; Rovio et al., 2010; Ruscheweyh et al., 2011; Tamura 
et al., 2015). Findings of these studies indicated that higher 
levels of structured exercise were associated with greater 
gray matter volumes, including subcortical gray matter, 
cortical gray matter, and total cortex volumes, independ-
ent of demographics, and health status. In addition, four 
of the five studies that examined cognitive function found 
positive associations between structured exercise and cog-
nitive function, consistent with a body of literature that 
has established this association (Bherer, Erickson, & Liu-
Ambrose, 2013; Colcombe & Kramer, 2003). However, 
these nine studies were limited by including participants 
primarily aged 55–80 years (M = 69 years), with few stud-
ies focusing on adults 80 years or older. This is problematic 
due to the unique health concerns of this age group includ-
ing their increased risk for chronic conditions and lower 
rates PA (Bauman et al., 2016). In addition, these nine stud-
ies focused on structured exercise only, and did not include 
lifestyle PA.

Lifestyle PA is often preferred over structured exercise 
programs in older adult populations, with higher adherence 
and satisfaction (Darden, Richardson, & Jackson, 2013). 
Higher levels of lifestyle PA as measured by accelerom-
eter are associated with: (a) greater hippocampal volumes 
in healthy older adults (Varma, Chuang, Harris, Tan, & 
Carlson, 2015; Varma, Tang, & Carlson, 2016), (b) greater 
hippocampal volumes in older adults with mild cognitive 
impairment (Makizako et al., 2015), and (c) greater sub-
cortical brain volume and higher levels of cognitive func-
tion in patients with heart failure (Alosco et  al., 2015). 
Another body of literature focuses on the relation between 
lifestyle PA (also measured by accelerometer) and cognitive 
function. These studies demonstrate the positive impact of 
lifestyle PA on cognitive function, including lowered risks 
of cognitive dysfunction, dementia, and Alzheimer’s disease 

in older adults (Buchman et al., 2012; Buchman, Wilson, & 
Bennett, 2008; Kerr et al., 2013; Stubbs, Chen, Chang, Sun, 
& Ku, 2017; Zhu et al., 2017).

One characteristic of these lifestyle PA studies is that 
they uniformly utilized accelerometer data to measure life-
style PA. Devices such as accelerometers increase the like-
lihood of obtaining reliable and valid assessment of total 
PA, including both structured exercise and lifestyle PA 
(Edwards & Loprinzi, 2016).

Lifestyle PA interventions, particularly those focused on 
moderate or vigorous-intensity PA, can increase aerobic fit-
ness (X. Lin et al., 2015). In sedentary adults, even small 
increases in low-intensity lifestyle PA can improve aerobic 
fitness that may result in health benefits (Murtagh et  al., 
2015). Although earlier meta-analyses reported inconsist-
ent findings regarding the effects of aerobic fitness on cog-
nitive function (Colcombe & Kramer, 2003; Etnier, Nowell, 
Landers, & Sibley, 2006), a more recent analysis showed 
that interventions of moderate-intensity PA that aim to 
improve aerobic fitness have positive effects on cognitive 
function (Northey, Cherbuin, Pumpa, Smee, & Rattray, 
2017). Results from a review of correlational and inter-
vention studies also indicated independent positive asso-
ciations between aerobic fitness and gray matter volumes 
(Erickson et al., 2014). These associations are potentially 
due to the fitness effects on the brain, such as increased 
cerebral blood flow, vascularization, neurogenesis, and 
neuroplasticity (Watson, 2016). Thus, the benefits of life-
style PA on cognitive function and gray matter volumes in 
older adults are likely to be mediated through increased 
aerobic fitness.

The most common covariates included in existing stud-
ies of lifestyle PA, brain structure, and cognitive function 
were demographics, including age, sex, education, and 
income. However, most studies failed to include other 
health status covariates, such as depressive symptoms, 
body mass index (BMI), and physical disability. This fail-
ure persists in spite of evidence that older adults with 
depression had a significantly lower gray matter volumes 
compared to those without depression (Du et al., 2014). 
This finding may be explained by impaired neuroplasti-
city (Manji, Drevets, & Charney, 2001). Second, higher 
BMI was related to lower gray matter volumes in older 
adults (Kharabian Masouleh et  al., 2016), which may 
be mediated by impaired neuronal growth (Papenberg 
et al., 2016). By increasing lifestyle PA, we can potentially 
attenuate these biological effects of depressive symptoms 
and BMI. Finally, while there is limited evidence suggest-
ing an association between physical disability and gray 
matter volumes in the healthy older adults, physical dis-
ability may impact both lifestyle PA (Blodgett, Theou, 
Kirkland, Andreou, & Rockwood, 2015) and cognitive 
function (Kim, 2016). Therefore, the effects of physical 
disability must be considered.

The purpose of this secondary analysis was to explore 
the association between an accelerometer measure of 
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lifestyle PA and (a) MRI measures of gray matter volumes 
(subcortical gray matter, total cortex, total gray matter) 
and (b) cognitive function (visuospatial ability, percep-
tual speed, episodic memory, semantic memory, work-
ing memory, and global cognition), while controlling for 
demographics, depressive symptoms, BMI, and physical 
disability. We aimed to address the gaps of the existing 
studies by (a) examining lifestyle PA, cognitive func-
tion, and gray matter volumes in a cohort of older adults 
that include those 80 years and older, an age group not 
always included in previous studies; (b) including depres-
sive symptoms, BMI, and a measure of physical disability 
(basic activities of daily living) as covariates in addition 
to age, sex, education, and income, which are known to 
be related to gray matter volumes and cognitive func-
tion; and (c) utilizing a device measure of lifestyle PA. We 
hypothesize that those who have higher levels of lifestyle 
PA have greater gray matter volumes and higher levels of 
cognitive function.

Methods

Design
This is a secondary analysis of data from the Rush Memory 
and Aging Project, an epidemiological study that examines 
common chronic conditions of old age with question-
naires, performance tests, and clinical evaluations (Bennett 
et al., 2005). The Rush Memory and Aging Project began 
in 1997 and a MRI sub-study with biennial neuroimag-
ing was added in 2009. For the present analyses, we use 
cross-sectional data from participants’ first MRI assess-
ment obtained between 2009 and 2011, which were all 
completed on the same scanner.

Participants

As reported earlier, participants from this dataset were 
recruited from retirement communities throughout north-
eastern Illinois and the Chicago metropolitan area (Bennett 
et  al., 2005, 2012). Older adults without known demen-
tia provided written informed consent for data collection, 
including agreeing to: (a) an assessment of risk factors; 
(b) blood donation; (c) detailed clinical evaluation each 
year; and (d) donation of brain, the entire spinal cord, and 
selected nerve and muscles at the time of death. Participants 
in these analyses also agreed to biennial brain MRI scans. 
Participants underwent standardized clinical evaluations, 
including medical history and neurological examination, 
at the participant’s home (Bennett et al., 2005, 2012). The 
study was approved by the Rush University Medication 
Center Institutional Review Board, and waiver of consent 
was obtained for the secondary analysis.

Inclusion criteria were the following: (a) living in the 
retirement communities or housing facilities that were 
recruitment sites, and (b) have cognitive ability to complete 
the informed consent process at the time of study enrollment. 

For the purposes of these analyses, participants must have 
been scanned on the same MR scanner in use between 
2009 and 2011 and have accelerometer data within that 
same year. Exclusion criteria for these analyses included: (a) 
dementia or mild cognitive impairment, (b) inability to sign 
the Anatomical Gift Act, (c) history of brain surgery, (d) large 
infarcts or structural brain abnormalities (e.g., tumors) atyp-
ical of aging and visible with MRI (Arfanakis et al., 2016), 
and (d) invalid accelerometer data (device failure or less than 
7 days of data; Buchman et al., 2012; Lim et al., 2016). Since 
participants were not excluded due to health conditions, 
co-morbidities common in population-based epidemiologic 
studies are well represented. Thus, the “healthy volunteer 
effect” seen in many cohort studies was minimized.

Based on a clinical evaluation, a diagnosis of demen-
tia or Alzheimer’s disease was determined utilizing the 
criteria from the National Institute of Neurological and 
Communicative Disorders and Stroke and the Alzheimer’s 
Disease and Related Disorders Association (McKhann 
et al., 1984). Dementia was diagnosed in a three-step pro-
cess, including (a) a battery of 19 cognitive tests scored 
by a computer; (b) review of cognitive test results by a 
neuropsychologist; and (c) evaluation by a physician who 
used all cognitive and clinical data to diagnose dementia 
(Bennett et al., 2005). Participants were considered to have 
mild cognitive impairment when there was evidence of cog-
nitive impairment, but did not meet the criteria for demen-
tia (Boyle, Wilson, Aggarwal, Tang, & Bennett, 2006). 
Participants were not excluded from the original study for 
dementia or mild cognitive impairment diagnoses, but were 
excluded for the purpose of these analyses.

A total 1,165 participants completed the baseline clin-
ical evaluation and had valid Actical accelerometer data 
prior to 2011 (Figure 1). Of these, 362 died and 59 with-
drew from the study before the MRI sub-study began in 
February of 2009. Of the remaining 744 participants, 339 
did not agree to participate in the MRI sub-study. A total 
of 405 had at least one scan during the study period on 
the same scanner (used between 2009 and 2011). Of these 
405, 143 participants were excluded from analyses due to 
a diagnosis of mild cognitive impairment (n = 75), a diag-
nosis of Alzheimer’s disease or other dementia (n  =  5), 
scans not processed at the time of analyses (October 2016; 
n  =  59), and image artifacts discovered during quality 
checks (n = 4). Analyses were completed on the remaining 
262 participants.

Measures

Lifestyle PA
Lifestyle PA was measured by an Actical(C) (Mini Mitter, 
Bend, OR), a device with a piezo‐electric accelerometer. 
The Actical is a battery-operated activity monitor worn on 
the wrist similar to a wrist watch, and is waterproof and 
can be worn while bathing or swimming. The Actical pro-
vides valid estimates of free-living PA (Crouter et al., 2011). 
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Participants were instructed to wear the Actical continu-
ously for 10 days on the nondominant wrist. Upon retrieval 
of the Actical, raw data were downloaded and viewed 
using software provided by Respironics, Inc (Bend, OR). 
Non-wear time was identified in a two-stage process. First, 
trained technicians visually examined the accelerometer 
data, and periods of suspected removal were noted. Second, 
automatic algorithms noted periods of 4 h or greater (over 
the 24-h period) with no movement, and additional visual 
examinations were completed if necessary. To be included 
in the dataset participants must have had a minimum of 
7 days of data without any noted non-wear periods. When 
more than 7  days of data were available, only the first 
7 days were analyzed to ensure only 5 weekdays and two 
weekend days were included (Lim et al., 2016).

Data then were partitioned into 24-h periods from 
the time of placement to the time of retrieval, and only 
data from complete 24-h periods were used to determine 
average total daily lifestyle PA. Activity counts represent 
the area calculated by integrating the activity curve for 
each 1‐s sample, where non‐zero values reflected activity. 
Activity counts are summed for each epoch (15 s; Buchman 
et al., 2012). Total daily lifestyle PA is the sum of all activ-
ity counts during a 24-h period, averaged over the num-
ber of days that the individual wore the device. To correct 
for positively skewed data, total daily lifestyle PA was log-
transformed. To facilitate the presentation and interpret-
ation of result, total daily PA was converted to a z-score.

Image acquisition
High-resolution T1-weighted anatomical data were 
obtained on a 1.5 Tesla General Electric MRI scanner 
(Waukesha, WI) using a 3D IR-FSPGR sequence with: 
echo-time (TE)= 2.8  ms, repetition time (TR)  =  6.3  ms, 
preparation time=1000  ms, flip-angle=8°, field-of-view 
(FOV)=24  cm×24  cm, 160 sagittal slices, slice thick-
ness=1  mm, 224  ×  192 acquisition matrix, and two 

repetitions. A conventional transmit/receive birdcage quad-
rature single channel coil was used.

Image processing
All MR images were reviewed by a neuroradiologist. For 
each participant, the two copies of the anatomical data 
were averaged to increase signal to noise ratio. The aver-
aged T1-weighted data were automatically segmented with 
Freesurfer version 5 (http://surfer.nmr.mgh.harvard.edu). 
All results were reviewed and manual corrections were 
performed when necessary. White matter hyperintensities 
were classified as white matter (Arfanakis et  al., 2016). 
The intracranial volume, subcortical and cortical gray mat-
ter volumes, as well as the total gray matter volume were 
obtained. All gray matter volumes were normalized by the 
intracranial volume. Variables for this analysis included 
subcortical gray matter, total cortex, and total gray matter 
normalized volumes.

Cognitive function
As reported earlier (Bennett et al., 2005, 2012; Wilson et al., 
2005), cognitive function was assessed using a battery of 
19 neurocognitive tests. All neurocognitive tests were con-
ducted annually. The 19 cognitive tests assessed visuospatial 
ability (two tests; Line Orientation, Progressive Matrices), 
perceptual speed (four tests; Numbers Comparison, Symbol 
Digit Test, Stroop Word Reading, Stroop Color Naming), 
episodic memory (seven tests; Logical Memory Immediate 
Recall, Logical Memory Delayed Recall, Word List Memory, 
Word List Recall, East Boston Memory Test, East Boston 
Delayed Recall, Word List Recognition), semantic memory 
(three tests; Verbal Fluency, 15-item Boston Naming Test, 
15-item Reading Test), and working memory (three tests; 
Digit Span Forward, Digit Span Backward, Digit Ordering; 
Bennett et al., 2005, 2012; Wilson et al., 2005). The raw 
scores of all tests were converted to z-scores standardized 
relative to the sample mean and SD. Composite scores for 
the five cognitive domains (visuospatial ability, perceptual 
speed, episodic memory, semantic memory, working mem-
ory) were calculated by averaging the z-scores of the cor-
responding individual tests. A global cognition score was 
the average of the z-scores of all 19 neurocognitive tests 
(Bennett et al., 2005, 2012; Wilson et al., 2005).

Covariates
Covariates included demographics and health status. 
Demographics included age, sex, education, and income. 
Age in years utilizing self-reported birth year was docu-
mented at time of MRI scan. Sex, education (number of 
years completed), and income (self-report of personal annual 
income divided in categories 1–10, with 1 = $0–$4,999 and 
10 = $75,000 and over) were documented at study entry.

Health status included depressive symptoms, BMI, and 
physical disability. Depressive symptoms were assessed with 
a modified, 10-item version of the Center of Epidemiologic 
Studies Depression scale (Bennett et al., 2012). Participants 

Figure 1. Flowchart of subject participation.
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were asked whether or not (yes or no) they experienced 
each of 10 symptoms much of the time in the past week. 
The score is the total number of symptoms experienced 
(possible range 0–10) with higher scores indicating more 
depressive symptoms. Due to the low levels of depressive 
symptoms in this cohort, depressive symptoms was dichot-
omized at the mean (M = 0.79) for analyses. BMI was based 
on measured weight and height, calculated as weight in kil-
ograms divided by height in meters squared.

Physical disability was a composite measure of basic 
activities of daily living, measured with the Katz Activities 
of Daily Living Scale. The scale measures six basic physical 
abilities: walking across a small room, bathing, dressing, eat-
ing, getting from bed to chair, and toileting. Participants are 
asked to report need for help/assistance in performing the 
activities of daily living. Responses are dichotomized into 
0 = no help and 1 = requires help or unable to do. The com-
posite measure ranges from 0 to 6 and is the sum of the num-
ber of items for which participants report the need for help/
assistance, with higher scores indicating greater disability. 

Analysis

All analyses were calculated using SPSS version 23 (IBM 
Corp., 2015) with an alpha value of p ≤ .05 denoting statis-
tical significance. Descriptive statistics (means and standard 
deviations) were calculated for the continuous variables in 
the models. First, two separate multivariate general linear 
models were conducted to examine the following associa-
tions: (a) total daily lifestyle PA with the three outcomes 
of gray matter volumes (subcortical gray matter, total 
cortex, and total gray matter volumes), and (b) total daily 
lifestyle PA with the six outcomes of cognitive function 
(visuospatial ability, perceptual speed, episodic memory, se-
mantic memory, working memory, and global cognition). 
Demographics (age, sex, education, and income) and health 
status (depressive symptoms, BMI, and physical disability) 
were included as covariates. All covariates were tested 

for collinearity. In the presence of significant multivariate 
effects, separate follow-up regression analyses were con-
ducted to examine the association between total daily life-
style PA and the three gray matter volume outcomes and 
six cognitive function outcomes individually.

Results
There were 262 participants with a mean age of 81 years 
(SD = 7), 76% were female, and on average had 15 years 
of education (SD = 1.0; Table 1). Participants reported low 
levels of depressive symptoms, M = 0.8 (SD = 1.3). A total 
of 14 participants (5.3%) were above the threshold that 
indicates high risk for major depression (Kohout, Berkman, 
Evans, & Cornoni-Huntley, 1993). The mean BMI of 
27 (SD  =  5.0) was in the overweight range. Participants 
wore the Actical for an average of 9.3  days (SD  =  1.1). 
Examination of participant characteristics by sex revealed 
males had significantly higher levels of education (16.5 
vs. 15.0 years completed; t(260) = −3.7, p < .001), higher 
reported income levels ($35,000–$49,999 vs. $30,000–
$34,999; t(249)  =  −3.5, p  <  .001), and lower levels of 
depressive symptoms (0.5 vs. 0.9; t(260) = 2.2, p =  .031) 
than females.

Total lifestyle PA was moderately correlated with all 
three gray matter volumes (r  =  0.30–0.34) and generally 
with the cognitive function variables (r  =  0.12–0.25; see 
online Supplementary Material). The three variables of gray 
matter volumes were generally highly correlated (r = 0.64–
0.98). The five cognitive function subscales were moder-
ately correlated (r = 0.29–0.60), and were correlated with 
the global cognition score (r  =  0.62–0.77). Correlations 
between gray matter volumes and cognitive function sub-
scales ranged from −0.01 to 0.32.

The multivariate general linear models indicated that 
higher levels of lifestyle PA were significantly related to 
higher gray matter volumes, F(2, 215)  =  3.61, p  =  .027. 
There were no significant relations between lifestyle PA 

Table 1. Characteristics of Older Adults without Dementia or Mild Cognitive Impairment (N = 262)

Femalesa Malesb Totalc

Characteristic M/N SD/% M/N SD/% M/N SD/%

Age (years at time of MRI scan) 80.7 7.3 81.7 6.7 80.9 7.2
Race (percent white) 189 94.5% 60 96.8% 249 95.0%
Education (number of years completed)*** 15.0 2.7 16.5 .5 15.4 1.1
Income (self-report level range 1–10)** 7.2 2.3 8.3 1.9 7.5 2.3
Depressive symptoms (percent with more depressive 
symptoms)*

82 41.0% 16 25.8% 98 37.4%

BMI (kg/m2) 26.9 5.3 27.1 4.0 27.0 5.0
Physical disability (activities of daily living) 0.7 1.4 0.7 1.4 .7 1.4
Total daily lifestyle physical activity 0.03 1.0 −0.08 1.1 <.01 1.0

Note. BMI = body mass index; MRI = magnetic resonance imaging.
an = 200. bn = 62. cn = 262.
*p < .05, **p < .01, ***p < .001 (for t-tests comparing females vs. males).
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and cognitive function, F(6, 207) = 1.99, p = .068. In order 
to better interpret the multivariate results for gray matter 
volumes, three separate follow-up univariate regression 
analyses were conducted (Table  2). These analyses indi-
cated significant independent positive associations between 
lifestyle PA and subcortical gray matter (β = 0.17 p = .007) 
and total gray matter volume (β = 0.11, p = .049), control-
ling for demographics (age, sex, education, and income) 
and health status (depressive symptoms, BMI, and phys-
ical disability). Age and sex were significantly associated 
with all three measures of gray matter volume, such that 
younger age and male sex were associated with greater gray 
matter volumes, and higher self-reported income was sig-
nificantly associated with greater total cortex volume only. 
In addition, fewer depressive symptoms and lower BMI 
were significantly associated with greater subcortical gray 
matter only, and less physical disability was significantly 
associated with greater total cortex and total gray matter 
volumes.

Discussion
We examined the associations between (a) lifestyle PA and 
gray matter volumes (subcortical gray matter volume, total 
cortex volume, total gray matter volume), and (b) lifestyle 
PA and cognitive function (visuospatial ability, perceptual 
speed, episodic memory, semantic memory, working mem-
ory, and global cognition), controlling for demographics 
(age, sex, education, and income), and health status (depres-
sive symptoms, BMI, and physical disability). Overall, we 
found significant independent relations between lifestyle 
PA as measured using an accelerometer and two gray mat-
ter volumes (subcortical gray matter and total gray matter 
volumes) as measured by MRI in this population.

Consistent with earlier studies of structured exercise 
and gray matter volumes (Benedict et  al., 2013; Brown 
et al., 2014; Bugg & Head, 2011; K. Erickson et al., 2010; 
Head et al., 2012; Kooistra et al., 2014; Rovio et al., 2010; 
Ruscheweyh et al., 2011; Tamura et al., 2015), we found 
significant associations between lifestyle PA and subcortical 
gray matter and total gray matter volumes when control-
ling for demographics and health status. Unexpectedly, the 
relation between lifestyle PA and total cortex volume in our 
analyses was not significant. However, we controlled for 
depressive symptoms, BMI, and physical disability, which 
earlier studies neglected. In our analysis, less physical dis-
ability was associated with greater total cortex volume. 
This emphasizes the importance of controlling for health 
status in studies of lifestyle PA and gray matter volumes, 
including physical disability, which may impact both PA 
and brain health in older adults (Blodgett et al., 2015; Kim, 
2016).

We did not find a significant relation between lifestyle PA 
and cognitive function, a surprising result given the abun-
dant evidence supporting increasing lifestyle PA to prevent 
cognitive dysfunction and dementia in older adults (Kerr 
et  al., 2013; Stubbs et  al., 2017; Zhu et  al., 2017). Two 
previous analyses also using data from the Rush Memory 
and Aging Project showed the following: (a) higher levels 
of lifestyle PA (as measured by accelerometer) were signifi-
cantly related to cognitive function in cross-sectional analy-
ses (Buchman et al., 2008), and (b) higher levels of lifestyle 
PA were significantly related to decreased risk of cogni-
tive decline and Alzheimer’s disease in longitudinal anal-
yses (Buchman et  al., 2012). However, the samples were 
larger (521 and 716 vs. 262 participants, respectively), and 
appear to be more diverse in terms of age and total lifestyle 
PA, which may also contribute to the difference in results. 

Table 2. Multiple Linear Regression of Gray Matter Volumes on Lifestyle Physical Activity in Older Adults without Dementia or 
Mild Cognitive Impairment (N = 262)

Subcortical Gray Matter 
Volume Total Cortex Volume Total Gray Matter Volume

Variable βa pb d β p d β p d

Age (years at time of MRI scan) −0.35 <.001 −0.47 <.001 −0.47 <.001
Sex (0 = female, 1 = male) −0.17 .006 −0.34 −0.30 <.001 −0.63 −0.28 <.001 −0.58
Education (number of years completed) 0.01 .871 −0.02 .683 −0.02 .775
Income (self-report level range 1–10) −0.03 .602 0.13 .031 0.09 .108
Depressive symptoms −0.16 .008 −0.32 −0.06 .263 −0.12 −0.09 .093 −0.18
BMI (kg/m2) 0.18 .003 <0.01 .999 0.05 .397
Physical disability (activities of daily living) −0.06 .280 −0.14 .010 −0.13 .016
Total daily lifestyle physical activity 0.17 .007 0.09 .143 0.11 .049
R2 0.30 0.39 0.40

Note. BMI = body mass index.
aThe standardized regression coefficient (β) represents the change (in standard deviation [SD] units) in the dependent variable (gray matter volumes) uniquely 
attributable to a 1 SD change in the predictor. For dichotomous outcomes, β was converted to a Cohen’s d.
bp-values are unadjusted.
*p < .05, **p < .01, ***p < .001.
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In addition, we included BMI as a covariate due to the 
negative association between BMI and cognitive function 
in adults. Yet, evidence suggests that this association may 
reverse with age due to frailty (Sabia, Kivimaki, Shipley, 
Marmot, & Singh-Manoux, 2009), which may also impact 
our findings.

Our results may be explained by a number of mecha-
nisms. A  review of both animal and human studies 
(Voelcker-Rehage & Niemann, 2013) indicates multifa-
ceted effects of PA on brain health, including cognition 
and brain structure. First, the coordination components of 
lifestyle PA (balance, gross and fine motor) improve brain 
health by augmenting neuroplasticity (Cotman, Berchtold, 
& Christie, 2007; Raz & Lindenberger, 2013). The meta-
bolic components of PA increase cerebral blood flow and 
vascularization of brain structures (Holzschneider, Wolbers, 
Röder, & Hötting, 2012; Pereira et al., 2007). Because total 
lifestyle PA was assessed in our analysis, we cannot differ-
entiate whether the coordination or the metabolic compo-
nents of PA were involved; it is likely that both components 
contributed to our effects.

In our recent systematic review, four of six studies 
showed significant effects of aerobic PA interventions on 
brain structure, with limited effects to cognitive function 
(Halloway, Wilbur, Schoeny, & Arfanakis, 2016). This may 
indicate that changes in MRI measures of brain structure 
may precede improved performance on neurocognitive 
tests. Another possible explanation is that a larger dose of 
PA is required in order to obtain significant effects on cog-
nitive function (Loprinzi, Edwards, Crush, Ikuta, & Del 
Arco, 2017).

This sample was similar to the majority of the earlier 
cross-sectional studies (Benedict et al., 2013; Brown et al., 
2014; Bugg & Head, 2011; Ho et  al., 2011; Kooistra 
et  al., 2014). Participants were mostly white (95.0 vs. 
98.6%), but significantly older (M, SD = 80.9, 7.2 vs. M, 
SD  =  70.4, 12.5) with a greater proportion of females 
(76.3 vs. 58.3%). As with earlier cross-sectional studies, 
this sample had higher levels of education than the United 
States average (50 vs. 25% of older adults had at least 
16 years of education; Ryan & Bauman, 2016). Consistent 
with the general population, males completed significantly 
more years of education than females (Ryan & Bauman, 
2016), males reported higher income levels than females 
(Cameron, Song, Manheim, & Dunlop, 2010), and females 
were more likely to report more depressive symptoms than 
males (Barry, Allore, Guo, Bruce, & Gill, 2008).

These analyses were unique in the older age of the 
study participants (mean 81  years vs. 70  years of ear-
lier studies). The characteristics and health needs of the 
older adult population greatly differ depending on the 
specific age subgroup: the young–old (65–74  years), 
middle–old (75–84 years), or the old–old (85 years and 
greater; Administration on Aging, 2014). Unfortunately, 
there is a paucity of research focused on the middle–old 
and old–old subgroups, with most research focused on 

the young–old subgroup (Bauman et al., 2016). Yet, the 
middle–old and old–old age groups are the fastest rising 
segments of the population (Administration on Aging, 
2014), with the highest risk of developing of cognitive 
dysfunction and dementia. Given that over 83% of the 
total sample was considered middle–old or old–old, 
our analysis also shows that the benefits of lifestyle PA 
for gray matter volumes continue with age, including 
the growing middle–old and old–old age subgroups. 
However, knowledge is still developing that focuses on 
the specific behavioral, biological, or social factors that 
increase risk of cognitive dysfunction and influence sur-
vival in advanced age (I. N.  Miller et  al., 2015; Spira, 
Rebok, Stone, Kramer, & Yaffe, 2012).

Limitations of this study should be noted. First, this 
analysis was cross-sectional, which precludes the ability to 
determine directionality of relations. Second, the measure 
of lifestyle PA available in this secondary dataset did not 
include PA intensity categories (e.g., light and moderate-
vigorous). PA intensity categories can provide important 
information for implementation and clinical application 
(N. E. Miller, Strath, Swartz, & Cashin, 2010). Third, we 
did not include a measure of aerobic fitness, which can pro-
vide insight on the fitness effects on brain structure and 
cognition. Finally, the sample consisted of a cohort of vol-
unteers who were disproportionately female, white, and 
with higher than U.S. average education level, limiting the 
generalizability particularly to other racial ethnic groups 
and those with lower education levels. There may also 
have been a selection bias since these analyses represent 
a sub-sample who volunteered to participate in the MRI 
sub-study.

To our knowledge, this is the first study to examine the 
effects of a device measure of lifestyle PA (accelerometers) 
on gray matter volumes in older adults without dementia 
or mild cognitive impairment. The device measure provides 
a more accurate representation of total lifestyle PA (Koster 
et  al., 2016) compared to self-report questionnaires. Our 
findings with a device measure of lifestyle PA not only con-
firmed results from earlier self-report structured exercise 
and gray matter studies (Benedict et al., 2013; Brown et al., 
2014; Bugg & Head, 2011; Ho et al., 2011; Kooistra et al., 
2014), but also provide insight on these relations in the 
growing middle–old and old–old populations.

Our findings should be further explored in a longitudi-
nal study or randomized controlled intervention trial. There 
are three existing trials that tests the effects of structured 
exercise on gray matter volumes: one tested aerobic train-
ing (Colcombe et al., 2006), one tested walking and low-
intensity gymnastics (Ruscheweyh et  al., 2011), and one 
tested calisthenics (Tamura et al., 2015). All three showed 
significant modest increases in gray matter volumes. In 
addition, a recent systematic review identified 11 studies 
that examined the effects of structured exercise interven-
tions on regional brain volumes or brain volumes of spe-
cific structures. Findings of these studies showed significant 
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effects in brain structures, including the hippocampus, cer-
ebellum, and prefrontal cortex (Batouli & Saba, 2017).

To date, the effects of lifestyle PA interventions on gray 
matter volumes have been tested almost exclusively in the 
young–old age subgroup. Future research is needed to 
develop and test lifestyle PA interventions in order to pre-
vent loss of gray matter volumes and prevent cognitive dys-
function in the middle–old and old–old populations without 
dementia or mild cognitive impairment. Further, future 
intervention research should target lifestyle PA, which is 
generally preferred and more engaging for older adults 
(Darden et al., 2013).
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