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Abstract

Aging is associated with performance reductions in executive function and episodic memory, 

although there is substantial individual variability in cognition among older adults. One factor that 

may be positively associated with cognition in aging is physical activity. To date, few studies have 

objectively assessed physical activity in young and older adults, and examined whether physical 

activity is differentially associated with cognition in aging. Young (n = 29, age 18–31 years) and 

older adults (n = 31, ages 55–82 years) completed standardized neuropsychological testing to 

assess executive function and episodic memory capacities. An experimental face-name relational 
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memory task was administered to augment assessment of episodic memory. Physical activity (total 

step count and step rate) was objectively assessed using an accelerometer, and hierarchical 

regressions were used to evaluate relationships between cognition and physical activity. Older 

adults performed more poorly on tasks of executive function and episodic memory. Physical 

activity was positively associated with a composite measure of visual episodic memory and face-

name memory accuracy in older adults. Physical activity associations with cognition were 

independent of sedentary behavior, which was negatively correlated with memory performance. 

Physical activity was not associated with cognitive performance in younger adults. Physical 

activity is positively associated with episodic memory performance in aging. The relationship 

appears to be strongest for face-name relational memory and visual episodic memory, likely 

attributable to the fact that these tasks make strong demands on the hippocampus. The results 

suggest that physical activity relates to cognition in older, but not younger adults.

Keywords

Executive function; Cognition; Exercise; Physical fitness; Actigraph; Accelerometer

INTRODUCTION

Aging has been associated with decreased executive function, including inhibition, task 

switching, maintenance, and manipulation of information in one’s mind (Goh, An, & 

Resnick, 2012), as well declines in episodic memory, that is, memory for events (Naveh-

Benjamin, 2000). Yet, there is significant individual variability in cognitive performance 

among older adults, including evidence for preservation in domains typically affected by 

aging (Shimamura, Berry, Mangels, Rusting, & Jurica, 1995).

Physical activity is one individual difference factor that may positively impact executive 

function and episodic memory in older adults. Compelling evidence for the contribution of 

physical activity to cognitive function comes from exercise intervention studies. Exercise 

represents a distinct sub-category of physical activity that is “planned, structured, repetitive 

and purposive in the sense that improvement or maintenance of one or more components of 

physical fitness is an objective” (Caspersen, Powell, & Christenson, 1985, p. 128), whereas 

physical activity more broadly refers to “any bodily movement produced by skeletal muscle 

that results in energy expenditure” (Caspersen et al., 1985, p. 126), including leisure (e.g., 

watching TV), school/occupational (e.g., pacing while giving a lecture), household/

domestic/self-care (e.g., rocking a baby, mowing the lawn), or transportation (e.g., driving a 

car) activities. A landmark meta-analysis of exercise studies in older adults reported that 

executive control processes benefit most from exercise-training intervention (Colcombe & 

Kramer, 2003), and a more recent meta-analysis of exercise intervention studies has 

highlighted the beneficial effects of aerobic exercise on episodic memory (Smith et al., 

2010).

Unfortunately, over 50% of Americans do not meet the current recommended guidelines for 

regular aerobic physical activity (Haskell et al., 2007; Pescatello & American College of 

Sports Medicine, 2014): 150 min per week of moderate-intensity aerobic activity (e.g., brisk 
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walking) or 75 min per week of vigorous aerobic activity (e.g., jogging or running), which is 

roughly equivalent to the aerobic exercise training prescribed in intervention studies. 

Furthermore, exercise intervention studies typically do not measure physical activity beyond 

those associated with the intervention. For instance, it is unknown whether those assigned to 

a walking intervention also increase physical activity in other aspects of their life (e.g., 

choosing to take the stairs rather than the elevator while at work). Thus, a critical question 

that arises is whether daily forms of physical activity, which could include exercise as well 

as other types of occupational and domestic physical activity performed throughout one’s 

day, are positively associated with cognitive performance.

Although previous work has examined the relationship between physical activity and 

cognitive function in older adults (see meta-analytic review by Sofi et al., 2011), our current 

knowledge of the relationship between daily physical activity and cognitive function in older 

adults is limited due to the majority of extant research relying on self-report measures of 

physical activity. Self-report of physical activity has been criticized because it may be 

inaccurate, as it is subject to omissions and bias, as well as misunderstanding questions 

(Prince et al., 2008; Rzewnicki, Vanden Auweele, & De Bourdeaudhuij, 2003; Shepard, 

2003). Moreover, self-reported physical activity in older adults may be additionally 

compromised by age-related memory decline that could compound the unreliability of 

historical accounts.

Evolving technologies such as accelerometers can be worn on one’s hip or wrist to measure 

the direction and intensity of bodily movements as well as the number of steps taken (similar 

to a pedometer). These wearable devices provide objective measures of physical activity 

independent of self-report (Freedson, Bowles, Troiano, & Haskell, 2012; Freedson, 

Melanson, & Sirard, 1998). Objective measures of physical activity are more precise, 

eliminate response biases, and allow for quantification of daily movement that includes 

planned and purposeful exercise-related physical activity, as well as movement associated 

with leisure (e.g., shopping), occupational (e.g., working in a store), domestic (e.g., 

cleaning), and transportation (e.g., walking to the bus stop) activities.

To date, accelerometer-based measures of physical activity have been used in a limited 

number of studies of cognition in healthy older adults. Some have suggested that physical 

activity is associated with a global measure of cognition (Buchman, Wilson, & Bennett, 

2008) and may protect against age-related cognitive decline (Buchman et al., 2012). Other 

studies assessing specific cognitive domains have shown a link between physical activity 

and executive function (Barnes et al., 2008; Brown et al., 2012; Wilbur et al., 2012), but a 

similar link between episodic memory and physical activity has been more elusive (Brown 

et al., 2012; Wilbur et al., 2012). This is surprising, given that the animal literature has 

consistently shown an association between wheel-running and performance on 

hippocampally-mediated, episodic-like, memory tasks (Cotman, Berchtold, & Christie, 

2007; Nichol, Deeny, Seif, Camaclang, & Cotman, 2009; van Praag, Shubert, Zhao, & 

Gage, 2005). One reason for the discrepancy could be that episodic memory tasks used in 

human studies were not optimally sensitive to hippocampal function.
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It is also noteworthy that few studies to date have examined the relationship between 

cognition and objective measures of physical activity in both younger and older adults, with 

a recent review highlighting the paucity of studies in younger adults (Prakash, Voss, 

Erickson, & Kramer, 2015). Thus, it is unknown whether objective measures of physical 

activity are associated with cognition in younger adults. Therefore, it is possible that a 

positive association between physical activity and cognition is present, regardless of age. 

Alternatively, physical activity may be differentially associated with cognition in aging. For 

instance, physical activity may have a weaker relationship with cognition in younger adults 

relative to older adults because younger adults are at their lifetime peak in terms of neural 

integrity, and, therefore, physical activity may have a more limited influence on cognition.

The current study examined the relationship between objectively measured physical activity 

and executive function and episodic memory in younger adults and older adults. Physical 

activity was assessed using an accelerometer, and step count was chosen as the primary 

independent variable of interest given that it represents a global objective indicator of 

physical activity and can be derived from a multitude of devices (cell phones, wearable 

fitness technologies) used to monitor physical activity. Physical activity intensity [step rate 

(i.e., how briskly one is walking)] and time spent sedentary were examined in follow-up 

analyses to provide additional perspective on the relationship between objective measures of 

physical activity and cognition. Executive function and episodic memory were assessed 

using standardized neuropsychological tests. To further evaluate episodic memory, an 

experimental relational memory task in which participants were asked to learn face-name 

associations was also administered. The task is known to rely on the integrity of the 

hippocampus (Giovanello, Verfaellie, & Keane, 2003; Hayes, Buchler, Stokes, Kragel, & 

Cabeza, 2011; Sperling et al., 2003), and, therefore, may more closely approximate 

hippocampally-mediated memory tasks implemented in animals. Furthermore, relational 

memory tasks elicit larger age-related memory deficits relative to memory for single items 

(e.g., remembering a name alone or face alone; (Old & Naveh-Benjamin, 2008), and, 

therefore, may be more sensitive to the effects of physical activity. We hypothesized that 

greater physical activity would be associated with better performance on measures of 

executive function and episodic memory in older adults, and, furthermore, that we would 

observe stronger associations between physical activity and cognition in older adults relative 

to younger adults.

METHODS

Participants

Thirty-four younger adults and 35 older adults were enrolled in the study. Data from five 

younger adults (four with invalid accelerometer wear time, one a statistical outlier in terms 

of physical fitness levels) and four older adults [with incidental Magnetic Resonance 

Imaging (MRI) findings; data not reported here] were excluded from analysis. The final 

sample consisted of 29 younger adults (age = 18 to 31 years) and 31 older adults (age = 55 

to 82 years). Five older adults self-reported hypertension. Participant characteristics of the 

analysis sample are presented in Table 1. There were no significant differences between 

younger adults and older adults in terms of gender, χ2(1, N = 60) < 1, p = ns or depression, 
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t(58) = 1.47, p = .15. Older adults had greater years of education, t(58) = 2.83, p = .01, as the 

majority of the younger adults sample consisted of college students in the process of earning 

their bachelor degree. Lower global cognitive status, as assessed by the Montreal Cognitive 

Assessment (MoCA; http://www.mocatest.org/), was observed in older adults relative to 

younger adults, t(58) = 2.02, p = .05. However, the cognitive status of both samples was 

within normal limits, suggesting this difference is not likely meaningful clinically. Although 

older adults wore the ActiGraph for more minutes than younger adults, t(58) = 2.32, p < .05, 

they took fewer steps than younger adults, but this difference did not reach statistical 

significance t(58) = 1.58, p = .12. A subset of participants, 27 younger adults and 23 older 

adults, also completed a face-name memory task. Older adults in this subset again exhibited 

more years of education, but there were no differences in gender, Center for Epidemiologic 

Studies Depression Scale (CES-D) scores, or MoCA scores.

Participants were recruited from established participant pools (Boston University for 

younger adults and the Boston University Memory Disorders Research Center at VA 

Boston, Boston University Alzheimer’s Disease Center, the Massachusetts Alzheimer’s 

Disease Research Center, and the Alzheimer’s Association TrialMatch). Recruitment flyers 

were posted at community track meets, YMCAs, and libraries, although no younger adults 

volunteered from these particular sources. Candidates completed a telephone-based 

comprehensive health questionnaire consisting of approximately 150 questions to screen for 

major medical, neurological, psychiatric or substance abuse issues that might affect 

cognition. Examples of exclusion criteria include: myocardial infarction, ischemic stroke, 

hemorrhagic stroke, transient ischemic attack, seizure disorders, head injury with loss of 

consciousness > 5 min, Alzheimer’s disease, Parkinson’s disease or any other 

neurodegenerative disorder, schizophrenia, bipolar disorder, or other psychiatric disorder. 

Additional exclusion criteria included education less than grade 12, and contraindications to 

cardiopulmonary exercise testing or MRI. Participants were screened for depression using a 

cut-off score of 16 on the CES-D (20-item version). Participants with MoCA scores ≤ 23 

were excluded. Mobility was not formally assessed, although no participants used assistive 

walking devices during their visit to the lab, which required a roughly quarter mile walk 

from the parking garage (or nearest public transportation). Overall, the study sample was 

likely healthier and more educated than the general population.

Cardiorespiratory fitness data (peak VO2) and cognitive data from the sample are reported 

elsewhere (Hayes, Forman, & Verfaellie, 2014), as are diffusion tensor imaging data (Hayes, 

Salat, Forman, Sperling, & Verfaellie, 2015). All participants gave written informed consent 

and received financial compensation. The VA Boston Healthcare System institutional 

review board approved all experimental procedures.

Accelerometry

The ActiGraph GT3X-plus tri-axial accelerometer (Actigraph, Pensacola, FL) was used to 

assess physical activity. The device measures vertical, antero–posterior, and medio–lateral 

acceleration from which physical activity metrics such as step count (i.e., number of steps 

taken) can be derived. Participants were instructed how to wear the accelerometer, including 

placement of the accelerometer on the non-dominant hip centered over the kneecap, affixed 
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to an elastic belt, and preferably worn under their waistbands. Participants were instructed to 

wear the accelerometer from the moment they awakened until they went to bed at night, 

excluding times when the accelerometer would come into contact with water (e.g., 

showering, swimming). Data were validated using a defined non-wear period of 90 min and 

spike tolerance of 2 min. That is, time points were classified as “non-wear time” if more 

than 90 consecutive min of zeroes were recorded on the device. After a non-wear period, 

time points were considered valid after 2 min of non-zero time points were recorded by the 

device. Data were considered valid if 10 or more hours per day of valid wear time were 

recorded. Analyses were restricted to participants with at least four days of valid wear time, 

and the mean number of valid days was 6.1 (SD = 1.6).

ActiGraph accelerometers were initialized and analyzed using ActiLife software version 

6.11.5. The devices collected data over 10-s epochs, and data were converted to 60-s epochs 

for analysis. Total step counts were used as the primary physical activity variable of interest. 

Time spent sedentary was determined using established counts per min cutoffs (e.g., 0–99 

counts per min).

Neurocognitive Testing

All participants completed neurocognitive testing before collection of physical activity data. 

The standardized battery included clinical neuropsychological tests of executive function 

and episodic memory, and an experimental face-name memory task, which are described 

below.

Clinical neuropsychological assessment—Executive function was assessed using the 

Trail Making and Verbal Fluency subtests from the Delis Kaplan Executive Function 

System (D-KEFS; (Delis, Kaplan, & Kramer, 2001), Mental Arithmetic and Digit Span 

(backwards) from the Wechsler Adult Intelligence Scale-Third Edition (WAIS-III; 

Wechsler, 1997), and the Wisconsin Card Sorting Test: Computer Version 4-Research 

Edition (WCST; Robert K. Heaton and PAR staff).

The Brief Visuospatial Memory Test-Revised (BVMT-R; Benedict, 1997) and the Faces 

subtest from the Wechsler Memory Scale-Third Edition (WMS-III; Wechsler, 1997) were 

used to assess visual memory. The California Verbal Learning Test-Second Edition (CVLT-

II; Delis, Kramer, Kaplan, & Ober, 2000) and Logical Memory subtest from the WMS-III 

were used to assess verbal memory.

Neuropsychological test scores were transformed to Z-scores using the mean and standard 

deviation from the younger adults. For data reduction purposes and to reduce type II error, 

composite scores were calculated for executive function, visual episodic memory, and verbal 

episodic memory that consisted of the mean Z-scores of the neuropsychological measures 

that comprise each respective domain. Dependent variables included in the composite scores 

are listed in Table 2.

Experimental memory task—A face-name memory task (Figure 1) for 180 face-name 

pairs was administered (5 lists, each composed of 36 trials) during functional MRI (data not 

reported). During encoding, participants were instructed to remember each face-name pair 
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and were asked to rate on a 4-point scale how well the name fit with the face. During 

retrieval for each list, participants were asked on a trial-by-trial basis to select the correct 

name out of two choices for a previously presented face, as well as to indicate their 

confidence in the selected choice (definite or probable). Between each encoding and 

retrieval block, participants completed a 20 s filler task. Presentation duration for each 

encoding and retrieval trial was 3.5 s, with an intertrial interval varying between 0.5 to 6.5 s. 

Overall accuracy for face-name trials was used as the dependent measure.

Statistical Analyses

The alpha level was set at p < .05. Independent samples t-tests and chi-square tests were 

performed to examine differences between the younger adults and older adults in 

demographic variables (e.g., age, education, gender, etc.). To examine the relationship 

between step count and cognition, separate four-step hierarchical regression analyses were 

performed for the executive function composite score, verbal episodic memory composite 

score, visual episodic memory composite score, and face-name accuracy. In step 1 of each 

model, gender, education (years), depression (CES-D score), and accelerometer wear time 

(in minutes) were entered as covariates. In step 2, Group was entered to evaluate differences 

in cognitive performance between younger adults and older adults. In step 3, Step Count was 

entered to examine the association between physical activity and cognition in the overall 

sample. In step 4, the Group × Step Count interaction was entered into the model. 

Significant interactions were followed up with regression models in younger and older 

adults separately to examine the relationship between physical activity and cognitive 

performance. These follow-up models included covariates in step 1, and Step Count in step 

2.

RESULTS

Association between Step Count and Cognition

Executive function—We first examined the association between Step Count and 

executive function. In a four-step hierarchical linear regression predicting executive function 

performance, Group emerged as the only significant variable, as younger adults had 

significantly higher executive function scores than older adults (Tables 2 and 3). 

Specifically, the covariates entered in step 1 (gender, education, depression, and wear time) 

were not significantly associated with executive function and accounted for only 4.4% of the 

variance. However, adding Group to the model in step 2 revealed a significant effect, 

accounting for an additional 14.3% of the variance. Adding Step Count and the Group × 

Step Count interaction did not improve the model (Table 3).

In light of meta-analytic data showing a robust relationship between exercise and executive 

function in older adults (Colcombe & Kramer, 2003) and the paucity of data in younger 

adults, we completed regression analyses in the younger adult and older adult groups 

separately. Results revealed no significant associations between Step Count and executive 

function for either younger or older adults (Figure 2A). For younger adults, covariate 

accounted for 9.3% of the variance, F(4,28) < 1, p = .66. Step Count did not improve the 

model significantly, accounting for an additional 4.6% of the variance, F change = 1.24, 
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overall model F(5,28) < 1, p = .28. In older adults, covariates accounted for 3.7% of the 

variance, F(4,30) < 1, p = .91. Step Count accounted for an additional 7.8% of variance, F 

change = 2.2, p = .15. The overall model was not significant, F(5,30) < 1, p = .66.

Episodic memory: verbal composite—Hierarchical linear regression showed a main 

effect of Group only in association with verbal memory, as younger adults had significantly 

greater composite verbal memory scores than older adults (Tables 2 and 3). In step 1, 

covariates accounted for 3.8% of the variance, which was not significant. Group accounted 

for an additional 12.2% of the variance, F change = 7.84, p < .01, with younger adults 

performing better than older adults. Adding Step Count and the Group × Step Count 

interaction did not improve the model (Table 3).

Episodic memory: visual composite—Hierarchical linear regression revealed that 

younger adults had higher visual memory composite scores than older adults (Tables 2 and 

3). Step Count was positively associated with visual memory performance. However, this 

main effect was qualified by a Group × Step Count interaction, driven by a positive 

association between Step Count and visual memory in older adults, but not younger adults 

(Figure 2B; Table 3). Specifically, in step 1, covariates accounted for only 2.9% of the 

variance, which was not significant. The addition of Group accounted for an additional 

53.0% of variance, which was significant. Step Count further improved the model, 

accounting for an additional 4.8% of the variance. The Group × Step Count interaction 

accounted for an additional 4.0% of variance in the model, and was significant (Table 3). In 

a follow-up regression analysis in younger adults, covariates, entered into the model first, 

accounted for 17% of the variance, F(4,28) = 1.23, p = .32. Step Count accounted for an 

additional 1.5% of the variance, F change < 1, p = .53, overall model F(5,28) = 1.04, p = .

42. In contrast, in older adults there was a positive association between Step Count and 

visual memory. The covariates accounted for 26.6% of the variance, F(4,30) = 2.35, p = .08. 

Step Count accounted for an additional 16.9% of the variance, F change = 7.47, p < .05. The 

overall model was significant, F(5,30) = 3.84, p = .01.

Given the age-range of older adults in the current sample and the fact that some participants 

had hypertension, we sought to confirm that the observed association between step count 

and visual memory in older adults was related to physical activity and not attributable to 

age-related reductions in physical activity or to hypertension. Therefore, age (in years) and 

hypertension status were included with the covariates in step 1 of a regression model in 

older adults. These variables (age, gender, education, depression, hypertension, and wear 

time) accounted for 33.3% of the variance, F(6,30) = 2.00, p = .11. Adding Step Count to 

the model accounted for an additional 13.3% of variance, F change = 5.71, p < .05, and the 

overall model (covariates and Step Count) accounted for 46.6% of the variance and was 

significant, F(7,30) = 2.89, p < .05. Step Count was the only significant variable in the 

model, t = 2.39, p < .05; all other variables had t-values < 1.52, and p’s > .14.

Episodic memory: face-name task—The pattern for the face-name task was similar to 

that observed for the visual memory composite score. Hierarchical linear regression revealed 

that younger adults performed better on the face-name memory task than older adults 

(Tables 2 and 3). Step Count was positively associated with face-name memory 
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performance. The Group × Step Count interaction did not reach statistical significance, but 

follow-up analyses revealed a positive association between Step Count and face-name 

memory in older, but not younger adults (Figure 2C). Specifically, for the face-name 

memory task, covariates accounted for a non-significant 10.0% of the variance. Group 

accounted for an additional 40.6% of variance in face-name accuracy, which was significant. 

Adding Step Count accounted for an additional 9.5% of the variance, which was significant. 

The interaction term was not significant (Table 3). Nevertheless, given the pattern observed 

with the standardized neuropsychological tests of visual memory, we further interrogated the 

face-name data with follow-up regressions, and found a similar pattern to that seen for the 

visual memory composite score. That is, a positive relationship between Step Count and 

face-name memory was observed in older, but not younger adults. Specifically, in younger 

adults, covariates (gender, education, depression, and wear time) accounted for 5.2% of the 

variance, F(4,26) < 1, p = .88. Step Count accounted for an additional 2.1% of the variance, 

F change < 1, p = .50, overall model, F(5,26) < 1, p = .89. In older adults, the covariates 

accounted for 25.4% of the variance, F(4,22) = 1.53, p = .24. Step Count accounted for an 

additional 29.6% of the variance, F change = 11.16, p < .005. The overall model was 

significant, F(5,22) = 4.15, p < .05.

To again confirm that the observed relationship for older adults was independent of age and 

hypertension, we performed an additional regression in the older group and included age and 

hypertension as additional covariates in step 1. In this model, covariates accounted for 

26.9% of the variance, F(6,22) <1, p = .47. Step Count accounted for an additional 29.7% of 

the variance, F change = 10.27, p < .01, and the overall model accounted for 56.6% of the 

variance and was significant, F(7,22) = 2.80, p < .05.

Associations among Sedentary Behavior, Physical Activity Intensity, and Cognition

To determine the relationship between objective measures of sedentary behavior and 

cognition, and to examine whether physical activity intensity makes a unique contribution to 

cognitive performance after accounting for sedentary behavior, we completed hierarchical 

regressions focusing on those tasks that were positively associated with step counts in older 

adults: visual memory and face-name learning. We examined step rate (total steps taken/

total min in light, moderate, and vigorous activities; older adults M = 31.6, SD = 14.0), 

based on the notion that this would provide an independent indicator of physical activity 

intensity (how briskly one is walking). Covariates (age, gender, education, depression, 

hypertension, and wear time) were entered in step 1. Sedentary Time (total minutes spent 

sedentary) was entered in step 2 (older adults M = 566 min per day, SD = 126). In step 3, 

Step Rate [steps per min (during light, moderate, and vigorous physical activity)] was 

entered.

For the visual memory composite score, the more sedentary older adults were, the lower 

their visual memory performance (pr = −.41). Although step rate was positively associated 

with visual memory performance after accounting for time spent sedentary (pr = .32), it did 

not significantly improve the model (Table 4). Specifically, covariates (age, education, 

gender, depression, hypertension, wear time) accounted for 33.3% of the variance, model 

F(6,30) = 2.00, p = .11. Sedentary Time accounted for an additional 11.2% of the variance, 
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F change = 4.67, p < .05, overall model F(7,30) = 2.64, p < .05. Step Rate accounted for an 

additional 5.8% of the variance, F change = 2.57, p = .12, overall model F(8,30) = 2.79, p 

< .05.

For the face-name memory task, both sedentary time and step rate were associated with task 

performance (Table 4). The more time that older adults were sedentary, the lower their face-

name memory accuracy was (pr = −53). Step Rate was positively associated with face-name 

memory retrieval, after accounting for time spent sedentary (pr = .48). Specifically, 

Covariates accounted for 26.9% of the variance, F(6,22) < 1, p = .47. Sedentary Time 

accounted for an additional 20.8 % of the variance, F change = 5.98, p < .05, overall model 

F (7,22) = 1.96, p = .13. In step 3, Step Rate accounted for an additional 12.1% of the 

variance, F change = 4.23, p = .059, model F(8,22) = 2.61, p = .056.

DISCUSSION

The present study examined the relationship between physical activity and neurocognitive 

function in younger and older adults. The primary finding was that in older adults, physical 

activity was positively associated with performance on neuropsychological tests of visual 

episodic memory and an experimental face-name learning task. This relationship was not 

observed in the younger adult sample. Follow-up analyses of older adults revealed that 

sedentary time was negatively associated with visual episodic memory and face-name 

learning; furthermore, that sedentary time and step rate made independent contributions to 

episodic memory performance.

To our knowledge, this study is the first to demonstrate a positive association between an 

objective measure of physical activity and visual episodic memory in older adults, after 

adjusting for age, gender, education, depression, and hypertension. A previous study by 

Brown et al. (2012) also quantified physical activity based on accelerometry, although a 

relationship between visual memory and volume of physical activity, a measure closely 

related to the step count variable reported in our study, was not observed. The discrepancy in 

findings between our study and Brown et al. (2012) may be attributable to differences in 

data analysis, as in the latter study analyses of physical activity volume included covariates 

such as APOE ε4 status and did not adjust for wear time. Adjusting for wear time is critical 

because a less active participant could generate a higher activity count simply by wearing 

the accelerometer for a longer period of time than a participant who is more active but wore 

the accelerometer for less time. Importantly, our results demonstrate that the positive 

relationship between step count and visual episodic memory was maintained after adjusting 

for wear time, age, gender, education, depression, and hypertension, indicating that physical 

activity has a unique association with visual episodic memory performance in older adults.

A similar pattern of results was observed for the face-name learning task, where 

performance was also positively associated with step count. There is some indication that 

the face-name relational memory task may be more sensitive to physical activity in older 

adults, as step count accounted for 29.6% of the variance in the face-name memory task 

compared to 13.3% of the variance on the standardized neuropsychological tests of visual 

memory. Furthermore, physical activity intensity (step rate) accounted for additional 
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variance on the face-name memory task even after taking into account the influence of 

sedentary behavior on face-name memory performance, although this finding was only at a 

trend level, and thus awaits replication. Nonetheless, these results extend the literature by 

showing that more physical activity is associated with better performance on a task that 

assesses the most common cognitive complaint among older adults, namely forgetting 

proper names (Reese, Cherry, & Norris, 1999).

The findings for visual memory and face-name learning stand in contrast to those in the 

verbal memory domain, where we found no evidence for an association between objective 

measures of physical activity and verbal memory performance (see also Brown et al., 2012; 

Wilbur et al., 2012). One possibility is that these contrasting outcomes reflect the differential 

reliance on the hippocampus. Specifically, the CVLT and Logical Memory subtest used to 

assess verbal memory in this study both have an inherent semantic structure, and as such, 

may be supported by frontally mediated strategic encoding and retrieval processes 

(Moscovitch, 1992). The BVMT and Faces subtest used to assess visual memory use non-

nameable objects and thus may not be as easily supported by strategic memory processes. 

Alternatively, given that older adults performed more poorly on the face-name and visual 

memory (Z-scores = −2.48 and −1.94, respectively) than on the verbal memory (Z = −0.52) 

tasks, our findings may suggest that the effect of physical activity becomes apparent only 

when cognitive and neural resources are sufficiently challenged.

In light of this possibility, it is interesting to consider that older adults also were less 

impaired on tasks of executive function (Z = −.78) than on tasks of visual memory. The 

failure to obtain a significant relationship between physical activity and executive function 

was unexpected, but it is possible that in other studies that have demonstrated a relationship 

between objective measures of physical activity and executive function, older adults’ 

performance was more impaired. Although it is difficult to compare results across studies 

that used different tasks, our older adult sample had a mean Z-score of 0.87 (compared to 

age matched normative data) across our measures of executive function, which is in the high 

average range, whereas samples from other studies were estimated to perform in the average 

or low average range on tasks of executive function (Brown et al., 2012; Wilbur et al., 

2012). Of interest, one pattern that emerges from our findings is that physical activity was 

most strongly associated with tasks on which the older adults exhibited the largest cognitive 

impairments.

The notion that physical activity may be most sensitive to difficult tasks may also account 

for the age-dependent associations observed in the current study. The lack of a relationship 

between physical activity and cognition in the younger adult sample could be due to the fact 

that younger adults are at their lifetime peak in terms of neural integrity and cognitive 

performance; therefore, physical activity exerts minimal impact on the brain structure and 

cognition in younger adults. In contrast, alterations in brain structure and reductions in 

cognitive performance are prevalent in older adults, and physical activity may be one factor 

that provides beneficial neural and cognitive effects. This pattern of age-dependence has 

been previously reported in a study of face-name learning task in middle-age and older 

adults that used a self-report measure of exercise activity (Hotting & Roder, 2013), as well 

as studies focused on cardiorespiratory fitness and cognition (Hayes et al., 2014) and white 
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matter integrity (Hayes et al., 2015). More definitive evidence for the notion of age-

dependence would be derived from longitudinal studies that directly compare changes in 

objective measures of physical activity and changes in cognition across the lifespan. 

Furthermore, futures studies could evaluate additional factors that may impact the 

relationship between physical activity and cognition, including, for example, aspects of 

vascular health (in addition to hypertension), medication use, and sleep.

Physical activity likely impacts cognition via multiple neurobiological mechanisms. In 

humans, physical activity has been linked to alterations of neural gray and white matter 

volume, gray matter density, white matter microstructure, cerebral blood volume, functional 

MRI activation, and functional MRI connectivity (for review, see Bherer, Erickson, & Liu-

Ambrose, 2013; Hayes, Hayes, Cadden, & Verfaellie, 2013; Prakash et al., 2015). In 

animals, physical activity has been associated with increases in neurogenesis, 

synaptogenesis, and angiogenesis (formation of new neurons, synapses, and blood vessels, 

respectively), as well as growth factors that support these processes (e.g., brain derived 

neurotrophic factor), often attenuating age-related reductions (for review, see Cotman et al., 

2007; Voss, Vivar, Kramer, & van Praag, 2013).

Although physical activity has been linked to positive neural and cognitive effects, it is also 

important to consider the relationship between sedentary behavior, the brain, and cognition. 

There is behavioral evidence that, despite higher levels of physical activity, one may remain 

predominately sedentary [e.g., folks who exercise vigorously for an hour but sit at a desk all 

day (Craft et al., 2012)]. Sedentary behavior has been associated with depression, diabetes, 

and cardiovascular risk factors, which are frequently associated with poor cognitive 

performance, and previous reviews have postulated that sedentary behavior, independent of 

physical activity, may negatively impact the brain and cognition (Vaynman & Gomez-

Pinilla, 2006; Voss, Carr, Clark, & Weng, 2014). Thus, sedentary behavior could potentially 

negate the positive effects of physical activity. Our results demonstrating a negative 

association between sedentary behavior and episodic memory in older adults support the 

proposal that sedentary behavior is negatively associated with cognitive functions. 

Furthermore, our results suggest that physical activity intensity, even after accounting for 

the negative association with sedentary behavior, remains positively associated with face-

name memory retrieval. To our knowledge, these data are the first to suggest independent 

contributions of sedentary behavior and physical activity to cognitive performance in older 

adults.

The current study reports associations, and does not necessarily represent a causal 

relationship between physical activity and cognition. Limitations of the current study 

include the cross-sectional design, and thus, other cohort factors such as genetics, diet, sleep, 

blood pressure could have influenced the results. The sample size was limited, and the 

sample was also more educated, healthier, and more active than the general population. 

Although the observed effect sizes in young participants were weak, it is possible that 

associations between physical activity and cognition might reach significance in a larger 

sample. Targeting a larger sample with a broader range of activity levels might also have 

yielded different results. For instance, inclusion of more sedentary older adults in the current 

sample may have revealed an association with executive function, as multiple studies 
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showing a relationship between executive function and physical activity recruited sedentary 

individuals (Colcombe et al., 2004). It is also unknown whether our results would generalize 

to less educated samples. Future studies including participants with a broader range of 

education levels may provide additional insight to the relationship between physical activity 

and cognition. Future studies would also benefit from having subjects complete activity logs 

to confirm ActiGraph counts, and should take into account time spent in water-based 

activities such as swimming.

Despite the limitations of our study, the finding that step count and step rate were associated 

with episodic memory in older adults is compelling. Memory failure is the most common 

cognitive complaint in older adults, and the possibility that increasing one’s daily activity 

may improve memory performance has direct clinical relevance. Current technology allows 

for physical activity metrics to be easily monitored through a variety of devices, such as a 

pedometer, accelerometer (e.g., FitBit or Fuel band), or smart phone, and thereby can 

provide feedback regarding the intensity and duration of daily forms of physical activity 

(Tudor-Locke & Bassett, 2004; Tudor-Locke & Schuna, 2012).
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Fig. 1. 
Example of experimental stimuli used during the face-name relational memory task.
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Fig. 2. 
Scatter plot and best-fit line for younger adults and older adults showing the relationship 

between (a) Total step count and the executive function standardized residual (after 

accounting for age, gender, education, depression, and wear time) and (b) Total step count 

and the visual memory standardized residual; (c) Total step count and the face-name 

accuracy standardized residual. OA, older adults; YA, younger adults.

Hayes et al. Page 18

J Int Neuropsychol Soc. Author manuscript; available in PMC 2016 January 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hayes et al. Page 19

Table 1

Sample characteristics (mean and standard deviation)

Younger adults Older adults

N            29            31

Age, years     21.2 (3.2)     64.5 (7.0)

Gender, n (%) female        17 (56.4)        18 (58.1)

Body mass indexa     22.8 (2.9)     25.6 (4.5)

Education, yearsa     14.6 (1.8)     16.2 (2.6)

CES-D score        6.6 (4.1)        5.0 (4.1)

MoCA scoreb     28.5 (1.6)     27.7 (1.8)

Total wear time (minutes)a    4609 (1316)    5532 (1721)

Total step count 72,414 (31,781) 58,800 (34,908)

Step counts per dayb 12,736 (4524)    9366 (5934)

a
Older adults > younger adults.

b
Older adults < younger adults.

CES-D = Center for Epidemiologic Studies Depression Scale; MoCA = Montreal Cognitive Assessment.
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Table 2

Neurocognitive performance (composite z-scores and raw test scores; mean and standard deviation) by age 

group

Younger adults Older adults

Executive function Z-scorea 0.00 (0.63) −0.78 (1.01)

 DKEFS Trails 4 (s) 52.1 (10.8)   78.1 (25.3)

 WCST % Perseverative responses   9.4 (3.7) 10.94 (6.7)

 Digit Span Backwards   5.6 (1.5)     5.6 (2.1)

 Mental Arithmetic 16.5 (1.7)   15.2 (3.9)

 Phonological Fluency (FAS) 45.6 (12.0)   48.2 (12.8)

Verbal memory Z-scorea 0.00 (0.83) −0.52 (0.95)

 CVLT Total Recall (Trials 1–5) 56.5 (8.2)   52.2 (7.9)

 CVLT Long Delay Free Recall 13.1 (2.9)   11.8 (3.0)

 Logical Memory I Recall 31.3 (5.2)   30.5 (6.1)

 Logical Memory II Recall 34.1 (5.6)   30.8 (6.9)

Visual memory Z-scorea 0.00 (0.62) −1.94 (1.41)

 BVMT Total Recall 30.9 (3.6)   21.0 (6.0)

 BVMT Delayed Recall 11.2 (0.7)     8.8 (2.3)

 Faces I (WMS-III) 40.2 (3.3)   37.5 (4.7)

 Faces II (WMS-III) 40.3 (3.0)   37.5 (4.9)

Face-name memory Z-score 0.00 (1.00) −2.48 (1.80)

 Accuracy (%) 81.5 (7.5)   62.8 (14.5)

a
Older adults < younger adults.
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Table 3

Results of hierarchical regression analyses examining the association between physical activity and cognitive 

performance

Executive Function Composite R2 Δ R2 F Δ (p) Model F (p)

Model 1

 Education, Gender, CES-D, Wear Time 0.04 —     — .63 (0.65)

Model 2

 Group 0.19 0.14   9.52 (0.00)   2.48 (0.04)

Model 3

 Total Step Counts 0.20 0.02   1.07 (0.31)   2.25 (0.05)

Model 4

 Group × Total Step 0.24 0.04   2.45 (0.12)   2.33 (0.04)

   Counts

Verbal Memory Composite

Model 1

 Education, Gender, CES-D, Wear Time 0.04 —     —     .55 (0.70)

Model 2

 Group 0.16 0.12   7.84 (0.01)   2.06 (.09)

Model 3

 Total Step Counts 0.16 0.00   0.00 (0.97)   1.68 (0.14)

Model 4

 Group × Total Step Counts 0.16 0.00   0.00 (0.99)   1.42 (0.22)

Visual Memory Composite

Model 1

 Education, Gender, CES-D, Wear Time 0.03 —     —     .41 (0.80)

Model 2

 Group 0.56 0.53 64.96 (0.00) 13.70 (0.00)

Model 3

 Total Step Counts 0.61 0.05   6.44 (0.01) 13.64 (0.00)

Model 4

 Group × Total Step Counts 0.65 0.04   5.86 (0.02) 13.60 (0.00)

Face-Name Memory

Model 1

 Education, Gender, CES-D, Wear Time 0.10 —     —   1.25 (0.31)

Model 2

 Group 0.51 0.41 36.12 (0.00)   9.00 (0.00)

Model 3

 Total Step Counts 0.60 0.10 10.29 (0.00) 10.80 (0.00)

Model 4

 Group × Total Step Counts 0.62 0.02   2.44 (0.13)   9.92 (0.00)
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Table 4

Results of hierarchical regression analyses examining the association between sedentary behavior, physical 

activity intensity, and episodic memory in older adults

Visual Memory Composite R2 Δ R2 F Δ (p) Model F (p)

Model 1

 Age, Gender, Education, Hypertension, CES-D, Wear Time 0.33 —     — 2.00 (0.11)

Model 2

 Minutes Spent Sedentary 0.45 0.11 4.67 (0.04) 2.64 (0.04)

Model 3

 Step Rate 0.50 0.06 2.57 (0.12) 2.79 (0.02)

Face-Name Memory

Model 1

 Age, Gender, Education, Hypertension, CES-D, Wear Time 0.27 —     — 0.93 (0.47)

Model 2

 Minutes Spent Sedentary 0.48 0.21 5.98 (0.03) 1.96 (0.13)

Model 3

 Step Rate 0.60 0.12 4.23 (0.06) 2.61 (0.06)
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