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Abstract

Background: Physical activity (PA) plays a major role in maintaining cognition in older adults. 

PA has been shown to be correlated with total hippocampal volume, a memory-critical region 

within the medial temporal lobe (MTL). However, research on associations between PA and MTL 

sub-region integrity is limited.

Objective: To examine the relationship between PA, MTL thickness, and its sub-regions, and 

cognitive function in non-demented older adults with memory complaints.

Methods: Twenty-nine subjects aged ≥60 years, with memory complaints were recruited for this 

cross-sectional study. PA was tracked for 7 days using accelerometers, and average number of 

steps/day determined. Subjects were categorized into two groups: those who walked ≤4000 

steps/day (lower PA) and those with >4000 steps/day (higher PA). Subjects received 

neuropsychological testing and 3T MRI scans. Nonparametric ANCOVAs controlling for age 

examined differences between the two groups.

Results: Twenty-six subjects aged 72.7(8.1) years completed the study. The higher PA group 

(n=13) had thicker fusiform gyrus (median difference=0.11mm, effect size (ES)=1.43, p=0.001) 

and parahippocampal cortex (median difference=0.12mm, ES=0.93, p=0.04) compared to the 

lower PA group. The higher PA group also exhibited superior performance in attention and 
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information-processing speed (median difference=0.90, ES=1.61, p=0.003) and executive 

functioning (median difference=0.97, ES=1.24, p=0.05). Memory recall was not significantly 

different between the two groups.

Conclusion: Older non-demented individuals complaining of memory loss who walked>4000 

steps each day had thicker MTL sub-regions and better cognitive functioning than those who 

walked ≤4000 steps. Future studies should include longitudinal analyses and explore mechanisms 

mediating hippocampal related atrophy.
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INTRODUCTION

Considerable evidence exists in the literature to suggest that regular physical exercise 

confers reduced risk for mild cognitive impairment and dementia [1–3] and has beneficial 

effects in maintaining cognitive functions in older adults [4, 5]. Further, several randomized 

trials have documented better cognitive performance after 6 or 12 months of exercise 

compared with sedentary controls [1].

In addition to establishing associations between physical activity (PA) and cognitive 

function, studies have shown that PA affects regional brain structure. Aerobic exercise 

training increases the size of the anterior hippocampus that has been found to be associated 

with improved spatial memory [6], and fitness improvement has been positively associated 

with changes in hippocampal volume and perfusion after a 3-month intervention among 40 

sedentary healthy older adults [7]. Higher fitness levels were also associated with greater 

levels of white matter microstructure and preserved spatial memory performance [8].

However, research on associations between physical activity and medial temporal lobe 

(MTL) sub-region integrity is scarce. In one of the few studies to assess the effect of PA on 

cortical thickness, less thinning in the left prefrontal cortex was associated with higher PA 

levels [9]. In another study, investigators reported that while aerobic fitness at baseline was 

related to larger thickness in dorsolateral prefrontal cortex, it did not predict change in 

thickness after a 6-month exercise intervention in 58 sedentary older subjects [10]. Both 

these studies were performed on cognitively intact older adults; thus, the effect of PA on 

older adults with memory complaints is unknown. To address this knowledge gap, the 

objective of the present study was to examine the effect of PA on thickness in hippocampal 

and neighboring cortical sub-region structures as well as cognition in older adults with 

memory complaints.

METHODS

Participants

A total of 29 non-demented older adults (60–89 years old) with memory complaints were 

recruited through advertisements, media coverage, and referrals from physicians and 

families. Exclusion criteria included conditions impacting mobility, dementia, major 
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psychiatric or neurologic disorders, active alcohol or substance abuse, head trauma, or 

systemic diseases affecting brain function, uncontrolled hypertension and cardiovascular 

disease. Participants were also required to have a live-in partner/roommate to ensure correct 

usage of the physical activity monitors during the study and to verify self-reports of activity 

levels. All participants underwent IRB-approved informed consent procedures prior to 

enrolling in the study.

Assessment of physical activity levels

Subjects were fitted with UCLA Wireless Institute bilateral ankle tri-axial accelerometers 

(M-DAWNs©). A 50-meter walk test was used to ‘fingerprint’ gait algorithms for each 

subject. Subjects were instructed to wear the monitors for 2-weeks throughout the day to 

measure levels of activity, including number of steps walked daily as well as time spent 

walking daily.

MRI procedures and image analysis

All MRI scans were performed on a Siemens Allegra 3T head-only MRI scanner. We 

acquired sagittal T1-weighted magnetization prepared rapid acquisition gradient-echo 

(MPRAGE) volumetric scans (TR 2300ms, TE 2.93ms, slice thickness 1mm, 160 slices, 

inplane voxel size 1.3×1.3mm, FOV 256mm) for volumetric measurements and high-

resolution oblique coronal T2-weighted fast spin echo (FSE) sequences for structural 

segmentation and unfolding procedures (TR 5200ms, TE 105ms, slice thickness 3mm, 

spacing 0mm, 19 slices, in-plane voxel size 0.39×0.39mm, FOV 200mm).

We used cortical unfolding [11, 12] to enhance the visibility of the convoluted MTL cortex 

by flattening the entire MTL gray matter volume to 2D-space. First, we manually defined 

white matter and cerebrospinal fluid on the oblique coronal T2 FSE structural MRI sequence 

with high in-plane resolution. In order to maximize visibility of the images for manual 

segmentation, high in-plane resolution (0.39×0.39mm) is critical. To minimize the effect of 

this larger through-plane resolution across slices on boundary changes, we acquired images 

perpendicular to the long axis of the hippocampus where anatomical variability in 

hippocampal structures is smallest, thereby minimizing variability from slice to slice while 

maximizing in-plane resolution where anatomic variability is greatest. Once segmentation is 

complete, the original images are interpolated by a factor of 7, resulting in a final voxel size 

of 0.39×0.39×0.43mm. Next, upto 18 connected layers of gray matter are grown out from 

the boundary of white matter, using a region-expansion algorithm to cover all pixels defined 

as gray matter. This produces a gray matter strip containing cornu ammonis (CA) fields 1, 2, 

and 3, the dentate gyrus (DG), subiculum (SUB), entorhinal cortex (ERC), perirhinal cortex 

(PRC), parahippocampal cortex (PHC), and the fusiform gyrus (FUS). We are unable to 

distinguish between CA fields 2, 3, and DG due to limits in resolution; thus we treat these 

regions as a single entity (CA23DG). It is this strip of gray matter that is the input for the 

unfolding procedure, an iterative algorithm based on multidimensional scaling (http://

www.ccn.ucla.edu/wiki/index.php/Unfolding). We delineated boundaries between sub-

regions on the original in-plane MRI images, based on histological and MRI atlases and then 

projected them mathematically to their corresponding coordinates in flat map space. We 

calculated cortical thickness in all MTL sub-regions (CA23DG, CA1, SUB, ERC, PRC, 
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PHC, and FUS), averaged over left and right hemispheres, as well as overall MTL cortical 

thickness by averaging thickness across these sub-regions. To calculate thickness, for each 

gray matter voxel we computed the distance to the closest non-gray matter voxel. In 2D-

space, for each voxel, we took the maximum distance value of the corresponding 3D voxels 

across all layers and multiplied by two. Mean thickness in each sub-region was calculated by 

averaging thickness of all 2D voxels within each region of interest.

Manual segmentations were finalized and readied for unfolding procedures by the same 

person. This investigator was unaware of all demographic and clinical information. All 

manual segmentations were performed in native space in line with previous studies using the 

cortical unfolding technique. We have previously reported interrater and test-retest reliability 

analyses for the manual procedures involved [13].

Clinical and neuropsychological assessments

The clinical examination for volunteers included a psychiatric and medical history, physical 

exam, mental status exam, and comprehensive neuropsychological testing. The Hamilton 

Rating Scales for Depression [14] and Anxiety [15] were administered to assess mood and 

anxiety, respectively. Subjects meeting criteria for depressive or anxiety disorders were 

excluded to control for impact of mood on study measures.

The neuropsychological test battery was administered to assess three specific cognitive 

domains: 1) memory, including the Wechsler Memory Scale Third Edition (WMS-III) 

logical memory (delayed score), Buschke selective reminding (delayed score), Rey-

Osterrieth complex figure recall (3-min delayed recall score), Hopkins Verbal Learning Test 

(delayed score) and Verbal Paired Associates (delayed recall score); 2) Attention and 

information-processing speed, including Trail making task A, Stroop color naming (Kaplan 

version), and Wechsler Adult Intelligence Scale Third Edition (WAIS-III) digit symbol; and 

3) Executive functioning, including Trail making task B, and Stroop Interference (Kaplan 

version).The raw test scores (reversed for those tests where higher scores represent worse 

performance) were converted to Z scores by standardizing them to a mean of 0 and a 

standard deviation of 1. A domain Z score was obtained by averaging those Z scores 

belonging to the cognitive tests in that domain. The domain Z scores were used to examine 

associations with physical activity measures and hippocampal thickness.

Data analysis

Data were screened for outliers and normality assumptions. Three subjects had missing data 

(two for physical activity measures and one for the thickness measures), and were not 

included in the analyses. Based on the distribution of the number of steps walked daily, we 

categorized the subjects into either “lower” or “higher” physical activity groups depending 

on whether they walked less than or equal to 4000 steps per day (lower PA group; n=13) or 

more than 4000 steps per day (higher PA group; n=13). The median of number of steps 

walked per day for the study sample was 4009 (range 862–14355). In addition to the average 

number of steps walked daily, the accelerometer also collected data on average total time 

spent walking daily, and average total distance walked daily. The latter two measures were 

highly and significantly correlated with the number of steps walked daily (Spearman 
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correlation coefficients: r=0.93, 0.92 respectively, both p≤0.0001); we therefore examined 

only one of these physical activity measures and chose number of steps walked daily as the 

measure of interest. This choice was based on the fact that pedometers are simple and 

inexpensive and are more likely to be adopted for clinical and real world applications, 

including direct use by public [16] even if they are less sensitive to very slow walking [17], 

as opposed to the relative expense of accelerometers and their associated intensive data 

management requirements, which limit their use to research purposes [16].

Participants in the two PA groups were compared using Wilcoxon-Mann-Whitney tests (for 

continuous variables) or Fisher’s exact tests (for categorical variables) on all demographic 

and clinical characteristics at baseline. Association between thickness of hippocampal sub-

regions and PA groups were examined using non-parametric ANCOVAs, controlling for 

those variables that differed between the two PA groups. Cognitive domain scores were also 

compared between the two PA groups using similar non-parametric ANCOVAs. Effect sizes 

(ES; Cohen’s d) are reported for all significant group differences. A significance level of 

p<0.05 (two-tailed) was used for all inferences. We did not employ any correction 

procedures for multiple comparisons, since this is the first study in adults with memory 

complaints examining the association of physical activity to thickness in hippocampal sub-

regions and is intended as a hypothesis generating study where it is more important not to 

miss possibly important findings rather than to prematurely discard potentially useful 

observations because of type 2 errors caused by corrections for multiplicity [18].

RESULTS

The final study sample included 26 subjects, with a median age of 71 (range 61–88) years 

old, with 18 (69.2%) women (Table 1). The two PA groups differed significantly in age with 

the lower PA group being older than the higher PA group (77 versus 68, p = 0.05); no 

significant differences were observed for gender, ethnicity, years of education, or MMSE 

scores.

Controlling for age, the difference between higher and lower PA groups on total MTL 

thickness did not reach significance (F(1,23)=3.68,p = 0.06); however, significant 

differences were observed between lower and higher PA groups in the fusiform gyrus and 

parahippocampal cortex (Table 2; Fig. 1). Compared to the lower PA group, the higher PA 

group had thicker fusiform gyrus (ES=1.43, F(1,23)=13.26, p = 0.001) and parahippocampal 

cortex (ES=0.93, F(1,23)=4.78, p = 0.04). None of the other subregions were significantly 

different between the physical activity groups.

The higher PA group also exhibited significantly superior performance in attention and 

information-processing speed (ES=1.61, F(1,23)=10.58, p = 0.003) and executive 

functioning (ES=1.24, F(1,23)=3.89, p = 0.05) (Table 2; Fig. 2). Memory recall was not 

significantly different between the two PA groups (F(1,23)=0.33, p = 0.6).

DISCUSSION

In this first pilot study in older adults with memory complaints of accelerometer-monitored 

physical activity and high-resolution MRI with MTL sub-region analyses, we found that 
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subjects who walked more steps each day had greater thickness in the fusiform and 

parahippocampal cortices as well as better performance in attention, information-processing 

speed, and executive functioning, but not memory recall.

While previous reports have examined the association between physical activity and brain 

volume [19], few studies have focused in the relationship between cortical thickness and 

physical activity. A previous report indicated that even in the absence of significant MTL, 

cranial or brain volume changes over time, greater cortical thinning in MTL sub-regions is 

observed in older subjects at risk for Alzheimer’s disease [12] and thinner cortical regions 

may increase susceptibility to subtle pathological changes as incipient Alzheimer’s disease 

progresses. The finding of this study that greater physical activity is associated with greater 

thickness in subjects with memory complaints may provide further impetus for research into 

possible interventions that focus on physical activity to target memory problems in older 

adults. Furthermore, the current results also point to the utility of MTL structure integrity as 

a potential biomarker for adequate activity with aging and for examining the effects of an 

exercise intervention.

Participants in the study were categorized into two groups, using 4000 steps walked daily as 

the cut-off, based on the distribution of the observed data. Interestingly, in the long-running 

Nakanojo Study that includes almost 500 participants aged 65 years and older, results 

indicated that better mental health is associatedwithwalkingmorethan4000stepsperday and/or 

>5min/day at intensity >3 metabolic equivalents while better physical health is associated 

with >8000 steps [20]. A recent review that assessed how many steps per day are required 

for optimal health concluded that healthy, older adults need at least an average of 7100 steps 

per day [16]. It is noteworthy that this threshold is comparable to the mean steps/day of the 

higher PA group. Moreover, the same study observed that for older adults with chronic 

diseases or disability, the recommended number of steps is 4600 steps/day, which is 

comparable to the cutoff used in the present study. We also note that 4000 steps per day are 

easily achievable by older adults and correspond to 30–40 minutes of walking.

The observed effects of PA on cognitive domains in the current study are consistent with 

several previous studies [21–23]. In a sample of 93 adults aged 60 and older, it was observed 

that a higher level of physical functioning (testing included several walking measures) was 

significantly associated with greater processing speed and better executive functions but was 

not associated with better memory performance [21]. Our results strengthen the existing 

evidence linking PA to cognitive performance and, in particular, to processing speed and 

executive function.

While the exact mechanism of how physical exercise benefits cortical thickness is uncertain, 

several possibilities exist. Some studies have suggested that PA can increase brain-derived 

neurotrophic factor (BDNF) in serum and brain. More specifically, a recent investigation 

observed that among 19 healthy older adults, a 35-min session of physical activity has a 

significantly larger impact on serum BDNF levels than either cognitive training or 

mindfulness practice [24]. Physical activity is also thought to increase hippocampal synaptic 

plasticity either directly via signal transduction mechanisms or indirectly by increasing 

BDNF levels, which in turn regulate specific signal transduction mechanisms [25]. In 
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addition, exercise may augment the effects of BDNF on synaptic-plasticity, through a 

positive feedback loop in which it concurrently increases the mRNA levels of both itself and 

its receptor [26]. Therefore, BDNF up-regulation, strongly evoked by PA, potentiates the 

protection of neurons from eventual damage and favors neurogenesis and plasticity [27]. 

Interestingly, a recent systematic review concluded that aerobic exercise was a major source 

for the enhancement of BDNF-dependent executive functioning [28], consistent with our 

finding of increased PA and enhanced executive functioning. PA also has been associated 

with a reduction of plasma amyloid β levels [29, 30], which are associated with a greater 

risk of cognitive impairment [30, 31]. It is also possible that PA indirectly contributes to 

preserving cortical thickness by maintaining a healthy body mass index and reducing the 

risk for chronic diseases, such as diabetes and cardiovascular disease and/or inflammatory 

and metabolic responses related to obesity. Finally, a recently proposed theory, the Adaptive 

Capacity Model, explores an evolutionary connection between hippocampal structures and 

exercise [32]. This model suggests that during aging, the brain responds adaptively by 

diminishing capacity so as to reduce energy costs, leading to age-related regional brain 

atrophy and associated function, while engaging exercise in late life can adaptively increase 

capacity, thus reducing the impacts of cognitive aging [32].

Strengths of this study include 3T MRI scanning, which allows for a detailed assessment of 

MTL structures as well as objective markers of physical activity. The primary limitation of 

this study is the small sample size and the findings of this pilot study need to be replicated in 

a larger sample before the specific sub-regions associated with physical exercise can be 

identified with certainty. While we controlled for age in all the analyses, the age difference 

between the two physical activity groups is also a concern. Finally, this was a cross-sectional 

study and therefore causation cannot be inferred. Despite these limitations, this preliminary 

study of older adults indicates that physical activity, specifically the number of steps walked 

daily, is associated with greater thickness in MTL sub-regions, in addition to enhanced 

cognitive performance. These findings are novel, suggesting that physical activity may be a 

promising protective factor against hippocampal atrophy in older adults with memory 

complaints and warrant further exploration in longitudinal studies and analyses of mediating 

mechanisms.
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Fig. 1. 
Mean fusiform (FUS) and parahippocampal cortex (PHC) and total MTL thicknesses (in 

mm) in lower and higher physical activity (PA) groups. Error bars represent 95% confidence 

limits; *p<0.05
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Fig. 2. 
Mean cognitive domain Z-scores in lower and higher physical activity (PA) groups. Error 

bars represent 95% confidence limits; *p<0.05.
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