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Abstract

Background—Active lifestyles are related to better cognitive aging outcomes, yet the unique 

role of different types of activity are unknown.

Objective—To examine the independent contributions of physical (PA) versus cognitive (CA) 

leisure activities to brain and cognitive aging.

Methods—Independent samples of non-demented older adults from University of California, San 

Francisco Hillblom Aging Network (UCSF; n = 344 typically aging) and University of California, 

Davis Diversity cohort (UCD; n = 485 normal to MCI) completed: 1) self-reported engagement in 

current PA and CA (UCSF: Physical Activity Scale for the Elderly and Cognitive Activity Scale; 

UCD: Life Experiences Assessment Form); 2) neuropsychological batteries; and 3) neuroimaging 

total gray matter volume, white matter hyperintensities, and/or global fractional anisotropy. PA 

and CA were simultaneously entered into multivariable linear regression models, adjusting for 

demographic characteristics and functional impairment severity.
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Results—Brain outcomes: In UCSF, only PA was positively associated with gray matter volume 

and attenuated the relationship between age and fractional anisotropy. In UCD, only CA was 

associated with less white matter hyperintensities and attenuated the relationship between age and 

gray matter volume. Cognitive outcomes: In both cohorts, greater CA, but not PA, related to better 

cognition, independent of age and brain structure. In UCSF, CA attenuated the relationship 

between fractional anisotropy and cognition. In UCD, PA attenuated the association between white 

matter hyperintensities and cognition.

Conclusions—Although their specificity was not easily teased apart, both PA and CA are 

clearly related to better brain and cognitive resilience markers across cohorts with differing 

educational, racial, and disease statuses. PA and CA may independently contribute to converging 

neuroprotective pathways for brain and cognitive aging.
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INTRODUCTION

Age-related cognitive decline and Alzheimer’s disease (AD) are major public health issues, 

yet we lack effective strategies to optimize brain health with age. Modifiable lifestyle factors 

are estimated to account for >30% of dementia cases [1], and represent prime targets as a 

means to mitigate the growing dementia problem. However, little is known regarding the 

pathways underlying the relationship between different lifestyle behaviors and the brain, 

limiting our ability to identify the most at-risk patients at the earliest stages and development 

of personalized behavioral treatments.

Large-scale epidemiologic studies indicate that older adults who engage in more frequent 

physical (PA) or cognitive (CA) activities in daily life show reduced age-related cognitive 

decline and delayed dementia onset [2, 3]. For instance, in a population- based study in 

China, older adults who engaged in more aerobic exercise were 19% less likely to develop 

incident dementia over 6-years [4]. In the US, simply walking 10 blocks/day was associated 

with 13% lower odds of cognitive decline over a 6–8 year period [5]. Additionally, using an 

identical twin study design, the twin with greater intellectual complexity in their occupation 

demonstrated ~5× reduced risk of AD [6]. After adjusting for lifelong occupational 

complexity and education, late-life CA is consistently associated with better cognitive status 

in older adults [7, 8]. Randomized controlled trials further support directionality of these 

effects, demonstrating domain- specific cognitive and brain (e.g., functional and structural 

neuroimaging) improvements following cognitive or physical training [9–11]. However, 

most studies have examined PA or CA in isolation, despite evidence that they often co-occur 

in the healthiest of elders. Of the few that have examined their intersection, PA and CA 

appear to independently relate to cognitive outcomes, suggesting distinct pathways to brain 

health [12–14]. Such behaviorally-based strategies offer the potential to prevent or delay 

dementia onset at low cost and with high scalability. Development of a framework to 

disentangle their underlying mechanisms will help foster testable hypotheses and, ultimately, 

more efficacious prevention and treatment programs.
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Through both human and animal studies, it has become clear that a subset of individuals 

demonstrate slower rates of brain or cognitive decline compared to similarly aged peers, and 

some individuals with changes in brain integrity do not show commensurate cognitive or 

functional decline [15, 16]. Both PA and CA are implicated as factors that may confer such 

resilience to aging and pathology. In the current study, we model the independent 

contributions of PA and CA to: 1) better brain integrity than predicted by age (brain 

resilience to age), 2) better cognition than predicted by age (cognitive resilience to age), and 

3) better cognition than predicted by brain integrity (cognitive resilience to brain integrity). 

These concepts are tested separately with the underlying assumption that there may be 

differing and potentially discrete mechanisms that PA or CA may be acting on to drive each 

of these phenomena. For instance, PA appears to be associated with better brain health with 

age, as indicated by greater hippocampal growth [10], stabilization of immune homeostasis 

[17], glymphatic clearance [18], and lower amyloid plaque burden even among autosomal 

dominant AD gene carriers [19]. Intellectual enrichment is also associated with increased 

synaptic density and reduced Aβ aggregation in mice [20], supporting a potential role for 

CA in maintaining better brain health. However, in addition to its role in brain health, CA 

also accounts for variance in cognition above and beyond neuropathologic burden [21–24], 

suggesting that it may also promote cognitive resilience to age and/or age-related pathology. 

Given their positive, parallel associations with aging outcomes, examining the relative 

contributions of PA versus CA to brain and cognitive resilience to aging will both improve 

design of lifestyle interventions for targeted populations and support future mechanistic 

hypothesis testing of these constructs.

We tested parallel models across two independent samples of non-demented older adults 

from the University of California, San Francisco (UCSF) and the University of California, 

Davis (UCD) examining the relative contributions of PA and CA to age-related brain and 

cognitive performances. We hypothesized that greater current engagement in PA would be 

more directly associated with MRI indicators of age-related brain integrity and attenuate the 

effect of age on the brain (brain resilience to age), while greater current CA would attenuate 

the relationship between brain integrity and cognition (cognitive resilience to brain 

integrity).

METHODS

Participants

UCSF—In this cross-sectional study, 344 adults who completed the lifestyle measures of 

interest as part of the UCSF Memory and Aging Center Hillblom Aging Network were 

included. Participants in this cohort represent a community-dwelling, convenience sample of 

older adults in the Bay Area recruited between 2000–2018. Given that the major aim of the 

Hillblom Aging Network is to study typical brain aging, upon initial entry into the study, 

participants were excluded for diagnoses of memory or other neurological conditions (e.g., 

epilepsy, stroke), and all participants demonstrated either no (98% CDR = 0) or minimal 

(2% CDR = 0.5) functional changes as operationalized by the Clinical Dementia Rating 

(CDR) scale via study partner interviews (Table 1). Most participants (79.4%, n = 273) had a 

brain MRI available within 6-months of their lifestyle evaluation.
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UCD—571 older adults from the UC Davis Diversity Cohort who completed a lifestyle 

evaluation were considered for inclusion in the current cross-sectional study. This cohort is 

heterogenous in race/ethnicity and educational attainment and spans a spectrum of cognitive 

function from normal to mildly impaired to demented. Cohort composition and recruitment 

methods are described in Hinton et al. [25] To increase comparability to UCSF, individuals 

diagnosed with dementia (n = 81) and 1 with delirium were excluded, leaving 485 non-

demented older adults included in the primary analyses (Table 1); 58.1% (n = 280) of UCD 

participants also completed brain MRI within 6 months of evaluation.

In both studies, dementia was diagnosed using available clinical data via research consensus 

criteria as determined by a panel of neurologists and neuropsychologists (Fig. 1) [26].

Current physical and cognitive activity lifestyle measurement

UCSF—Current levels of PA were assessed by the Physical Activity Scale for the Elderly 

(PASE). The PASE is an 11-item measure of physically demanding activities over the past 7 

days across recreational, household, and work-related domains in which participants rated 

both the weekly frequency and daily duration. Activity scores were obtained by multiplying 

the activity frequency by the task-specific weight, according to the standardized scoring 

manual [27]. Activity scores were summed to calculate a total score with higher values 

indicating greater activity.

Current levels of CA were assessed by the Cognitive Activity Scale (CAS). The CAS is a 

25-item self-reported measure of engagement in mentally stimulating leisure activities 

across the life course [22]. Given our interest in current lifestyle, we only included the 5 

items from the CAS querying current activities (“in the presenttems included frequency of 

reading newspapers, magazines, and books, writing letters, and playing games. Activity 

scores were summed to calculate a total CAS score, with higher scores indicating greater 

activity engagement (Table 2).

UCD—Current PA and CA participation were derived from the UCD Life Experiences 

Assessment Form (LEAF). The LEAF is a larger questionnaire querying multiple social and 

lifestyle determinants of health (e.g., place of birth, occupation, income, recreational 

activities). The physical activity subscale includes 6 items measuring frequency of current 

participation in light and heavy work (i.e., housework/yardwork) and exercise. The cognitive 

activity subscale comprises 10 items assessing frequency of current engagement in reading, 

complex cooking, writing, classes/learning new skills, performance arts, games/puzzles, 

cultural events, arts/crafts, socializing, and clubs/religious activities (Table 2).

Neuropsychological measures

We selected measures capturing episodic memory, executive functions, processing speed, 

and semantic processing across the two cohorts. Measures were converted onto a similar 

metric using sample-based z-scores and then averaged together to create a global cognitive 

composite.
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UCSF

See Table 2 for the specific measures included per domain. The selected neuropsychological 

measures have been widely published and shown to be sensitive to age-related neurologic 

processes [28]. For domains with more than one measure, scores were blom rank 

transformed to achieve normality before conversion into sample-based z-scores.

UCD

The Spanish English Neuropsychological Assessment Scales (SENAS) is a comprehensive, 

extensively developed battery created with the aim of measuring diseases relevant to aging 

comparably in English and Spanish [29]. To be consistent with available UCSF 

neuropsychological data, we included verbal episodic memory, executive function, and 

semantic memory domains in analyses, as well as the WAIS-IV Digit Symbol test 

(processing speed).

Neuroimaging

Participants completed a 3-Tesla brain MRI from which global gray matter volumes, white 

matter hyperintensity volumes (UCD only), and fractional anisotropy (UCSF only) were 

extracted.

Gray matter volume (GMV)

UCSF—Participants completed 3T Magnetom Vision TIM Siemens Trio (Siemens, Iselin, 

NJ) magnetic resonance imaging (MRI). Before processing, all T1-weighted images were 

visually inspected for quality. Images with excessive motion or image artifact were 

excluded. Magnetic field bias was corrected using the N3 algorithm [30]. Tissue 

segmentation was performed using the unified segmentation procedure in SPM12 [31]. Each 

participant’s T1-weighted image was warped to create a study-specific template using 

Diffeomorphic Anatomical Registration using Exponentiated Lie algebra (DARTEL) [32]; 

subsequently, the images were normalized and modulated in the study-specific template 

space using non-linear and rigid-body registration. Images were smoothed using an 8-mm 

Gaussian kernel. For registration with a brain parcellation atlas, linear and non-linear 

transformations between DARTEL’s space and ICBM space were applied.

UCD—T-1 images were processed using an inhouse pipeline previously described [33]. In 

brief, images were nonlinearly registered to a minimal deformation template (MDT) [34] 

adapted for ages >60 and registration was performed using cubic B- spline deformation [35]. 

Tissue segmentation was automatically initiated using an iterative maximal likelihood 

estimation of tissue classes (gray, white, cerebrospinal fluid) based on alternating voxel class 

assignment followed by tissue class parameter estimation. The class likelihood priors 

included terms designed to enhance accuracy at tissue boundaries.

In both UCSF and UCD, total intracranial volume was regressed from GMV and resulting 

residuals were included in all final analyses.
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DTI fractional anisotropy

In the UCSF cohort only, we used the Oxford Center for Functional MRI of the Brain’s 

Software Library (FSL) to co-register diffusion direction images with the b = 0 image. A 

gradient direction with eddy current and distortion correction were applied. Diffusion 

tensors were calculated using nonlinear least-squares algorithm from Dipy [36]. Following 

quality control, participant tensors (4-dimensional image) were linearly and nonlinearly 

registered to a common space using DTI ToolKit [37]. Participants tensors were then moved 

into a group template. DTI scalar maps of fractional anisotropy was calculated from 

participants’ tensors in the group template space. Whole brain FA was extracted using 

ICBM- DTI-81 white matter atlas.

White matter hyperintensities

In the UCD cohort only, white matter hyperintensity volumes were obtained from T2-

weighted FLAIR images using an automated method for quantification and localization of 

white matter hyperintensities. Total white matter hyperintensity volume was estimated by 

summing all the voxels classified as white matter hyperintensities, as previously described 

using the same pipeline [38].

Statistical analyses

Pearson correlations and t-tests were conducted to examine bivariate relationships among 

leisure activities and demographics. Parallel multivariable linear regression models were 

conducted within the UCSF and UCD samples, separately, with standardized beta 

coefficients reported to facilitate model comparison (same-scaled estimates). Age, sex, and 

years of education were included as covariates in all models, as well as CDR sum of boxes 

(CDRsob) as an indicator of disease severity to adjust for potential reverse causality. Of 

note, the pattern of results was similar when CDRsob was excluded from models. We 

operationalized a lifestyle activity as supporting brain aging if that activity demonstrated an 

age-independent relationship with a brain structure outcome (gray matter, fractional 

anisotropy, or white matter hyperintensities) or moderated the relationship between age and 

brain structure (brain resilience to age). We operationalized a lifestyle activity as supporting 

cognitive aging if that activity related to cognition independent of age, moderated the 

relationship between age and cognitive performance (cognitive resilience to age), or 

moderated the relationship between brain structure and cognitive performance (cognitive 

resilience to brain integrity). All moderation effects were tested entering the main effect and 

interaction terms between variables of interest. See Fig. 1 for illustration of statistical 

models. For visualization purposes, we selected sample-specific levels of PA or CA as low 

(10th%ile) or high (90th%ile) to probe significant interactions [UCSF: PASE 10th%ile = 

50.6, 90th%ile = 220.4 and CAS 10th%ile = 14, 90th%ile = 22; UCD: LEAF Physical 

Activity 10th%ile = 13, 90th%ile = 25; LEAF Cognitive Activity 10th%ile = 22, 90th%ile = 

36).
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RESULTS

Relationship among leisure activities and clinical factors across cohorts

Within the UCSF sample, engagement in PA and CA were related to only a small degree, 

while in UCD, PA and CA were more strongly associated (Table 3). In both study groups, 

older age and less education were associated with less PA and CA. Women reported 

engaging in more CA than men in UCD (t = 7.7, p < 0.001), but sex was not significantly 

related to CA in UCSF, or PA in either sample (UCSF: CA t = 0.97, p = 0.34, PA t = −1.1, p 

= 0.29; UCD: PA t = 1.2, p = 0.22). Greater clinical severity (CDRsob) was associated with 

engagement in fewer PA and CA in UCD, but was not strongly associated with activity 

engagement in UCSF, which inherently had less variability in clinical severity by selection.

Brain integrity and brain resilience to age

Entered simultaneously, greater PA but not CA was more strongly associated with larger 

gray matter volumes (Table 4; PA β = 0.17, p = 0.003; CA β = 0.02, p = 0.70), and PA 

uniquely attenuated the relationship between age and global fractional anisotropy in the 

UCSF sample (age*PA β = 0.15, p = 0.049; age*CA β =−0.07, p = 0.32; Fig. 3). On the 

other hand, in the UCD sample, greater CA but not PA was more strongly related to a lower 

white matter hyperintensity burden (CA β = −0.17, p = 0.009; PA β = −0.004, p = 0.85; Fig. 

3), and CA attenuated the relationship between age and gray matter volumes (CA β = 0.17, p 

= 0.02; PA β = 0.06, p = 0.75). Interestingly, PA appeared to strengthen the association 

between age and white matter hyperintensities in UCD (age*PA β = 0.18, p = 0.02; age*CA 

β = 0.005, p = 0.98); examined more closely, greater PA was associated with overall less 

white matter hyperintensities in younger ages, an effect that reversed in the oldest ages (>80 

years). Taken together, both PA and CA each appeared to relate to age-related brain integrity.

Cognitive performance and cognitive resilience to age

Entering both into the model, CA but not PA independently and consistently related to better 

cognitive performance across study cohorts beyond age (CA β range = 0.16 to 0.18; Table 5 

and Fig. 4). Neither activity type moderated the effect of age on cognition in either sample 

(all p-values > 0.05).

Cognitive resilience to brain integrity

Within the UCSF sample, only CA but not PA significantly moderated the relationship 

between global fractional anisotropy and cognitive performance (global FA*CA β = −0.16, p 

= 0.039; global FA*PA β = 0.12, p = 0.12), such that adults with greater CA demonstrated 

disproportionately better global cognition given their white matter integrity compared to less 

active peers (Fig. 5). In the UCD sample, CA continued to demonstrate significant main 

effects with global cognition adjusting for demographics and brain structure (CA β range = 

0.20 to 0.23). However, only PA but not CA significantly moderated the relationship 

between white matter hyperintensities and global cognitive performances (WMH*PA β = 

0.19, p = 0.009; WMH*CA β = −0.13, p = 0.09). Adults with greater PA demonstrated an 

attenuated relationship between white matter hyperintensities and global cognition compared 
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to their low activity peers. Models examining the moderating impact of leisure activities on 

gray matter volumes did not reach significance in either cohort (all p-values > 0.5; Table 5).

DISCUSSION

Examining physical (PA) and cognitive (CA) activities simultaneously across two 

independent cohorts, we hypothesized that PA would relate more directly to age-related 

markers of brain integrity, while CA would be more strongly associated with cognitive 

performances, even adjusting for age and brain integrity markers. Though our hypotheses 

were supported in the UCSF sample, results in the UCD sample indicated greater overlap in 

the nature of the effects of PA and CA. While PA was related to better brain structure in 

UCSF, CA was independently associated with better brain structure in the UCD cohort, and 

both activities attenuated the effect of age on brain structure suggesting a role in brain 

resilience to age (i.e., better brain integrity than less active peers the same age). Interestingly, 

CA (over PA) was consistently directly related to cognition independent of age or brain 

indicators in both samples. However, CA in UCSF, but PA in UCD, moderated the 

relationship between brain integrity and cognition, such that both types of leisure activities 

attenuated the relationship between brain and cognition, supporting their role in cognitive 

resilience to the aged brain. Taken together, though their specificity as related to brain versus 

behavior may not be evidently delineated, it is clear that both PA and CA robustly relate to 

better markers of age-related brain and cognitive health —a benefit consistently observed 

even across inherently disparate older adult cohorts representing different educational, 

racial/ethnic, and cognitive contexts.

Though maintaining physically and cognitively active lifestyles are clearly important 

indicators of brain and cognitive aging, these factors are commonly studied in isolation, and 

their individual contributing impact is not well understood, limiting potency in their 

implementation. Our data build on the growing literature suggesting potential unique and 

converging effects of PA and CA in aging. Using an epidemiological approach, Yaffe et al. 

(2009) demonstrated that both exercise and education/work/volunteering were independently 

associated with maintaining stable cognition over an 8-year period [12]. Extending this 

work, Najar et al. (2019) recently showed that greater midlife physical and cognitive 

activities each uniquely predicted ~30% reduced risk of dementia 44-years later [13]. 

Similarly, there are increasing randomized controlled interventions simultaneously targeting 

both PA and CA. While some of these latter studies show synergistic benefits [39–42], 

others suggest gains from either physical or cognitive training that appear largely coinciding 

and indistinct [41]. For example, using a factorial design, Shah and colleagues (2014) 

demonstrated benefits in both cognition and cerebral metabolism after physical or cognitive 

training that were disproportionately greater when combining the two modalities, suggesting 

at least some independence in their pathways of benefit. On the other hand, using a similar 

design, the Mental Activity and eXercise (MAX) Trial showed that either singular or 

combined trainings may improve cognitive performances equally [42]. The overlapping 

impact of these activities on global markers of brain integrity and cognition are supported by 

our data as well, and their measurement, particularly in observational studies, are likely not 

inherently discrete entities —that is, active individuals are likely to be active across domains 

of life, and physically-demanding activities often incorporate active thinking (and to a lesser 
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extent, vice-versa). To this end, we found that in the UCD cohort, physical and cognitive 

behaviors were strongly correlated (r = 0.41); however, these behaviors were not as strongly 

associated within the UCSF sample (r = 0.08), suggesting that the larger UCD correlation 

may reflect shared method variance and/or was driven by greater cognitive variance in UCD. 

Perhaps not surprisingly then, we observed more discrete patterns of associations for 

physical versus cognitive behaviors in UCSF. Given the UCSF cohort was overall less 

impaired, this sample may be capturing the discrete impact of lifestyle activity types in an 

earlier disease state that appear to converge within the more impaired UCD sample. 

Additionally, it is important to note that we focused on downstream outcomes (i.e., global 

brain structure and cognitive function) that reflect an amalgamation of neurobiological 

processes. Although both PA and CA appear to converge and relate to both brain and 

cognitive end-points, it is possible that they tap into discrete upstream mechanisms not 

quantified here (e.g., immune activation for PA and synaptic turnover for CA). Our data do 

support this latter hypothesis given that in almost all models examined, both PA and CA 

were not simultaneously significant, potentially suggesting independent pathways to similar 

outcomes.

Regarding mechanisms, decades of animal and more recent clinical works demonstrate the 

benefit of both enriched physical and cognitive environments for neuro- and synapto-

genesis, white matter connectivity, and brain size [9, 10, 43], supporting their dynamic role 

in brain health as demonstrated here. Animal studies modeling aging and AD also implicate 

a host of pleiotropic neuroprotective mechanisms as well, including release of trophic factors 

[10, 44], modulated glial activation and immuno-vascular homeostasis [45, 46], and 

glymphatic clearance [18] following physical or cognitive enrichment; perhaps theses are 

specific mechanisms by which lifestyle activities support brain resilience to the aging 

process. Though relatively fewer mechanistic studies have examined both in conjunction, 

those that have indicate a particularly potent effect of CA, over PA, in decreasing aberrant 

protein aggregation in both animals [20] and adults [14, 47]. Moving forward, advanced 

molecular measurement tools, such as biofluid analytes and novel PET imaging ligands, will 

be incredibly useful to more directly translate these animal models and uncover the 

mechanistic underpinnings of active lifestyles for the brain in humans.

Mechanisms underlying links among PA, CA, and cognitive resilience to the aging brain are 

less well understood but a critical area of study given their high therapeutic potential (i.e., 

secondary prevention approach). In the current study, both CA and PA attenuated the impact 

of brain integrity on cognitive performance. Boros and colleagues (2017) recently 

demonstrated that clinically normal adults who reached neuropathologically significant AD 

at autopsy (i.e., cognitive resilience to AD) had significantly greater dendritic spine density 

and complexity compared to peers with clinically evident AD [48]. These data suggest that 

structural integrity and morphology of the synapse may be a critical mechanism supporting 

the ability to “outperform” pathology burden. Similarly, Stern and colleagues identified 

functional neural synchrony (via fMRI) as a mediator explaining the discrepancy between 

brain structure and cognition [49, 50]. Taken together, these data suggest that shape and 

functioning of the synaptic unit, perhaps regardless of pathology or other structural changes 

may integrally underlie the phenomenon of cognitive resilience to aging and age-related 

pathologies. A recent study by Hohman et al. (2017) applied a predicted gene expression 
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tool (PrediXcan) to identify genes related to cognition among older adults with and without 

cerebral amyloid. This study identified expression patterns reflecting angiogenic and heme 

biosynthesis (i.e., HMBS, PROK1 expressed in heart tissue) as other candidate pathways 

related to the maintenance of cognitive performance in the face of pathology [51]. These 

latter findings underscore the importance of considering the brain as only one of the 

interconnected organs within the aging body, which is particularly relevant for factors like 

PA. Future work considering systemic factors that may contribute to brain and cognitive 

aging may be highly fruitful avenues to identify novel and important resilience pathways. 

Ultimately, disentangling the active mechanisms by which lifestyle behaviors support the 

brain will need to take a translational approach integrating systems models with clinical 

trials, which has the potential to yield incredibly valuable information for our rapidly aging 

population.

Although this study presents novel findings for the systematic characterization of 

independent contributions of PA and CA to brain and cognitive aging in two independent 

cohorts, there are several limitations to note. First, the two study samples represented largely 

different groups of people: UCD was more educationally, racially, and cognitively diverse, 

while UCSF was composed of largely cognitively healthy, majority White, highly educated 

adults. These cohort differences were likely reflected in some of the differential associations 

observed both between PA and CA, and between lifestyle activities and brain/cognitive 

outcomes. There is a need for future research that is adequately powered to explicitly 

examine the roles of educational attainment, race/ethnicity, and disease severity in these 

associations. Nonetheless, the consistent, positive associations observed between active 

lifestyles and brain/cognitive health across disparate samples illustrates the overall 

robustness of the relationship between lifestyle and aging.

Another important limitation is the observational and self-report nature of the data. Both 

activity measures were self-report and queried different facets of each activity type. For 

example, the UCD cognitive activity questionnaires included several items capturing social 

engagement. These differences in measurement tools may have also contributed to 

differential patterns of results, particularly given the posited specific role of socially-

engaging activities for brain health [52]. Relatedly, as noted above, the two study cohorts 

represented quite distinct cohorts of older adults (i.e., UCD was racially, educationally, and 

cognitively more diverse than UCSF); it is therefore difficult to determine if the slightly 

different pattern of results observed in each cohort represents true overlapping heterogeneity 

of the effects of PA and CA on neurobehavioral outcomes versus an artifact simply 

reflecting cohort differences. Additionally, while we statistically adjusted for disease 

severity via CDRsob, the CDR is a limited marker of disease staging. Therefore, the 

potential for reverse causality cannot be excluded, particularly in the more cognitively 

affected UCD cohort. Particularly within UCD, activity levels were significantly associated 

with clinical severity (CDR). More frail individuals are also inherently more likely to have 

both poorer cognition and less activity, further limiting causal inferences due to potential 

unmeasured confounding effects. Lastly, our study did not aim to examine specific brain or 

cognitive networks, or include other important brain measures, including perfusion, 

metabolism, proteinopathy, or other biofluid markers (e.g., inflammation). Future directions 

building on this initial work using data-driven approaches (e.g., voxel-based morphometry) 
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to identify and model these questions, as well as multimodal tools will be important to help 

better parse out the potential targetable networks and upstream biology related to PA versus 

CA.

Nonetheless, these results further add to the growing literature indicating the benefits of 

active lifestyles for age-related brain and cognitive health, and their potential modifying 

impact on brain risk factors. The next important steps will be to more deeply phenotype 

lifestyle behavior characteristics in order to parse out the specific active components and 

identify sensitive outcomes/mechanisms of this relationship. Ultimately, these advances will 

help target the most at-risk individuals, promote development of more sensitive monitoring 

techniques for intervention efficacy, and ultimately, increase the potency of lifestyle 

modifications for age-related brain health.
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Fig. 1. 
Study flowchart outlining participant selection across study cohorts.
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Fig. 2. 
Schematic of multivariable linear regression models conducted testing the contribution of 

physical and cognitive lifestyle activities to age-related brain or cognitive resilience. Tests of 
Brain Resilience to Age. Greater activity participation is hypothesized to be directly 

associated with greater brain integrity than predicted by age (path “a”) and/or attenuate the 

negative impact of advanced age on brain integrity (path “b”; interaction model). Tests of 
Cognitive Resilience to Age and Brain Integrity. Greater activity participation was 

hypothesized to be associated with better cognition independent of age and brain (path “c”) 

and/or attenuate the impacts of advanced age (path “d”; interaction model) or poor brain 

integrity (path “e”; interaction model) on cognition. Greater brain integrity was 

operationalized as greater total gray matter volume (GMV), lower whole brain white matter 

hyperintensity volume (WMH), and higher mean fractional anisotropy (FA) across white 

matter tracts. Reported engagement in physical and cognitive activities were entered 

simultaneously in all models.
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Fig. 3. 
Brain Resilience to Age. Physical and Cognitive Activities independently support brain 

resilience to aging. Age x lifestyle interactions modeled continuously with both physical and 

cognitive activity interactions simultaneous entered into multivariable regression models 

adjusting for age, sex, education, and CDR sum of boxes. Gray matter volume reflects the 

residual adjusting for total intracranial volume.
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Fig. 4. 
Cognitive Aging. Cognitive but not physical activities related to cognition independent of 

age across study cohorts. Physical and cognitive activities simultaneously entered into 

multivariable linear regression models adjusting for age, sex, education, and CDR sum of 

boxes.
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Fig. 5. 
Cognitive Resilience to Brain Integrity. Physical and cognitive activities independently 

support cognitive resilience to the aging brain. Age x lifestyle interactions modeled 

continuously with both physical and cognitive activity interactions simultaneous entered into 

multivariable regression models adjusting for age, sex, education, CDR sum of boxes.
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