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Abstract

Objective

To test whether postmortem MRI captures brain tissue characteristics that mediate the

association between physical activity and cognition in older adults.

Methods

Participants (N = 318) were older adults from the Rush Memory and Aging Project who wore

a device to quantify physical activity and also underwent detailed cognitive and motor test-

ing. Following death, cerebral hemispheres underwent MRI to quantify the transverse relax-

ation rate R2, a metric related to tissue microstructure. For analyses, we reduced the

dimensionality of the R2 maps from approximately 500,000 voxels to 30 components using

spatial independent component analysis (ICA). Via path analysis, we examined whether

these R2 components attenuated the association between physical activity and cognition,

controlling for motor abilities and indices of common brain pathologies.

Results

Two of the 30 R2 components were associated with both total daily physical activity and

global cognition assessed proximate to death. We visualized these components by

highlighting the clusters of voxels whose R2 values contributed most strongly to each. One

of these spatial signatures spanned periventricular white matter and hippocampus, while

the other encompassed white matter of the occipital lobe. These two R2 components par-

tially mediated the association between physical activity and cognition, accounting for

12.7% of the relationship (p = .01). This mediation remained evident after controlling for

motor abilities and neurodegenerative and vascular brain pathologies.
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Conclusion

The association between physically activity and cognition in older adults is partially

accounted for by MRI-based signatures of brain tissue microstructure. Further studies are

needed to elucidate the molecular mechanisms underlying this pathway.

Introduction

In the absence of treatments to prevent or reduce the symptoms of Alzheimer’s and other

forms of related dementia, intensified efforts are now underway to identify modifiable lifestyle

behaviors that help to preserve cognition in older adults [1,2]. Notably, many observational

studies have reported associations between habitual physical activity level and cognitive levels

[3,4] and trajectories [5,6] among older adults. However, the neurobiologic basis of these asso-

ciations remains incompletely understood, as underscored by our recent work showing that

physical activity and cognition are not linked via indices of brain pathologies that are common

among older adults [7]. This knowledge gap has impeded the translation of findings from

observational studies into effective activity-based interventions against cognitive decline, thus

highlighting the importance of identifying factors other than traditional histopathologic indi-

ces of brain pathologies that may connect physical activity and cognition.

One avenue for investigation lies in the hypothesis that cognitive benefits of physical activ-

ity are related to changes in brain tissue microstructure that can be detected using MRI [8].

This view draws support from animal [9,10] and human studies [11,12] showing that higher

levels of habitual physical activity are linked to better white matter integrity on MRI, combined

with complementary investigations showing that MR-visible white matter abnormalities are in

turn related to impaired cognition [13,14]. Adding further support for white matter micro-

structure as a potential physiologic mediator of the relation between physical activity and cog-

nition are studies showing that MRI metrics of white matter microstructure and connectivity

are related to established correlates of resilience to cognitive decline such as intelligence and to

resilience itself [15,16]. The implication of these studies is that healthier white matter reflects a

higher degree of recruitment of neural resources and is thus related to heightened brain

reserve and maintenance among the crucial networks underlying cognition [17]. However,

few studies have examined the interplay of physical activity, white matter microstructure, and

cognition in the same well-characterized older individuals [8,18–20]. To address this gap, we

used clinical and postmortem data collected in the Rush Memory and Aging Project (MAP), a

community-based cohort study of older adults, to examine whether the transverse relaxation

rate R2, an MRI index related to brain tissue microstructure, mediates the relation between

physical activity and cognition in old age.

Methods

Participants

MAP is an ongoing cohort study of older adults who agree to annual clinical assessments and

brain donation at death [21]. MAP began in 1997 and multiday actigraphy recordings were

added to the testing protocol in 2005. Because the current analyses aimed to examine the role

of MRI indices of brain tissue microstructure and postmortem indices of neuropathology in

the relation between physical activity and cognition, we used data from 624 MAP participants

who wore the actigraphy device and died within five years of doing so. Of these cases, 595
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participants had valid measures of cognitive function and motor abilities from the same fol-

low-up cycle as the last valid actigraphy recording, and 508 came to autopsy. Postmortem

brain imaging was introduced in MAP in 2006. Scanning capacity was expanded over the

course of several years, resulting in 318 of the 508 autopsied cases having valid MRI measures

of the transverse relaxation rate constant, R2, described in more detail below. At enrollment,

each MAP participant provided their sex, total years of education, and date of birth. The date

of death is known for each case that comes to autopsy, allowing for calculation of age at death.

Assessment of total daily physical activity

MAP participants wore a watch-like activity monitor continuously for up to 10 consecutive

days. An omnidirectional accelerometer within this device generated a signal proportional to

the acceleration of the non-dominant wrist, which was rectified and integrated over each

15-second epoch, then saved to onboard memory as an activity count value. We computed the

mean total daily physical activity metric by averaging over all days of complete data as

described in prior publications [22]. Other investigators have estimated that walking at 2.5

mph results in 2,354 activity counts per minute and jogging at 4.5 mph produces 8,640 activity

counts per minute, on average [23]. Thus, an hour of walking or 16 minutes of jogging each

contribute roughly 1.4 × 105 counts to the total daily physical activity measure. In these analy-

ses, we used the last available measure of total daily physical activity.

Assessment of cognition and clinical diagnosis

Participants underwent structured motor and cognitive testing at study entry and during

annual follow-up. Trained staff administered a battery of 19 cognitive tests to each participant

at annual study visits. Scores on 17 of these tests were normalized based on the mean and stan-

dard deviation of the MAP cohort at baseline. The resulting z-scores were then combined to

form a composite global cognition score, which has been validated as a sensitive measure of

cognitive function and is associated with Alzheimer’s disease pathology and other types of neu-

ropathology in community-dwelling older adults [24,25]. We similarly composed scores for 5

cognitive domains based on different sub-groupings of the 17 tests, based on a previously pub-

lished factor analysis [26]. These domains and the types of tests from which they are formed

are episodic memory (immediate and delayed recall of two stories, word list memory, recall,

and recognition), semantic memory (Boston naming, category fluency, and a reading test),

working memory (digit span forward and backward and digit ordering tests), perceptual speed

(number comparison, Symbol Digit Modalities, and two indices from a modified version of

the Stroop Neuropsychological Screening Test), and visuospatial ability (line orientation and

progressive matrices tests) [27]. In these analyses, we examined the cognitive scores from the

same year as the last actigraphy recording prior to death.

Clinical classification of dementia and cognitive impairment was carried out annually via a

uniform process implemented at the inception of MAP. Briefly, an experienced neurologist

reviewed data from the aforementioned detailed cognitive testing, a neuropsychologist’s

impairment ratings, medical history, and results of neurologic examination and rendered a

decision on the presence and likely cause of dementia. Diagnosis of Alzheimer’s dementia was

based on the criteria of the joint working group of the National Institute of Neurological and

Communicative Disorders and Stroke and the Alzheimer’s Disease and Related Disorders

Association (NINCDS/ADRDA) [28,29]. These criteria require a history of cognitive decline

as well as impairment in memory and at least one other cognitive domain. Cases of cognitive

impairment not meeting the criteria for dementia were classified as mild cognitive impairment

(MCI) [21,29].
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Assessment of motor abilities

A composite score of motor abilities was formed from ten measures of eight motor perfor-

mances, as previously described [30]. These measures include manual dexterity (Purdue Peg-

board and finger-tapping speed), time and steps to walk 8 feet, time and steps to turn 360

degrees in place, balancing on toes and on one leg (number of seconds for each, maximum

20), and grip strength and pinch strength quantified via dynamometer. Individual measures

were scaled based on the MAP baseline mean, then averaged together to form the summary

measure of motor abilities. Although additional tests would help to probe diverse facets of

motor abilities with greater accuracy and granularity, the extent of motor testing was some-

what constrained by limits on participant burden in terms of time and exertion, which are

imposed in the interest of safety and participant retention in MAP. In these analyses, we used

the motor score from the same year as the last actigraphy recording prior to death and normal-

ized this value based on the mean and standard deviation of the sample.

Assessment of brain tissue microstructure (R2) with postmortem MRI

Postmortem MRI of brain tissue offers certain advantages over antemortem MRI, including a

reduced consent bias and the opportunity to link each imaging dataset with histopathologic

indices from the same specimen almost immediately. Tissue handling and postmortem MRI

acquisition procedures have been previously described [31]. At death, the brain was removed

and hemisected. One cerebral hemisphere was immersed in 4% paraformaldehyde solution

and refrigerated at 4 degrees Celsius. At approximately 30 days postmortem, we imaged the

hemisphere using one of four 3-Tesla MRI scanners employed during this ongoing study. We

allowed the specimens to warm to room temperature of approximately 20˚C before beginning

scanning, as previously described [32]. Specimens remained immersed in paraformaldehyde

solution during scanning, and we confirmed that the temperature of this surrounding fluid

did not change by more than 1˚C during the imaging session.

The one-hour scan session included, among other sequences, a 30-minute turbo spin echo

sequence with multiple echoes and native resolution of 0.625 mm × 0.625 mm × 1.5 mm, from

which we generated R2 maps, as previously described [33]. R2 is affected by the tissue’s myelin

content [34] and may also be sensitive to other tissue characteristics, such as the pathologic

accumulation of paramagnetic compounds like iron [35]. While there are a wide range of met-

rics available in antemortem brain MRI, changes to the tissue after death and fixation mean

techniques such as diffusion tensor imaging are not as straightforward to carry out in postmor-

tem brain specimens. R2 is the most established postmortem measure in our studies and argu-

ably the field in general. In estimating R2, we did not account for the Rician noise

characteristics of the MRI signal because the minimum signal-to-noise ratio of the images was

approximately 6, which meets the threshold at which Rician noise approximates Gaussian

noise [36]. We spatially matched the R2 maps to a custom postmortem brain hemisphere tem-

plate (1-mm isotropic resolution) using first linear and then nonlinear registration with ANTS

[37]. Four different MRI scanners were used because the accrual of brain specimens spanned

nearly 15 years, during which time three scanners were decommissioned. In combining the

data in for analyses, it was therefore necessary to account for inter-instrumental variation. To

do so, for each voxel we estimated the mean and standard deviation of R2 within the subsam-

ples of specimens imaged using each of the four scanners. We then used these values to trans-

form the raw R2 values to normalized z-scores, as in prior work [38].

Due to the large number of voxels in this dataset, voxelwise analyses could possibly yield an

excessive number of false positives or negatives, depending on how strictly multiple compari-

sons are accounted for among the approximately 500,000 voxels. We mitigated this problem
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by reducing the dimensionality of imaging data using an unsupervised approach, i.e. without

regard to any outcome, such as cognition. Specifically, we adapted FSL’s ‘melodic’ tool to carry

out spatial independent component analysis (ICA) [39] on the imaging data. Using this

method, we identified voxels whose R2 values varied together in a similar manner across differ-

ent specimens. Such variations in R2 are thought to reflect commonalities in the tissue’s com-

position (e.g. myelination or water content), which in turn might arise from shared function,

perfusion territory, or other characteristics among those voxels. Pre-processing steps included

minor smoothing of the normalized R2 maps using FSL’s ‘susan’ tool [40] (smoothing half-

width of 1.25 mm) and creation of a mask defining the voxels whose R2 values were nonzero

(i.e. tissue was present) in that location across all specimens. We set the number of ICs to 30

because 30 ICs captured more than half (55%) of the variance while still providing reasonable

reduction of the data into a smaller number of dimensions. This number is consistent with the

number of components utilized in several prior brain imaging studies that employed a range

of imaging modalities [41–44]. The mixing matrix returned by ICA contained the IC weights,

or loadings, which reflected the influence of each IC in the composition of each individual R2

map. We used these IC values in further analyses [45].

Assessment of brain neuropathology

Following postmortem MRI, specimens underwent tissue sectioning and a standard protocol

for gross and microscopic examination to compose 10 indices of neurodegenerative and vascu-

lar brain pathologies as described in prior work. Briefly, AD pathology was summarized as the

average scaled counts of neuritic and diffuse plaques and neurofibrillary tangles in sections

from the hippocampus and four cortical regions [46]. We graded nigral neuronal loss semi-

quantitatively (none, mild, moderate, severe) [47]. Lewy body pathology was coded as present

or absent based on sections from the substantia nigra and six cortical regions [48]. Hippocam-

pal sclerosis was also coded as present or absent [49]. TAR DNA-binding protein 43 (TDP-43)

was graded semi-quantitatively based on whether it was absent, appeared only in the amygdala,

or also extended to the hippocampus and neocortex [49]. Of the vascular pathologies, chronic

gross and microscopic infarcts were each coded as present or absent [50,51]. Each of cerebral

atherosclerosis [52], arteriolosclerosis [53], and cerebral amyloid angiopathy [54] were scored

semi-quantitatively on four-level scales.

Analyses

We first examined the bivariate associations of total daily physical activity with age, education,

and other participant characteristics using Pearson correlation coefficients. We used t-tests to

determine whether physical activity differed between males and females.

We then assessed the degree to which postmortem MRI metrics of brain tissue microstruc-

ture (R2 IC values) might mediate the association between total daily physical activity and

global cognition proximate to death, controlling for age at death, sex, and education through-

out all analyses. To do so, we employed a two-stage process. In the first stage, we screened for

candidate mediators among the 30 R2 IC values. This was done by first running 30 separate lin-

ear regression models with each of the IC values as predictors and global cognition as the out-

come:

global cognition ¼ b0 þ b1�ageþ b2�sexþ b3�educationþ b4�R2;i

where the β terms are the model coefficients to be estimated and R2,i represents each of the 30

R2 ICs as i is incremented from 1 to 30. Also as part of the first screening stage, we ran models
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with physical activity as the predictor and each of the 30 R2 ICs as an outcome:

R2;i ¼ b0 þ b1�ageþ b2�sexþ b3�educationþ b4�physical activity

The R2 ICs that were associated with both cognition and physical activity according to this

screening procedure were then included as potential mediators in the second stage of analysis,

which consisted of path analysis with physical activity as the predictor and cognition as the

outcome, again controlling for age, sex, and education. We computed the direct effect, or the

unmediated linkage between physical activity and cognition, as well as the indirect effect,

which quantifies the potential mediating influence of intermediate variables, in this case the R2

ICs (see Fig 3 in Results for visual depiction of the path analysis). We repeated the path analysis

with each of the five cognitive domains substituted as the outcome.

We conducted several follow-up analyses to examine the potential influence of a variety of

factors on the relationships among physical activity, R2, and cognition. First we repeated the

path analysis in a stratified manner to explore whether the observed relationships were more

prominent in participants who were classified as likely having AD dementia at any point com-

pared to those who either exhibited no cognitive impairments or were classified as having mild

cognitive impairment (MCI). Motor abilities are mildly associated with total daily physical

activity in the MAP cohort, and thus might also play a role in the relationships among physical

activity, brain tissue microstructure (R2), and cognition [55]. Therefore, we carried out the

path analysis described above with global cognition as the outcome, but also controlled for

motor abilities. Similarly, the R2 measures may be partially driven by brain pathology [33].

Therefore, we repeated the path analysis while controlling for each of 10 validated indices of

neurodegenerative and cerebrovascular brain pathologies, first individually and then together

in a combined analysis. Other factors may confound the relationships among physical activity,

brain R2 measures, and cognition, and we controlled for several such variables that are col-

lected in MAP, including chronic medical conditions, vascular disease and risk factors, depres-

sion, and body mass index [21]. To determine whether long intervals between actigraphic data

collection and autopsy affected the associations of R2 with physical activity and cognition, we

carried out a sensitivity analysis in which we restricted the sample to cases for which this inter-

val was less than 2 years.

Standard protocol approvals, registrations, and patient consents

The Institutional Review Board of Rush University Medical Center approved this study. Partic-

ipants provided written informed consent and also signed an Anatomical Gift Act for organ

donation.

Results

Characteristics of study participants

The mean age of participants at death was 91.1 years (SD = 6.1), they had a mean of 14.7 years

of education (SD = 2.9), and 71.1% were female, as shown in Table 1 along with other clinical

and postmortem characteristics of the sample. The average last valid cognitive score was -0.97

(SD = 0.78), or approximately one standard deviation below the mean at baseline. Proximate

to death, participants exhibited mean total daily activity of 1.23 × 105 counts/day

(SD = 0.98 × 105), with a relatively wide range from 0.06 × 105 to 4.82 × 105 counts/day.

According to Pearson correlation coefficients, total daily physical activity was negatively corre-

lated with age at death (r = -0.24, p< .001) but was not correlated with education (r = -0.04, p

= .48) and did not differ between males and females (1.28 vs. 1.22, t316 = 0.54, p = .59).
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Demographics and cognition

In a base linear regression model with only terms for demographics as predictors, lower education

(0.068 unit per year of education, SE = 0.017, p< .001) and older age at death (-0.026 unit per

year of age, SE = 0.008, p = .002) were associated with lower global cognition proximate to death.

We did not observe a sex difference in cognition (0.16 unit higher in females, SE = 0.11, p = .16).

Physical activity, brain tissue microstructure (R2), and cognition

Of the 30 ICs derived from ICA of postmortem R2 maps of the brain, 14 were associated with global

cognition in individual models controlling for age at death, sex, and education, as shown in Fig 1. In

a separate set of individual regression models with each of the 30 R2 ICs sequentially positioned as

the outcome, total daily physical activity was associated with 3 ICs (Fig 1). Comparison of these two

sets of screening models revealed that two R2 ICs were associated with both physical activity and

global cognition and thus might partially account for the relationship between them. One of these

ICs (IC #8) mapped chiefly to the white matter of the occipital lobe (Fig 2). The other IC (IC #10)

was primarily influenced by the periventricular white matter as well as the hippocampus (Fig 2).

We then conducted path analysis and included IC #8 and IC #10 as potential mediators of

the linkage between physical activity and cognition, as illustrated in Fig 3. Both ICs exhibited

indirect effects, with standardized path coefficients of 0.016 and 0.021, respectively. In this

Table 1. Descriptive characteristics of the sample (N = 318).

Measure Mean (SD) or n (%)

Clinical measures

Age at death (years) 91.1 (6.1)

Female 226 (71.1%)

Education (years) 14.7 (2.9)

Total daily physical activity (counts/day� 105) 1.23 (0.98)

Motor abilities (composite of scaled scores) 0.76 (0.19)

Global cognition proximate to death (composite of z-scores) -0.71 (0.93)

Mini-Mental State Examination (0–30) 23.1 (6.7)

Diagnosis of AD dementia at the time of cognitive testing 117 (36.8%)

Postmortem measures

Interval from last actigraphy recording to death (years) 1.61 (1.22)

Postmortem interval to neuropathologic examination (hours) 9.1 (7.2)

Neurodegenerative pathology

Global Alzheimer’s disease pathology (composite of scores) 0.76 (0.59)

Lewy bodies (present) 91 (28.6%)

Hippocampal sclerosis (present) 29 (9.1%)

TAR DNA-binding protein 43 (mod. to severe) 115 (36.2%)

Nigral neuronal loss (mod. to severe) 33 (10.4%)

Cerebrovascular pathology

Gross infarcts (present) 131 (41.2%)

Microscopic infarcts (present) 99 (31.1%)

Atherosclerosis (mod. to severe) 80 (25.2%)

Arteriolosclerosis (mod. to severe) 89 (28.0%)

Cerebral amyloid angiopathy (mod. to severe) 111 (34.9%)

Participants were older adults from the Rush Memory and Aging Project (MAP). MAP enrollees agree to annual

cognitive testing as well as organ donation at death. In this work, we analyzed data from participants who also agreed

to wear a wrist-worn activity monitor and for whom we had postmortem brain MRI data available.

https://doi.org/10.1371/journal.pone.0253484.t001
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same path analysis, the standardized coefficient of the direct path between physical activity

and cognition was 0.254 (SE = 0.052, p< .001). Thus, the total of direct and indirect path coef-

ficients was 0.291, with the indirect paths via R2 IC #8 and IC #10 summing to 0.037

(SE = 0.014, p = .010) and representing 12.7% of the total (Table 2).

We also explored whether the relationships among physical activity, R2, and global cogni-

tion were stronger in participants who were classified as likely having AD dementia compared

to those who exhibited no cognitive impairments or were classified as having MCI. In this

stratified analysis, R2 IC #10 exerted a greater mediating influence than R2 IC #8 on the rela-

tion between physical activity and global cognition among participants who were free of

dementia (Table 2). Conversely, among participant classified as having AD dementia, R2 IC #8

was the stronger mediator. However, neither of these mediation effects reached the nominal

significance level of .05 according to path analysis.

Substituting each of five cognitive domains as the outcome in the path analysis, the mediat-

ing effect of R2 on the relation between physical activity and cognition was more prominent in

some domains than in others. Most notably, R2 IC #8 and R2 IC #10 accounted for 17% of the

relation of physical activity with episodic memory (p = .014) and 12% of the relation of physi-

cal activity with semantic memory (p = .015), as shown in Table 3. The mediating effects of R2

did not reach the nominal significance level for semantic memory (p = .085), working memory

(p = .070), or visuospatial ability (p = .15).

Fig 1. Identifying brain regions in which tissue microstructure (R2) is associated with both global cognition

(orange) and total daily physical activity (blue). The R2 IC identifiers along the horizontal axis refer to the 30

independent components of the transverse relaxation rate, R2. Each component captures information on tissue

microstructure in a different part of the brain, as illustrated in Fig 2. The plot depicts -log10(p-values) on the vertical

axis to facilitate side-by-side comparison of the entire range of p-values, including those that are very small (< .00001).

Thus, taller bars reflect stronger associations, and some extend beyond the upper limits of what is displayed in this

figure. The horizontal black line corresponds to the -log10 of p = .05, the nominal significance level we used to screen

for candidate R2 ICs that might account for the relationship between physical activity and cognition. Of the 30 R2 ICs,

two (#8 and #10, highlighted in red) were associated with both global cognition and total daily physical activity at p<

.05. The linear regression model used to assess the association of R2 ICs with global cognition: Global cognition = β0 +

β1
�age + β2

�sex + β3
�education + β4

�R2, with the p-value of β4 plotted in this figure. The linear regression model used

to assess the association of total daily physical activity with R2 ICs: R2 = β0 + β1
�age + β2

�sex + β3
�education +

β4
�physical activity, with the p-value of β4 plotted in this figure.

https://doi.org/10.1371/journal.pone.0253484.g001
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Controlling for motor abilities

Because prior work suggests that total daily physical activity is modestly related to motor abili-

ties [55,56] and that both are independently associated with global cognition [7], we repeated

the analyses while controlling for a summary measure of motor abilities. As anticipated, motor

abilities were associated with global cognition (standardized path coefficient = 0.162,

SE = 0.057, p = .005). However, their inclusion in the path analysis did not lead to a substantive

change in the indirect effect attributable to R2 ICs #8 and #10 in the relationship between total

daily physical activity and cognition, which remained at 12.8% (p = .019).

Controlling for neuropathologic indices

We next repeated the path analysis while controlling for 5 neurodegenerative and 5 cerebro-

vascular histopathologic indices, given that some of these are associated with global cognition

in late life as well as with R2 measured in postmortem brain [31]. In these models, the indirect

effect via the two R2 ICs ranged from 9.9% (p = .014) when controlling for the global measure

Fig 2. Brain regions in which tissue microstructure (R2) partially mediated the association between physical

activity and global cognition. Of 30 independent components (ICs), R2 IC #8 and #10 were unique in that they were

associated with both global cognition and total daily physical activity assessed proximate to death and mediated the

association between the two, according to path analysis. This figure highlights the voxels whose R2 values contributed

strongly to these two ICs. The colorized maps represent the voxelwise Z-statistic output by the FSL MELODIC ICA

tool, which reflects the likelihood of a voxel belonging to the active class as opposed to background noise according to

mixture modelling (see colorbar at right). For display, we applied a threshold to the IC maps based on a probability

value of 0.5 of a voxel belonging to the active class. R2 IC #8: White matter and some cortical gray matter portions of

the occipital and temporal lobes. R2 IC #10: Periventricular white matter extending throughout the frontal, parietal,

occipital, and temporal lobes, as well as the hippocampus. The R2 values in voxels underlying these regions were

negatively associated with both total daily physical activity and cognition; that is, lower R2 values (healthier tissue) were

linked with higher levels of both total daily physical activity and cognitive function.

https://doi.org/10.1371/journal.pone.0253484.g002
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of AD pathology to 15.1% (p = .007) when controlling for nigral neuronal loss. In a combined

model controlling for all 10 pathologies simultaneously, the indirect effect via IC #8 and #10

was 12.9% (p = .009).

Fig 3. Graphical depiction of path analysis with R2 ICs as mediators linking physical activity and cognition. Standardized path coefficients are shown, along with

their respective p-values. This analysis also controlled for participants’ age at death, sex, and education (not shown in this figure).

https://doi.org/10.1371/journal.pone.0253484.g003

Table 2. Mediation of the relation between physical activity and global cognition by brain tissue microstructure, in participants with and without AD dementia.

All Participants (n = 318) Participants with AD dementia

(n = 117)

Participants free of AD dementia

(n = 201)

Effects Standardized Coefficient

(SE)

P-Value Standardized Coefficient

(SE)

P-Value Standardized Coefficient

(SE)

P-Value

Direct path

Total daily physical activity! Global

cognition

0.254 (0.052) < .001 0.204 (0.090) .023 0.153 (0.064) .016

Indirect paths

Physical activity! R2 IC #8 0.127 (0.055) .021 0.153 (0.091) .091 0.058 (0.070) .41

Physical activity! R2 IC #10 0.139 (0.055) .012 -0.000 (0.093) .99 0.14 (0.069) .042

R2 IC #8! Global cognition 0.128 (0.050) .011 0.201 (0.084) .017 -0.031 (0.063) .62

R2 IC #10! Global cognition 0.149 (0.050) .003 -0.109 (0.085) .20 0.183 (0.063) .004

Total of indirect paths 0.037 (0.014) .010 0.031 (0.0246) .21 0.024 (0.016) .14

Indirect paths as a percentage of the total 12.7% 13.2% 13.6%

The Effects column corresponds to the paths between physical activity and global cognition depicted in Fig 3. The direct path is the straight, unmediated linkage

between physical activity and cognition. The indirect paths characterize the linkage between physical activity and cognition via brain tissue microstructure, R2 IC #8 and

R2 IC #10, which are MRI measures reflecting the tissue microstructure in the occipital lobe and in the periventricular white matter, respectively. The total effect of these

indirect paths can be calculated as the sum of the products of the two legs of each indirect path, e.g. for the full 318-person sample, (0.127 × 0.128) + (0.139 × 0.149) =

0.037. The degree to which these indirect paths mediate or account for the total association between physical activity and global cognition can be expressed as a

percentage, e.g. for the full 318-person sample, 100 × [0.037/(0.254 + 0.037)] = 12.7%. All models controlled for age, sex, and education.

https://doi.org/10.1371/journal.pone.0253484.t002

PLOS ONE Physical activity, the brain, and cognition

PLOS ONE | https://doi.org/10.1371/journal.pone.0253484 July 7, 2021 10 / 18

https://doi.org/10.1371/journal.pone.0253484.g003
https://doi.org/10.1371/journal.pone.0253484.t002
https://doi.org/10.1371/journal.pone.0253484


Controlling for other potential confounders

We additionally repeated the path analysis while controlling for other potential confounders,

including chronic medical conditions, vascular disease and risk factors, depression, and body

mass index. The number of chronic medical conditions was associated with cognition, but this

did not appreciably alter the apparent mediation by R2 ICs #8 and #10. A sensitivity analysis

also showed that the apparent mediation of the linkage between physical activity and cognition

by R2 was essentially unchanged when we excluded 17 cases for which the lag between the cog-

nitive exam and autopsy was greater than two years.

Discussion

Based on clinical and postmortem data from more than 300 community-dwelling older adults,

our analyses are consistent with the notion that brain tissue microstructure, as quantified by

postmortem MRI, partially mediates the association between higher levels of physical activity

and better cognitive function. This partial mediation remained evident even after we con-

trolled for motor abilities and common age-related brain pathologies, including both neurode-

generative and cerebrovascular pathologies. Furthermore, the effect was observed in

participants with and without AD dementia. Thus, this work adds to a growing literature sug-

gesting that some lifestyle factors are associated with cognition via measurable biologic factors

other than neuropathologies with well-documented links to dementia. In particular, the cur-

rent findings indicate that a more active lifestyle in older adults may confer cognitive benefits

Table 3. Mediation of the relation between physical activity and each of five cognitive domains by brain tissue microstructure.

Episodic Memory Semantic Memory Working Memory Perceptual Speed Visuospatial Ability

Effects Standardized

Coefficient (SE)

P-Value Standardized

Coefficient (SE)

P-Value Standardized

Coefficient (SE)

P-Value Standardized

Coefficient (SE)

P-Value Standardized

Coefficient (SE)

P-Value

Direct path

Total daily

physical activity

! Cognition

0.173 (0.054) .001 0.212 (0.055) < .001 0.204 (0.055) < .001 0.244 (0.052) < .001 0.134 (0.054) .012

Indirect paths

Physical

activity! R2 IC

#8

0.122 (0.055) .028 0.122 (0.055) .028 0.127 (0.055) .021 0.123 (0.055) .027 0.123 (0.055) .026

Physical

activity! R2 IC

#10

0.141 (0.055) .010 0.141 (0.055) .010 0.139 (0.055) .012 0.148 (0.055) .007 0.141 (0.055) .011

R2 IC #8!

Cognition

0.085 (0.052) .10 0.080 (0.053) .13 0.113 (0.053) .035 0.111 (0.051) .029 0.006 (0.052) .90

R2 IC #10!

Cognition

0.181 (0.052) < .001 0.071 (0.053) .18 0.056 (0.054) .30 0.133 (0.051) .009 0.110 (0.052) .032

Total of indirect

paths

0.036 (0.015) .014 0.020 (0.012) .085 0.022 (0.012) .070 0.033 (0.014) .015 0.016 (0.011) .15

Indirect paths as

a percentage of

the total

17.2% 8.6% 9.7% 11.9% 10.7%

The Effects column corresponds to the paths between physical activity and global cognition depicted in Fig 3. The direct path is the straight, unmediated linkage

between physical activity and cognition. The indirect paths characterize the linkage between physical activity and cognition via brain tissue microstructure, R2 IC #8 and

R2 IC #10, which are MRI measures reflecting the tissue microstructure in the occipital lobe and in the periventricular white matter, respectively. These indirect paths

were significant mediators of the association between physical activity and cognition for the episodic memory and perceptual speed domains. All models controlled for

age, sex, and education.

https://doi.org/10.1371/journal.pone.0253484.t003
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in part through a neurobiologic pathway involving brain tissue microstructure that can be

quantified and visualized using MRI. These findings may help to direct future studies focused

on specific brain regions to elucidate the molecular mechanisms underlying this pathway,

thereby catalyzing further drug discovery for maintaining cognition. More generally, this

study highlights the means by which postmortem brain imaging can be used to identify possi-

ble sources of brain reserve that are associated with different behavioral phenotypes in aging

adults.

Results of this work are broadly consistent with prior research but also extend our under-

standing of the relationships among physical activity, brain microstructure, and cognition.

First, the well-established association between higher levels of physical activity and better cog-

nition in late life [57] was indeed borne out in the current study. Elucidating the neurobiologic

link between this modifiable lifestyle factor and cognition has garnered much research focus in

recent years. The result of these efforts is a large body of work that has revealed a link between

physical activity and MRI-based measures of brain tissue microstructure in older adults

[11,12], complemented by other studies in humans and animals showing that exercise-related

up-regulations of neurotrophic factors such as BDNF, IGF-1, and VEGF likely contribute to

improved microstructural integrity of brain tissue [58–60]. In addition, studies have identified

MRI signatures that are associated with cognitive abilities [33] rate of cognitive decline [61],

and AD dementia among older adults [62]. However, few studies have investigated the rela-

tionships among the triad of quantitative metrics of total daily physical activity, MRI-based

measures of brain tissue microstructure, and cognition in the same older adults [8,18–20].

Accordingly, one novel contribution of this study is the quantification of the portion of the

association between physical activity and late life cognition that can be accounted for by MRI

measures of brain tissue microstructure, which came to approximately 12.7%. This finding

lends support to the hypothesis that brain tissue microstructure partially mediates the relation-

ship between physical activity and cognition.

Further insight regarding the physical meaning and clinical implications of the partial

mediation can be gained by examining the directionality of the associations among physical

activity, MRI-based measures of brain tissue microstructure (i.e. the R2 ICs), and cognition. Of

note, prior work showed that faster transverse relaxation (i.e. higher R2) in white matter, likely

reflecting lower free water content related to healthier tissue microstructure, was associated

with better cognitive function (i.e. higher cognitive scores) and shallower trajectories of decline

(i.e. less negative rates of decline) [33,61]. This is consistent with observations in the current

study. Namely, the R2 values underlying IC #8 and #10 were each positively associated with

cognition proximate to death. The associations between total daily physical activity and these

R2 ICs were also positive, meaning that higher levels of physical activity were associated with

higher R2 values. Taken together, a plausible interpretation of these results is that a portion of

the cognitive benefits related to high levels of physical activity are conferred via maintenance

or improvements to brain tissue microstructure, which are reflected in higher values of R2 in

certain key regions consisting mainly of white matter. Based on this hypothesis, future studies

examining MRI and cognitive data collected at multiple timepoints during life might help to

answer the potentially important question of whether activity-related improvements to the

white matter’s microstructural integrity represent a source of brain reserve, i.e., one’s capacity

to maintain cognitive function, despite the onset of disease processes such as Alzheimer’s

pathophysiology.

The spatial signatures of R2 ICs #8 and #10 can potentially direct the study of molecular

mechanisms underlying the association between physical activity and cognition in specific

brain regions. These signatures share certain similarities with regions previously shown to

have associations between R2 and cognition, but also differ in important ways. Notably, in
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prior studies, large portions of the white matter in the frontal and temporal lobes were the

regions most robustly associated with cognition [31,38,61]. The current work is consistent

with those findings; IC #1 and IC #4, whose spatial signatures covered frontal and temporal

lobe white matter, respectively, were the two ICs most strongly associated with cognition prox-

imate to death. However, IC #1 and IC #4 were not associated with total daily physical activity.

Instead, when it comes to the relationship between physical activity and cognition, our results

suggest that periventricular white matter underlying R2 IC #10 may have a more potent medi-

ating influence. Interestingly, IC #10 bears a striking resemblance to the pattern of periventri-

cular hyperintensities commonly observed on T2-weighted and FLAIR MRI of older adults’

brains, which are increasingly recognized as having clinical implications for cognition [63]. R2

IC #8 primarily encompassed the white matter of the occipital lobe, with some extension into

the posterior portion of the temporal lobe. The fact that path analysis showed IC #8 as partially

mediating the relationship between physical activity and cognition was unexpected because to

our knowledge, tissue integrity or damage in the occipital lobe has not previously been

highlighted as a particularly strong correlate of physical activity. However, in light of this

region’s importance in the visual system, it might be worthwhile in future studies to examine

whether the type or quantity of visual stimuli inherent to an active lifestyle might play a role in

the link between physical activity and cognition.

We also examined which cognitive domains were most strongly linked to physical activity

via a pathway involving R2. For episodic memory, R2 IC #8 and R2 IC #10 together accounted

for 17% of the relation between physical activity and cognition, or about 4 percentage points

higher than what was observed for global cognition. Episodic memory impairment is one of

the defining features of AD dementia. Thus, this domain-specific finding is an additional piece

of evidence suggesting that physical activity might be important for maintenance of brain

health, which in turn offers resilience against AD dementia. R2 IC #8 and R2 IC #10 also

accounted for 12% of the relation between physical activity and the perceptual speed domain,

about the same as what was observed for global cognition. In earlier reports, white matter was

linked to processing speed in healthy young people [64], and in the current work, both IC #8

and #10 encompassed significant portions of white matter. This hints at one possible explana-

tion for the mediating effect of R2, whereby high levels of physical activity in older age also

reflect a lifelong pattern of physical activity that helps to promote white matter integrity and

better perceptual speed.

Stratified analyses suggest that R2 IC #10 is the more potent mediator in people without AD

dementia, while R2 IC #8 is more involved in people who have been diagnosed with dementia.

Neither of these mediation effects reached the level of statistical significance, perhaps owing to

the reduced power in the stratified analyses compared to the main analysis. However, these

results hint at the possibility that certain regions of the brain might offer stronger resilience

against cognitive decline at certain periods during the progression of disease.

We accounted for the likely involvement of motor abilities due to their previously reported

correlations with physical activity level [55,56,65]. As in earlier work, we found in the current

study that better motor abilities were indeed associated with better cognitive function proxi-

mate to death [7]. Nevertheless, the mediating effect of R2 ICs #8 and #10 on the association

between physical activity and cognition remained almost unchanged, with an indirect effect of

12.8% after controlling for motor abilities. The implication is that at least a portion of the neu-

robiologic pathway linking physical activity to cognition might not depend on motor abilities.

In other words, a high level of physical activity may help to promote brain health and cognition

to some extent, regardless of one’s level of motor abilities.

In prior work, we examined histopathologic indices of neurodegenerative and cerebrovas-

cular pathologies and found no convincing evidence that these pathologies were involved in
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the relationship between physical activity and cognition in older adults [7]. The R2 IC mea-

sures of the current work may be regarded as another type of index that probe tissue micro-

structure throughout the cerebral hemisphere, and our analyses showed that they did have a

mediating influence on the relationship between physical activity and cognition. Furthermore,

controlling for available neuropathologic indices did not reduce the magnitude of this media-

tion. These findings suggest that the MRI-derived R2 metrics capture unique information

regarding the neurobiologic basis of cognitive benefits related to physical activity in late life.

This study has notable strengths and limitations. One major strength lies in the approach of

collecting objective measures of physical activity and cognition in the years just prior to death,

which facilitated linking these data with corresponding postmortem MRI and histopathologic

indices. It is otherwise difficult to align imaging and clinical measures in large numbers of

older participants, who may be unable or unwilling to travel to an MRI site to undergo imag-

ing. The availability of postmortem brain MRI from large numbers of well-characterized older

adults is another major strength of this work, but one side effect is that collection of this data

necessarily occurred over the span of several years, using different models of 3-Tesla scanners.

Combining data from multiple scanners was a concern, but we took steps to normalize these

data and thereby minimize the chance of scanner-related bias affecting the results. We also

note that R2 values decrease substantially after death and chemical fixation [32]. Therefore,

additional study will be required in order to translate the current findings to the in vivo case.

There are also certain limitations inherent to this study’s approach, some of which stem from

the fact that we examined cross-sectional data from an observational study; firm conclusions

regarding the direction of causality cannot be established by such studies. Our a priori assump-

tion was that physical activity resides upstream of tissue microstructure (as captured by R2

imaging metrics) and cognition in the causal chain, but these factors likely influence each

other to some extent. Future investigations of physical activity-based interventions are neces-

sary to provide empiric support for a causal relationship between physical activity, brain struc-

ture, and improved cognition in older adults. Another limitation of the study lies in the fact

that MAP participants are selected and tend to be more highly educated, which may contribute

to higher levels of physical activity and differences in other key behaviors and experiential fac-

tors compared to the general population. Studies in broader samples are therefore needed to

extend the clinical relevance of the study’s findings. While we did not explicitly control for

multiple comparisons in these analyses, the two-stage process whereby we first screened for R2

components before analyzing just two in path analysis likely provided adequate protection

against the risk of spurious findings. Furthermore, results of path analysis were essentially

unchanged when we controlled for a variety of potentially confounding factors, lending addi-

tional confidence to our main findings. Although we accounted for several types of cerebrovas-

cular pathologies, it is possible that additional vascular lesions remain unquantified by either

histology or 3-Tesla MRI. Use of higher field strength MRI might capture lesions such as

microbleeds more fully, which would help to enhance our understanding of the relationships

among physical activity, brain pathology detected via histology and MRI, and cognition. It is

possible that wearing the activity monitor influenced participants to alter their activity pat-

terns. Therefore, we must interpret this study’s results while bearing in mind that the total

daily physical activity measure might include some amount of extra activity above and beyond

usual activity levels due to participants’ knowledge of what the device captures.
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