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Abstract

Introduction: Physical activity (PA) promotes resilience with respect to cognitive

decline, although the underlying mechanisms are not well understood. We examined

the associations between objectively measured PA and resting-state functional con-

nectivitymagnetic resonance imaging (rs-fcMRI) across sevenanatomically distributed

neural networks.

Methods: rs-fcMRI, amyloid beta (Aβ) positron emission tomography (PET), PA

(steps/day × 1 week), and longitudinal cognitive (Preclinical Alzheimer’s Cognitive

Composite) data from 167 cognitively unimpaired adults (ages 63 to 90) were used.

Weused linear and linearmixed-effects regressionmodels to examine the associations
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between baseline PA and baseline network connectivity and between PA, network

connectivity, and longitudinal cognitive performance.

Results: Higher PA was associated selectively with greater connectivity in three net-

works previously associated with cognitive decline (default, salience, left control). This

association with network connectivity accounted for a modest portion of PA’s effects

on Aβ-related cognitive decline.
Discussion:Although other mechanisms are likely present, PAmay promote resilience

with respect to Aß-related cognitive decline, partly by increasing connectivity in a

subset of cognitive networks.

KEYWORDS

Alzheimer’s disease, amyloid, cognition, functional connectivity, physical activity

1 INTRODUCTION

Alzheimer’s disease (AD) pathology develops over decades,1 and

recent studies suggest that the eventual emergence of cognitive

impairment in people with AD pathology is strongly influenced by indi-

vidual risk and lifestyle factors.2–5 The long preclinical phase of AD

has become a major focus of clinical research, as intervention at this

stage of disease may prevent the widespread synaptic loss and neu-

rodegeneration that is characteristic of symptomatic phases of AD.

Intervening on modifiable risk and lifestyle factors during the preclini-

cal phase of diseasemay have a significant impact on the emergence of

clinical cognitive impairment and dementia at low cost and with mini-

mal risk. Physical activity (PA) level is a modifiable risk factor known to

promote resilience with respect to developing dementia,2,6,7 although

the mechanisms underlying this effect are not well understood. Prior

work suggests that greater levels of PA may be particularly protective

in people with elevated brain amyloid β (Aβ) levels, both with respect

to cognitive decline and to the progression of cortical atrophy, effects

that appear to be independent of vascular risk factors.6

Resting-state functional connectivity magnetic resonance imaging

(rs-fcMRI) is a non-invasive tool that can be used to quantify the

integrity of distributed neural networks that are somewhat special-

ized for particular cognitive functions. Building on the observation that

decreased functional connectivity in the default network is seen in

AD as compared to normal aging,8 a broad array of rs-fcMRI–based

measures have been examined as potential biomarkers and predic-

tors of disease progression. Our group and others have demonstrated

that lower levels of connectivity in the default, salience, and control

networks presage cognitive decline in cognitively unimpaired older

adults.9,10 Our prior work also demonstrated that lower functional

connectivity in thesenetworkswasmost predictiveof cognitivedecline

in cognitively unimpaired individuals with elevated Aβ, suggesting a

synergistic effect of low connectivity and greater Aβ with respect to

cognitive decline.9 Furthermore, these networks, especially the default

network, share significant anatomical overlap with structures involved

in early AD pathophysiology, including the posterior cingulate and pre-

cuneus. Progressive decrements in connectivity in the default network

correspond to worsening clinical impairment, including diagnoses of

mild cognitive impairment and AD dementia.11 The extent to which

default and salience network connectivity is disrupted correlates

with episodic memory performance, both in cognitively unimpaired

adults and in adults challenged with administration of scopolamine, an

anticholinergic drug that impairs memory.12 Although more work is

needed, these data suggest that rs-fcMRI may be a useful non-invasive

tool in both predicting who may be at risk for future cognitive decline

as well as evaluating interventions aimed at delaying or preventing the

development of dementia.

In this study, we investigated whether levels of PA in older adults

were associated with connectivity across a broad set of networks,

including three networks (default, salience, and left control) shown

previously to be related to cognitive performance on tasks typically

affected in AD13,14 and in which low connectivity predicts future cog-

nitive decline.9 In addition, we analyzed the primary visual, visual

association, dorsal attention, and motor networks for comparison.

Given the association of greater PA with less cognitive decline over

time, we also investigated the extent to which increased network con-

nectivitymay account for the protective effects of PA against cognitive

decline. To do this, we leveraged data from the Harvard Aging Brain

Study (HABS), a longitudinal study of cognitive aging and preclinical

AD. As HABS participants undergo Aβ positron emission tomography

(PET) imaging, we are also able to examine the extent to which the

effects of connectivity and PA may be different in older adults with

elevated Aβ burden.

2 METHODS

2.1 Participants

A total of 167 cognitively unimpaired participants from HABS were

included in the study. Inclusion criteria for HABS required a Clinical

Dementia Rating (CDR) Scale of 0, a Mini-Mental State Examination
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(MMSE) of 26 or greater, education-adjusted normative performance

on Logical Memory II delayed recall, and a Geriatric Depression Scale

of less than 11 at the time of study entry. Persons with a history of

stroke with persistent symptoms or unstable medical comorbidities

were excluded. Baseline rs-fcMRI and Aβ imaging with Pittsburg com-

pound B (PiB) PET were assessed in all participants during baseline

evaluations. Participants are administered neuropsychological evalua-

tions at baseline and yearly thereafter. Study protocols were approved

by theMass General Brigham (formerly Partners) Institutional Review

Board. All participants are provided written informed consent prior to

the completion of any study procedures.

2.2 Physical activity

Baseline PA was measured by using a waist-band–mounted pedome-

ter (HJ-72OITC; Omron Healthcare) worn for seven consecutive days

during waking hours. We calculated mean steps per day for each

participant, excluding days that registered less than 100 or greater

than 30,000 steps, in accordance with previously published cutoffs for

pedometer data quality assurance.15 Only participants who had five or

more days of recorded activity within these cutoffs were included in

the analyses.

2.3 Imaging

2.3.1 MRI acquisition

A Siemens 3T Trio Tim MRI scanner with a 12-channel phased-array

coil was used to collect structural and functional MRI data. Functional

MRI acquisition employed gradient-echo echoplanar imaging sequence

sensitive to blood oxygen level–dependent contrast. Whole-brain cov-

erage was obtained using repetition time 3 seconds, flip angle 85

degrees, echo time 30 ms, matrix 72 × 72, field of view 216 × 216mm,

and 47 × 3 mm axial slices, which resulted in isotropic voxels of 3 mm.

A total of 124 volumeswere acquired in each run. During the scan, par-

ticipants were asked to remain awake, lie flat with their eyes open, and

with a visible crosshair projected on a screen.

2.3.2 rs-fcMRI processing and analysis

rs-fcMRI data processing utilized statistical parametric mapping 12

(fil.ion.ucl.ac.uk/spm/) using methods described previously.16 Briefly,

each run was normalized to theMontreal Neurological Institute (MNI)

152 EPI template using SPM-defined normalization parameters. We

employed a 6-mm Gaussian kernel for smoothing. Additional process-

ing involved movement correction using co-registration parameters

and first derivatives to reducemovement artifacts, as well as removing

frequencies outside of the 0.01 to 0.08 Hz band with temporal band-

pass filtering. Additional details regarding rs-fcMRI data processing

have been published previously.17

RESEARCH INCONTEXT

Systematic Review: The literature was searched using

PubMed for articles on resting-state functional connectiv-

ity magnetic resonance imaging (rs-fcMRI), physical activity

(PA), cognition, and Alzheimer’s disease (AD).

Interpretation: Increased baseline PA, measured in steps

per day, was associated with greater connectivity in three

AD-relevant networks (default, salience, and left control) in

which low connectivity had been shown previously to pre-

dict cognitive decline. Four other non-cognitive networks did

not demonstrate the same association. Increased connectiv-

ity associated with increased PA may account for a small

degree of the protective effects of PA against longitudinal

cognitive decline in individuals with elevated amyloid beta

(Aβ). Increased connectivitymay be onemechanismbywhich

greater PA confers resilience with respective to cognitive

decline.

Futuredirection: Theeffects of differing intensity, frequency,

duration, and longitudinal changes of PA on network connec-

tivity should be studied to better understand what types of

PA may be most effective in promoting resilience related to

cognitive decline.

The left control network was chosen because connectivity in this

lateralized network has been shown previously to have robust associa-

tions with cognition and resilience to decline in symptomatic AD.18–20

Notably, the standard approach to network template generation17

naturally results in the generation of separate left and right control

network templates. Template based rotation (TBR) was used to derive

quantitative rs-fcMRI measures for the default, salience, left control,

primary visual, visual association, dorsal attention, and motor net-

works. As described previously, TBR makes use of unbiased network

templates derived out-of-sample as comparators to participant data.

The derivation of template maps for all networks utilized the Brain

Genomics Superstruct Project. Methods and reproducibility of the

templates have been described previously in detail.21 Tools for TBR

analysis and the network template maps are publicly available (https://

habs.mgh.harvard.edu/researchers/data-tools/). As in prior studies,

we calculated TBR connectivity values for each participant and each

bilateral network by computing the average correlation strength of all

voxelswithin a particular thresholdednetworkmask (greater than40%

of the maximum value in the corresponding template map), producing

a whole network average connectivity measure.

2.3.3 Amyloid PET

11C PiB-PET was used to assess Aβ burden, using previously published
procedures.22 Briefly, PiB-PET images were acquired using a dynamic

http://fil.ion.ucl.ac.uk/spm/
https://habs.mgh.harvard.edu/researchers/data-tools/
https://habs.mgh.harvard.edu/researchers/data-tools/
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acquisition protocol that generated 39 volumes during a 1-hour period

following an 8.5 to 15 mCI bolus injection of 11C-PiB. Reconstruc-

tion, attenuation correction, and evaluation for head motion were

performed prior to co-registering each image to the corresponding T1

image for each participant using a rigid-body registration employing six

degrees of freedom. The FreeSurfer-defined cerebellar gray region-of-

interest was used as the reference region. As in previous studies from

HABS, partial volume correction was applied using geometric trans-

formation and a distribution volume ratio (DVR) of the frontal, lateral,

and retrosplenial regions (FLR) was used as the primary measure of Aβ
burden.23 Based on prior work inHABS using aGaussianmixturemod-

eling approach, a PiB FLR DVR of greater than 1.3 was considered Aβ
positive.24

2.4 Cognitive measures

Theprimary cognitivemeasure usedwas the preclinical Alzheimer cog-

nitive composite (PACC).25 The PACC combines z-scored performance

across five cognitive tests: the Mini-Mental Status Examination (or

MMSE),26 theWechsler Adult Intelligence Scale-Revised Digit Symbol

Coding,27 theWechsler Adult Intelligence Scale-Revised LogicalMem-

ory Delayed Recall,28 and the Free and Cued Selective Reminding Test

(free plus cued recall).29 The PACC is administered at study baseline

and annually thereafter.

2.5 Statistical analyses

2.5.1 Baseline physical activity and network
connectivity

Linear regression models implemented in R (R Foundation for Statis-

tical Computing, version 3.5.3) were used for primary analyses. PA

(mean stepsperday)was log-transformedprior toentry intomodels. To

assess the cross-sectional relationship of PA to network connectivity,

PA was used as a predictor of connectivity in the default, salience, and

left control networks (model: network connectivity∼PA+ covariates).

We included age, sex, and apolipoprotein E ε4 (APOE4) carrier status

as covariates. Mean movement during MRI and the number of usable

volumes were included as additional covariates to control for the qual-

ity of rs-fcMRImeasurement. False discovery rate (FDR)was employed

to adjust for the number of comparisons performed. To determine the

network specificity of PA associations with default, salience, and left

control network connectivity, we repeated these models in four net-

works (dorsal attention, primary visual, visual association networks,

and motor) in which connectivity strength at study baseline was not

associated with cognitive decline as well as with global connectivity.

Because PA and vascular risk are often correlated,30 we per-

formed additional sensitivity analyses to examine the degree to which

PA is independently associated with connectivity measures. We first

calculated aPearson correlation between logmean stepswith thewell-

described and validated body mass index (BMI)-based Framingham

cardiovascular risk score (FHS-CVD).31 We then included the FHS-

CVD score as an additional covariate in the same models described

above (connectivity∼ PA+ FHS-CVD+ covariates).

2.5.2 Physical activity, network connectivity, and
longitudinal cognition

Next, we used linearmixed-effects models (R version 3.5.3) to examine

the extent to which the protective effects of PA on cognitive decline

in those with high Aβ burden may be accounted for by the effects of

PA on connectivity (Figure 2). To reduce the number of comparisons

being made in the longitudinal analyses of cognitive data, we derived

a composite measure of cognitive network connectivity by averaging

the z-scored connectivity values in the default, salience, and left con-

trol networks. Interactions with Aβ level at baseline (assessed using

PiB-PET)were included in thesemodels based on priorwork.6 Model 1

(below) was used to assess the interaction of PA with baseline Aβ rela-
tive to longitudinal cognitive performance.Models 2 and 3 followed on

results fromModel 1 and assessedwhether the effects of PA and base-

line Aβ on longitudinal cognitive performancemay be accounted for by

the effects of PA on network connectivity. In addition to MR quality

measures, years of education, age, sex, and APOE4 carrier status were

included as covariates, as in prior work from the HABS cohort.6

1. Cognition∼ PA*Aβ*time+ covariates*time.

2. Cognition∼ composite connectivity*Aβ*time+ covariates*time.

3. Cognition ∼ PA*Aβ*time + composite connectivity*Aβ*time +

covariates*time.

3 RESULTS

3.1 Effect of physical activity on functional
network connectivity

Baseline demographic and clinical characteristics are summarized in

Table 1. We observed an association between greater PA and higher

connectivity in the default, salience, and left control networks after

correcting for multiple comparisons (default: t = 2.81(160), P = .009,

salience: t = 2.60(160), P = .017, left control network: t = 3.91(160),

P < .001) (Figure 1). As expected, the same association was not

observed between PA levels and connectivity in the dorsal attention

(P = .313), motor (P = .419), primary visual (P = .074), and visual asso-

ciation (P = .859) networks, or with global connectivity (Figure S1),

indicating that PA relationships to connectivity were limited to the

three networks shown previously to be associated with longitudinal

cognitive changes in HABS.

In analyses performed to account for vascular risk factors, we

found PA and FHS-CVD to be weakly correlated in the anticipated

direction (r = -0.16, P = .03). Associations of PA with connectiv-

ity in the default (P = .02), salience (P = .02), and control networks

(P < .01) remained significant when including FHS-CVD as a covariate,
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F IGURE 1 Associations between level of physical activity and network connectivity. Log-transformedmeasures of mean steps per day were
comparedwith connectivity within the default (left), salience (middle), left control (right), motor, primary visual, and visual association networks.
Greater levels of physical activity were selectively associated with higher connectivity strengths in each of these networks.

TABLE 1 Baseline demographic and clinical characteristics

Characteristic

All participants

(n= 167)

Age in years, mean (SD) 74.1 (6.1)

Women, n (%) 90, 53.9%

Education in years, mean (SD) 15.6 (3)

Mean steps per day, mean (SD) 5367 (2868)

Aβ PET FLRDVR (PVC) 1.4 (0.4)

Aβ PET FLRDVR (PVC)> 1.3, n (%) 56, 33.5%

Aβ PET FLRDVR (PVC)< 1.3, n (%) 111, 66.5%

APOE ε4 carriers, n (%) 52, 31%

Abbreviations: APOE ε4, apolipoprotein E ε4, Aβ, amyloid beta; DVR, dis-

tribution volume ratio; FLR, frontal, lateral temporal and parietal, and

retrosplenial regions; PET, positron emission tomography.

suggesting PA has an effect independent of systemic vascular risk on

network connectivity.

3.2 Effect of physical activity, Aβamyloid, and
network connectivity on longitudinal cognition

AsbothhigherPA levels andhigher connectivity in thedefault, salience,

and control networks have been associated previously with less cog-

nitive decline,6 we next examined whether the potential protective

effects of PA may be accounted for by increased mean network con-

nectivity (Figure 2). As the effects of PA on longitudinal cognitive

performance are seen largely in older adults with higher Aβ, inter-
actions with Aβ levels were included for both PA and connectivity.

As shown previously,6 greater PA was associated with slower cogni-

tive decline in individuals with higher Aβ (PA*Aβ, F[1,917] = 12.74,

P < .001). Similarly, we observed a significant interaction of connectiv-

ity with Aβ in predicting longitudinal cognitive performance (P= .035).

A third model in which both PA and connectivity were included sug-

gests that PA effects on connectivity may account for a modest degree

of theassociationofPAandAβwith longitudinal cognitiveperformance

(Figure2, Supplementary table S2). Together, these results suggest that

connectivity moderates the association of PA with cognition, although

this result should be interpreted in the context of the Aβ and PA

interaction included in thesemodels.

4 DISCUSSION

We examined the associations between PA, network connectivity, Aβ,
and longitudinal cognitive performance in a deeply phenotyped, lon-

gitudinal cohort of older adults. We demonstrate that objectively

measured levels of PA are positively correlated with the integrity of

resting state connectivity networks. Notably, the association of PA

and connectivity was limited to a set of three networks—the default,

salience, and left control networks—in which connectivity strength

has been shown previously to predict longitudinal cognitive perfor-

mance, particularly in individuals with elevated Aβ.9 Next we observed
suggestive evidence that the association betweenPAandnetwork con-

nectivity may account for a modest portion of the protective effects

of PA on longitudinal cognitive change in preclinical AD, although

this conclusion requires further confirmation. This study suggests that

connectivity is one link between two previous findings in preclinical

AD; first that increased PA is associated with resilience to cognitive

decline,6,7 and second that higher connectivitywithin a subset of cogni-

tive networks may be associated with less cognitive decline over time,

particularly in persons with higher Aβ levels.9 Together, our findings

suggest that onemechanism bywhich PA promotes resilience to cogni-

tive declinemaybe throughpromoting the integrity of neural networks

underlying key aspects of memory and attention.

Previous studies suggest that neurodegenerative diseases may

involve the selective vulnerability and deterioration of large-scale

functional networks within the brain.32 In AD, changes in default,

salience, and control networks have been well described,18–20,33–35

dovetailing with the observation here that increased connectivity is

associated with PA in these same networks. A recent study demon-

strated that interactive aberrant connectivity in the overlapping nodes

of the default, salience, and control networks is seen in AD demen-

tia and associated with worse scores on the MMSE.36 These findings

and those of the present study are consistent with the hypothesis

that greater connectivity is one possible contributor to the protective
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F IGURE 2 Inter-relationships between physical activity, connectivity, and longitudinal cognitive performance. Greater physical activity (PA) in
participants with elevated amyloid beta (Aβ) was associated both with lesser cognitive decline over time andwith greater network connectivity.
PA-associated connectivity changesmay account for amodest portion of the observed association of PA and Aβwith longitudinal cognitive
performance.

effects of PA against cognitive decline and AD dementia. The effects of

both PA and rs-fcMRI on cognitive decline are most clear in individuals

with higher levels of Aβ burden, perhaps because this population is at

the highest risk of progressive neurodegeneration and loss of cognitive

performance.

PA was associated only with increased connectivity in networks

related to memory and attention, although the cause for this selec-

tivity is unknown. Going forward, future studies that elucidate the

mechanisms underlying this selectivity will be needed to further

inform the relationship between PA and cognition. One possibility is

through network or cell-targetedmolecular mechanisms via release of

activity-induced neurotrophic factors that act on proteins expressed

in specific neurons, structures, or networks in the brain. For example,

Fibronectin type III domain-containing protein 5 (FNDC5)/irisin is an

exercise-associated myokin expressed in the hippocampus that when

knocked down impairs long-term potentiation, and conversely, when

overexpressed, rescuesmemory impairment in ADmousemodels.37

Although more work is needed, our study suggests that rs-fcMRI

may be useful in evaluating non-pharmacologic interventions in pre-

clinical AD and mild cognitive impairment, particularly those with a

PA-related intervention. Boraxbekk et al. demonstrated a PA score

to be positively associated with connectivity in the posterior default

network in a study of healthy older individuals, consistent with our

results.38 Notably, the results here are consistentwith a small prospec-

tive study of MCI participants engaged in a 12-week walking exercise

program, where significant increases in connectivity were observed in

10 brain regions (including the posterior cingulate and precuneus) over

the course of the intervention.39 Connectivity levels and changes in

response to interventions in AD-relevant brain regions could poten-

tially be used to help determine or predict the intensity, frequency,

and type of PA or other non-pharmacologic interventions that have the

greatest potential to benefit cognition anddelay the onset of dementia.

There are important limitations in this study to consider, and this

work should be interpreted in the context of the participants studied.

HABS participants tend to be more highly educated than the general

population, which may affect the generalizability of the results here.

In addition, people with severe or unstable cerebrovascular disease

are excluded from the study. Furthermore, this study makes use of

baselineAβPET, PA, and rs-fcMRImeasures, and futurework using lon-

gitudinal data may strengthen the causal inferences suggested by this

study. Similarly, PA may need to be measured in greater detail (e.g., for

intensity) or for longer periods to understand the PA more completely

and rs-fcMRI relationships. Future work should aim to understand

these important variables to inform the design of non-pharmacologic

lifestyle interventions intended to prolong healthy cognition.

5 CONCLUSION

Although greater levels of PA are widely thought to confer resilience

for late-life cognitive decline, the linkage between PA and brain health

have not been fully elucidated. By utilizing data in which objective

measures of PA, functional connectivity, AD pathology, and longitudi-

nal cognitive performancewere available, we examined how variations
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in PA are reflected in the integrity of anatomically distributed neu-

ral networks known to be important for cognition. We observed an

intriguing relationship between greater levels of PA and higher con-

nectivity in a subset of neural networks in older adults at an elevated

risk of developing AD. These relationships between PA and connectiv-

ity were limited to three networks (default, salience, and left control)

that have been shown previously to be degraded in early AD and are

linked to performance in memory, attention, and executive function

intensive tasks,9–14 suggesting that PA may confer resilience to cog-

nitive decline, partly through increased integrity within a subset of

AD-sensitive neural networks. Together with prior work, the results

here also suggest that rs-fcMRI may be a useful tool in optimizing and

evaluating the effectiveness of PA-modifying interventions in cognitive

aging and pre-clinical AD.
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