
Received: 2March 2021 Revised: 3May 2021 Accepted: 19May 2021 Published online: 16 June 2021

DOI: 10.1002/dad2.12212

R E S E A RCH ART I C L E

Cardiorespiratory fitnessmitigates brain atrophy and cognitive
decline in adults at risk for Alzheimer’s disease

Ryan J. Dougherty1,2 ErinM. Jonaitis2,3 JulianM. Gaitán2 Sarah R. Lose2

BrandonM.Mergen2 Sterling C. Johnson2,3,4,5 Ozioma C. Okonkwo2,3,5

Dane B. Cook4,6

1 Department of Epidemiology, Johns Hopkins

Bloomberg School of Public Health, Baltimore,

Maryland, USA

2Wisconsin Alzheimer’s Disease Research

Center, University ofWisconsin School of

Medicine and Public Health, Madison,

Wisconsin, USA

3Wisconsin Alzheimer’s Institute, University

ofWisconsin School ofMedicine and Public

Health, Madison,Wisconsin, USA

4William S.MiddletonMemorial Veterans

Hospital, Madison,Wisconsin, USA

5 Geriatric Research Education and Clinical

Center,William S.MiddletonMemorial

Veterans Hospital, Madison,Wisconsin, USA

6 Department of Kinesiology, University of

Wisconsin School of Education, Madison,

Wisconsin, USA

Correspondence

Ryan J.Dougherty,DepartmentofEpidemiol-

ogy, JohnsHopkinsBloombergSchool ofPublic

Health, 2024E.MonumentSt., Suite2-700,

Baltimore,MD21205,USA.

E-mail: rdoughe7@jhu.edu

Funding information

National InstituteonAging,Grant/Award

Numbers: F31AG062009, T32AG027668,

K23AG045957,R21AG051858,R01

AG027161,R01AG021155;Clinical and

Translational Science,Grant/AwardNumber:

UL1RR025011;ExtendicareFoundation;

Alzheimer’sAssociation;WisconsinAlumni

ResearchFoundation;HelenBaderFounda-

tion,NorthwesternMutual Foundation

Abstract

Introduction: Cardiorespiratory fitness (CRF) may mitigate Alzheimer’s disease (AD)

progression. This study examined the longitudinal associations of CRFwith brain atro-

phy and cognitive decline in a late-middle-aged cohort of adults at risk for AD.

Methods: One hundred ten cognitively unimpaired adults (66% female, mean age at

baseline 64.2 ± 5.7 years) completed a baseline graded treadmill exercise test, two

brainmagnetic resonance imaging scans (over 4.67±1.17 years), and two to three cog-

nitive assessments (over 3.26± 1.02 years). Linear mixed effects models examined the

longitudinal associations adjusted for covariates.

Results: Participants with higher baseline CRF had slower annual decline in total gray

matter volume (P = .013) and cognitive function (P = .048), but not hippocampal vol-

ume (P = .426). Exploratory analyses suggested these effects may be stronger among

apolipoprotein E ε4 carriers.
Discussion:CRF is amodifiable physiological attribute thatmay be targeted during the

preclinical phase of AD in effort to delay disease progression, perhapsmost effectively

among those with genetic risk.
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1 INTRODUCTION

Currently, there are more than 55 million Americans 65 years and

older.1 Of these older adults, an estimated 5.8 million are living with

Alzheimer’s disease (AD).2 The United States is at the precipice of a

major aging demographic shift; Census Bureau data estimate that by

the year 2050, there will be more than 85 million Americans over the

age of 65.1 Because age is the greatest risk factor for AD,2 the forth-

coming expansion of the older adult population presents a significant,

urgent challenge to our society.

The pathophysiological processes of AD begin during the preclinical

phase of the disease, decades prior to clinical diagnosis.3,4 Brain

atrophy, measured by serial magnetic resonance imaging (MRI), is

a marker of neurodegeneration that has been shown to track with

cognitive decline and disease progression.5,6 The available evidence

demonstrates that brain volume and cognition decline in mid-late life,

preceding the clinical diagnosis of AD.3–9 As a result, research aimed at

curbing disease progression during the preclinical phase has become a

public health imperative.

There is increasing recognition that cardiorespiratory fitness

(CRF), the integrated ability to deliver oxygen to the musculoskeletal

system during exercise, may be an important mitigating factor for

developing dementia.10 Studies routinely report that higher levels of

self-reported exercise and physical activity are positively associated

with cognition and lower rates of cognitive decline and AD in older

adulthood.11–14 In cognitively unimpaired adults, positive associations

between objectively measured CRF, brain volume, and cognitive

function have been reported by our group15 and others (see review in

Erickson et al.16). However, these studies have been cross-sectional

and did not account for physical activity, thereby limiting the inter-

pretation and impact of the findings. The purpose of this study was

to determine the longitudinal associations of CRF with brain atrophy

and cognitive function in a late-middle-aged cohort of adults at risk

for AD, and ascertain whether any observed effects are modified by

physical activity. We hypothesized that greater baseline CRFwould be

associated with a reduced rate of brain atrophy and cognitive decline.

Lastly, based on data describing the presence of the apolipoprotein

E ε4 allele (APOE ε4) influencing CRF17 and future risk of AD,18 we

explored the potential effect of APOE ε4 carrier status within our

sample.

2 METHODS

2.1 Participants

The Wisconsin Registry for Alzheimer’s Prevention (WRAP) is a lon-

gitudinal registry of late-middle-aged adults that began in 2001.

All WRAP participants are community-dwelling adults who were

dementia-free at the time of enrollment. Once enrolled, participants

undergo biennial neuroimaging and cognitive assessments. Additional

study enrollment and design details have been previously described.19

For the current study, potential participants were determined to be

RESEARCH INCONTEXT

1. Systematic review: The authors performed a traditional

literature review related to cardiorespiratory fitness

(CRF), brain volume, and cognitive function. There is evi-

dence that CRF is cross-sectionally associated with brain

volume and cognitive function in older adulthood. How-

ever, whetherCRF is associatedwith future brain atrophy

and cognitive decline inmid- to late-aged adults at risk for

Alzheimer’s disease (AD) is currently unknown.

2. Interpretation: Within a late-middle-aged cohort of

adults at risk for AD, higher baseline CRF was associ-

ated with slower annual decline in total gray matter vol-

ume and cognitive function over 3 to 5 years of follow-up.

These findings suggest CRF may be an important physio-

logical attribute to target during the preclinical stage of

AD.

3. Future directions: Longitudinal studies that assess

changes in CRF are needed to better elucidate causality

and directionality of the observed associations.

eligible for inclusion if they were cognitively unimpaired and free of

confounding medical conditions (e.g., neurological disease). Exclusion

criteria were as follows: documented vascular disease (i.e., coronary

artery disease, cerebrovascular disease, peripheral arterial disease, or

congestive heart failure), uncontrolled type I or II diabetes mellitus,

severe untreated hypertension (> 200/100 mmHg), and the inability

to safely walk on a treadmill. Enrolled participants underwent base-

linemaximal exercise testingandphysical activitymonitoring, andcom-

pleted magnetic resonance imaging (MRI) scans, and cognitive assess-

ments as part of their involvement in WRAP or one of its substudies.

Trained staff administer all assessments following standardized proto-

cols. The University ofWisconsin Institutional Review Board approved

all study procedures, and all participants signed written informed con-

sent.

2.2 Cardiorespiratory fitness assessment

Under the supervision of a physician, exercise tests were conducted by

a certified exercise physiologist along with a trained exercise specialist

after a resting 12-lead electrocardiogram (ECG) assessment. The exer-

cise test was completed on a motor-driven treadmill using a modified

Balke protocol.20 Comfortable walking speeds were determined dur-

ing awarm-up period and kept constant for the duration of testing. The

majority of participants walked at 3.5 miles per hour; however, if the

participant indicated that this speedwasuncomfortable, a slowerwalk-

ing speed was chosen. The exercise test began with a 2-minute warm-

up at 0% grade that was increased by 2.5% every 2 minutes until the
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participant reached volitional exhaustion or indicated they could no

longer continue.

During the exercise test, oxygen consumption (VȮ2), carbon dioxide

production (VĊO2), and minute ventilation (VĖ) were measured using

a metabolic cart (TrueOne 2400 Parvo Medics) and a two-way non-

rebreathingmask.Heart rate (HR)was continuouslymeasured through

a12-channel ECGdevice (SchillerCS-200Exercise Stress System). Rat-

ing of perceived exertion (RPE)21 and blood pressure (Welch Allyn DS-

6601-300) were recorded at 2-minute intervals throughout the exer-

cise test. The flowmeter of the metabolic system was calibrated prior

to each exercise test by making multiple comparisons to a 3-L piston

syringe.Oxygenandcarbondioxide sensorswere calibratedby thepre-

sentation of known gas concentrations and corrected for barometric

pressure. All calibration procedures were conducted within 4 hours of

the exercise test to ensure accuracy.

We have previously shown that on average, older adults struggle

to provide a maximal effort during exercise testing, which results in

an underestimation of their recordedVȮ2peak.
22 Therefore, we chose

the oxygen uptake efficiency slope (OUES), a measure of exercise

efficiency, as the primary CRF variable for the current study, which has

shown to be a valid, reliable measure that does not require maximal

effort.22,23 The OUES was determined for each participant by calcu-

lating the regression slope from the linear relationship of absolute

VȮ2 (L/min) plotted as a function of log10 VĖ (L/min) (VȮ2= log10

VĖ + b) providing a measure of cardiopulmonary performance that

integrates cardiovascular, musculoskeletal, and respiratory function.23

The OUES values were standardized to body surface area (BSA) to

account for individual differences. The OUES calculation only included

metabolic data collected during the graded exercise test and excluded

warm-up and recovery stages due to irregular ventilation often

observed during those stages.

2.3 Physical activity assessment

All participants wore a triaxial GT3X+ accelerometer (ActiGraph)

on their hip for 7 consecutive days after the graded exercise test.

Participants were instructed to wear the device during all waking

hours, except for when showering, swimming, or bathing. Standard

accelerometry inclusion criteria consisted of at least 10 hours of valid

wear time per day for a minimum of three weekdays and one week-

end day.24 Accelerometer data (in 1-second epochs) were processed

using the validated Sojourn-3Axismethod,which uses an artificial neu-

ral net to identify boundaries between activities of different inten-

sities and to estimate metabolic equivalents (METs) for each bout.25

To calculate minutes spent in different intensity categories of physi-

cal activity, estimated METs were determined for each bout interval

and then separated into physical activity categories accordingly: < 1.5

METs = sedentary, 1.5 to 2.99 METs = light, 3 to 6 METs = mod-

erate, and > 6 METs = vigorous. Based on current physical activity

recommendations,26 our chosen physical activity measure was time

spent engaged in moderate-to-vigorous physical activity, expressed as

a percentage of total accelerometer wear time.

2.4 Neuroimaging protocol

Baseline and follow-upMRI scans were acquired on a 3T GE X750Dis-

covery scanner with an 8- or 32-channel phased array head coil. Three

participants had follow-up MRI scans acquired on a 3T GE SIGNA

scanner. Three-dimensional (3-D) T1-weighted inversion recovery-

prepared spoiled gradient echo scans were collected using the fol-

lowing parameters: inversion time (TI)/echo time (TE)/repetition time

(TR) = 450 ms/3.2 ms/8.2 ms, flip angle = 12◦, slice thickness = 1 mm

no gap, field of view (FOV) = 256, matrix size = 256×256 yielding a

voxel resolution of 1 mm×1 mm×1 mm. Volumetric estimates were

derived from the T1-weighted images. Tissue segmentation into gray

matter, white matter, and cerebral spinal fluid (CSF) was performed

with SPM version 12 (www.fil.ion.ucl.ac.uk/spm) with all images bias

corrected and spatially normalized to Montreal Neurological Institute

space. Intracranial volume was the sum of SPM estimated gray mat-

ter, white matter, and CSF volumes. Hippocampal volume was esti-

mated from T1-weighted images using the automated FSL FIRST ver-

sion 6 software (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST). FSL FIRST

is a segmentation tool that identifies subcortical brain regions given the

observed intensity gradients (e.g., gray/white matter, CSF borders) on

the T1-weighted image.27 The FSL FIRST segmentation methods are

widely used and have been validated against other automated segmen-

tation tools and gold-standard manual segmentation methods.27,28 All

images were visually inspected to ensure they were accurately recon-

structed and without topological defects. For our analyses, a priori

brain outcomes of interest included total graymatter and hippocampal

volumes, expressed as a percentage of intracranial volume to account

for individual variability in head size. The mean ± standard deviation

(SD) time between the CRF/physical activity assessment and baseline

MRI was 0.74± 0.51 years.

2.5 Cognitive testing

Participants in WRAP undergo comprehensive cognitive testing at

each study visit.19 For the current study, the preclinical Alzheimer’s

Cognitive Composite (PACC), which combines scores from the Audi-

tory Verbal Learning Test (AVLT), theWechsler Adult Intelligence Scale

(WAIS), and theWechslerMemoryScale (WMS)was the cognitivemea-

sure of interest.29,30 Specifically, the AVLT total recall score (trials I-V),

WAIS digit symbol total score, and the WMS logical memory II total

score were standardized using the means and SDs among those who

were cognitively unimpaired at their baseline assessment per test, and

were then averaged to create the PACC score.29,30 Additional PACC

details havebeenpreviouslydescribed.31 Themean±SDtimebetween

the CRF/physical activity assessment and baseline cognitive testing

was 0.78± 0.48 years.

2.6 Covariate measures

All participants completed a variety of health-related questionnaires

andmeasurements at each study visit. Variables investigated as poten-

http://www.fil.ion.ucl.ac.uk/spm
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST
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tial confounders included age, sex, years of education, APOE ε4 carrier

status, and number of previous cognitive testing visits. Age, sex, and

years of education were measured by self-report. APOE ε4 carrier sta-

tus was determined through polymerase chain reaction-based geno-

typing and classified as carriage of at least one APOE ε4 allele.19 The

number of previous cognitive testing visits were included to control for

prior practice with the cognitive battery.

2.7 Statistical analyses

Participant characteristics were summarized with means, standard

deviations, and frequencies. Linear mixed effects models, with age as

the timemetric, were used for the primary analyses to test longitudinal

associations of (1) baseline CRF with brain atrophy (total gray matter

andhippocampal volumes)while controlling for sex, years of education,

and APOE ε4 carrier status and (2) baseline CRF with cognitive trajec-

tories while controlling for sex, years of education, APOE ε4 carrier sta-
tus, and number of previous cognitive testing visits. The CRF× age (i.e.,

time) interaction was the term of interest, as it would indicate whether

longitudinal decline in brain volumes or cognition differed as a function

of CRF. The variables in each interaction were mean-centered. Sensi-

tivity analyses were performed with additional adjustment for physi-

cal activity. Further, we conducted exploratory analyses to examine the

differential effect of APOE ε4 carrier status though stratification anal-

yses and three-way interactions. Statistical significance was set at an

alpha level of 0.05. All analyses were conducted in SPSS v 26.

3 RESULTS

One hundred ten cognitively unimpaired (Mini-Mental State Examina-

tion [MMSE] = 24–30) participants (mean age = 64.2±5.7 years, 66%

female) completed baseline CRF testing and physical activity monitor-

ing. The supervising exercise physiologist stopped three tests due to

safety concerns (arrhythmia, dyspnea, hypertension), one participant

discontinued participation due to mask discomfort, and two partici-

pants recorded insufficient accelerometer wear time. Further, 12 indi-

viduals lacked repeatMRIdata and four individuals did not have follow-

up cognitive data, resulting in an analytic sample of 92 participants for

the brain volume analyses and 100 participants for the cognitive func-

tion analysis.

Participants had two neuroimaging MRI scans over 4.67±1.17

years and two to three cognitive tests (two, n = 64; three, n = 36)

over 3.26±1.02 years of follow-up. Removing three participants who

had follow-up MRI acquired on a different scanner did not influ-

ence any of the reported findings (P > .05). On average, partici-

pants displayed a baseline OUES value of 1.16±0.28 and engaged in

1.42±0.62 hours/day of moderate-to-vigorous physical activity. The

OUES was weakly associated with physical activity (r = .21; P = .029).

Participants had an average brain volume of 655.38±57.59 mL

for total gray matter, 7746.68±876.28 mm3 for hippocampal, and

1422.06±135.47 mL for intracranial volume. At the group level,

TABLE 1 Baseline participant demographics stratified by analysis

Variable Total sample CRF-brain CRF-cognition

Sample size 110 92 100

Female, % 65.5 63.0 65.0

Age, years 64.2 (5.7) 64.1 (5.8) 64.1 (5.7)

Weight, lbs 174.4 (36.1) 175.8 (37.4) 176.0 (36.0)

Height, in 66.2 (3.7) 66.4 (3.8) 66.3 (3.7)

BMI, kg/m2 27.9 (5.5) 28.0 (5.7) 28.1 (5.4)

Education, years 16.4 (2.3) 16.4 (2.3) 16.5 (2.2)

APOE ε4+, % 41.8 44.6 43.0

FH+, % 70.9 70.7 72.0

MMSE, score 29.3 (1.1) 29.3 (1.1) 29.3 (1.1)

Note: Values indicatemean score and standard deviation.

Abbreviations: APOE, apolipoprotein E; BMI, body mass index; CRF, car-

diorespiratory fitness; FH, family history of Alzheimer’s disease; MMSE,

Mini-Mental State Examination.

total gray matter and hippocampal volume declined at a rate of

−0.73±0.90% and −0.16±1.30% per year, and cognitive trajectories

declined −0.047 points (standardized score) per year, respectively.

Additional participant characteristic data are detailed in Table 1.

Results from the linear mixed effects models are presented in

Tables 2 and 3. The CRF × age interaction was significant and demon-

strated that participants with higher baseline CRF had slower annual

decline in total gray matter volume (β = .25 standard error [SE] .10;

p = .013; Figure 1) and PACC score (β = .07 SE .03; P = .048; Figure 2),

but not hippocampal volume (β = .001 SE .002; P = .426). After addi-

tional adjustment for physical activity, the CRF × age interaction per-

sisted for total gray matter volume (β = .23 SE .10; P = .023) but not

PACC score (β = .05 SE .03; P = .11). When the analyses were strati-

fied by APOE ε4 status, and adjusting for physical activity, the CRF ×

age interaction remained significant for carriers (gray matter: β = .34

SE .15, P = .028; PACC score: β = .11 SE .06, P = .049), but not non-

carriers (gray matter: β = .14 SE .14, P = .33; PACC score: β = .01 SE

.04, P = .90). Adding a CRF × age × APOE ε4 status interaction term to

formally test the observed genotype differences did not result in a sig-

nificant three-way interaction for total graymatter volume (P= .32) or

PACC score (P= .10).

4 DISCUSSION

We examined the longitudinal associations of CRF with brain atro-

phy and cognitive decline in a sample of cognitively unimpaired late-

middle-aged adults. Our findings suggest that higher CRF is associ-

ated with a slower rate of gray matter atrophy and cognitive decline

over 3 to 5 years of follow-up. After accounting for physical activity

in our sample, CRF remained associated with longitudinal changes in

gray matter volume, but not cognitive function. Notably, these results

appear to be, in part, dependent on genetic risk. Our preliminary data

suggest that CRF is significantly associated with longitudinal changes
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TABLE 2 Model predicting total graymatter volume (n= 92)

Parameter 95%Confidence interval

Estimate (β) SE t-value P Lower bound Upper bound

Intercept 46.9149 1.9379 24.21 .000 43.0646 50.7653

Age −.2993 .0303 −9.89 .000 −.3591 −.2396

CRF .6502 .9981 .65 .516 −1.3314 2.6318

Sex −2.6020 .6199 −4.20 .000 −3.8331 −1.3708

Education −.0318 .1182 −.27 .788 −.2667 .2031

APOE ε4 status .0782 .5145 .15 .880 −.9436 1.1000

CRF× age .2496 .0988 2.53 .013 .0544 .4447

Notes: β=Unstandardizedbeta coefficient; SE= standard error; Sex coded0= female, 1=male.APOE ε4 status coded0=non-carrier, 1= carrier; †Estimates

reflect total graymatter expressed as a percentage of intracranial volume (sum of total graymatter, whitematter, and CSF volumes).

Abbreviations APOE, apolipoprotein E; CRF, cardiorespiratory fitness; CSF, cerebrospinal fluid.

TABLE 3 Model predicting PACC score (n= 100)

Parameter 95%Confidence interval

Estimate (β) SE t-value P Lower bound Upper bound

Intercept −1.3653 .4765 −2.87 .005 −2.3096 −.4210

Age −.0429 .0113 −3.79 .000 −.0654 −.0204

CRF .1742 .2750 .63 .528 −.3711 .7194

Sex −.5386 .1494 −3.61 .000 −.8350 −.2423

Education .0889 .0284 3.13 .002 .0325 .1453

APOE ε4 status −.0096 .1225 −.08 .938 −.2525 .2333

PACC exposure .0741 .0379 1.96 .052 −.0006 .1488

CRF× age .0655 .0329 1.99 .048 .0006 .1303

Notes: β=Unstandardized beta coefficient; SE= standard error; Sex coded 0= female, 1=male. APOE ε4 status coded 0= non-carrier, 1= carrier. Abbrevi-

ations APOE, apolipoprotein E; CRF, cardiorespiratory fitness; PACC, Preclinical Alzheimer’s Cognitive Composite.

in total gray matter volume and cognitive function in APOE ε4 carriers,
but not within non-carriers. However, we did not observe significant

three-way interactions; therefore, the genetic specificity of our find-

ings are uncertain.

The impact of exercise on brain and cognitive health has received

considerable attention in recent years. Regular exercise is associ-

ated with a delay in onset of AD14 and our group’s recent cross-

sectional research has demonstrated CRF is positively associated with

several indices of brain and cognitive health.15,32 Although exercise

and CRF appear to be beneficial, randomized controlled trials have

not provided strong evidence that structured exercise can substan-

tially impact the pathophysiological processes of aging and AD (e.g.,

neurodegeneration).33 An intrinsic limitation to exercise trials is the

relatively short durations; the typical 6- to 12-month interventionmay

be insufficient to significantly impact the slow progressive pathophys-

iology of the disease (but see also Erickson et al.34). There is a need

to investigate CRF in relation to brain and cognitive changes over the

courseof several years to further understandhowthismodifiable phys-

iological attribute influences the pathophysiology of AD.

In our sample, we observed a decline in total gray matter and

hippocampal volume over a 5-year period, which is consistent with

data describing brain volume declines during mid to late adulthood,

prior to cognitive impairment.35,36 Although several cross-sectional

studies have reported CRF is positively associated with gray matter

volume in cognitively unimpaired adults (see review in Erickson

et al.16), few have investigated howCRF relates to future rates of brain

atrophy. Vidoni et al. reported that baseline CRF was associated with

hippocampal atrophy over a 2-year period in participants with AD, but

not in cognitively unimpaired participants.37 Moreover, research from

the Baltimore Longitudinal Study of Aging did not find evidence that

midlife CRF prospectively predicted age-related gray matter or hip-

pocampal volume decline among middle-aged adults.38 In the present

study, the absence of a longitudinal association between CRF and

hippocampal volumecorrespondswith theexisting literature; however,

the finding of an association with total graymatter volume contributes

to a relatively limited body of prospective research investigating objec-

tivelymeasured CRF and brain atrophy. Although this is a growing area

of study, the varying results may be explained by sample demographics

(e.g., cognitive status, genetic risk), neuroimaging methods, follow-up

period, and CRF testing methodology; as our group has previously

detailed, exercise testing considerations are critical when investigating

brain and cognitive health outcomes inmid- to late-aged adults.22
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F IGURE 1 Figure displays graymatter volume change over time adjusted for covariates. The plot was extrapolated based on calculation of
simple intercepts and slopes using the regression coefficients from the estimated fixed effects from the linear mixed effects model. Although CRF
was included in the analysis as a continuous variable, for the purpose of graphing the findings we created groups that correspond to the average
CRF level, and 1 SD below and above themean to represent Low,Mid, and High CRF. CRF, cardiorespiratory fitness; ICV, intracranial volume; SD,
standard deviation

F IGURE 2 Figure displays cognitive change over time adjusted for covariates. The plot was extrapolated based on calculation of simple
intercepts and slopes using the regression coefficients from the estimated fixed effects from the linear mixed effects model. Although CRFwas
included in the analysis as a continuous variable, for the purpose of graphing the findings we created groups that correspond to the average CRF
level, and 1 SD below and above themean to represent Low,Mid, and High CRF. CRF, cardiorespiratory fitness; PACC,= Preclinical Alzheimer’s
Cognitive Composite; SD, standard deviation
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Similar to brain volume, cognitive function declineswith age and the

progression of AD.7,39 Specifically, memory and executive functions

decline during the preclinical phase and are the cognitive domains

most related to disease progression.31,40–42 Barnes et al. reported

that low levels of baseline CRF were associated with greater decline

on the MMSE 6 years later.43 In comparable samples of cognitively

unimpaired adults, CRF predicted cognitive performance over time,

including tests on memory and executive functions.44,45 These prior

investigations suggest higher levels of CRF are related to favorable

cognitive trajectories. However, it is important to note that numer-

ous cognitive tests were not significantly related to CRF, making it

uncertainwhich cognitive domainsmay be affected.43–45 An important

aspect of the current study was the use of the PACC score, which

has been shown to be a more sensitive measure to detect subtle

age-related cognitive decline than single cognitive tests.31 Our finding

that greater mid- to late-life CRF is associated with a slower decline in

PACC score is intriguing because this cognitive composite captures the

domains that decline during the preclinical phase of AD.31,40–42 These

data suggest CRF may be important for maintaining cognitive health

throughout the early stages of the disease.

Although it is generally accepted that CRF and physical activity are

important for brain and cognitive health, few studies have investigated

their independent contributions. Among our sample, accounting for

baseline physical activity did not modify the longitudinal association

between CRF and total gray matter volume but did influence the

association with cognitive function. With respect to total gray matter

volume, these data agree with the few cross-sectional studies among

mid- to late-aged adults32,46 and suggest CRF has a significant impact

on brain health that is not explained by physical activity behaviors.

On the other hand, inclusion of physical activity resulted in a non-

significant association betweenCRF and cognitive function, suggesting

that physical activity behaviors may be a contributing factor. Collec-

tively, these findings highlight the necessity to consider both the

physiological attribute of CRF and the behavior of physical activity to

better understand the unique contributions each may confer. Further

investigation is warranted to elucidate the physiological mechanisms

underlying these associations. One hypothesized pathway is through

cerebral vascular function. Adequate blood supply is essential for neu-

ronal functioning, and vascular dysfunction is likely a contributor to

neuronal cell death (e.g., atrophy).47 Our group has previously shown

CRF, but not physical activity, is associated with cerebral blood flow in

brain regions vulnerable to hypoperfusion in aging and AD,32 which,

in turn, may mitigate brain atrophy and preserve cognitive functions.

Other systems that CRF and exercise may act through to protect

against brain atrophy and cognitive decline include insulin regulation,

mitochondrial function, inflammation, and stress (e.g., hypothalamic–

pituitary–adrenal axis).48 Importantly, these pathways activated

through exercise do not act in isolation and there are likely complex

interactions among numerous processes that exert protective effects.

The greatest known genetic risk for AD is the presence of APOE ε4,
where carriers have a three-fold increased risk.18 Recent research sug-

gests that APOE ε4 carriers have lower CRF than non-carriers17 raising
the possibility that decreased CRF may be a contributing factor to the

increased prevalence of AD observed in this genotype. Exploratory

analyses suggest higher CRF at baseline was associated with a slower

decline in total gray matter volume and cognitive function among car-

riers of APOE ε4, but not within non-carriers. However, the three-way

interactions were non-significant; therefore, these exploratory find-

ings should be interpreted with caution. A few studies have reported

exercise and physical activity exert greater benefit forAPOE ε4 carriers
with respect toAD risk andbrain health; however, the literature overall

is inconclusive (see review in de Frutos-Lucas et al.49). To our knowl-

edge, no study has investigated the role of APOE ε4 status with CRF,

physical activity, and longitudinal changes in brain volume and cogni-

tive function. Because adults who harbor the APOE ε4 genotype are at

greatest need for treatments to slow disease progression, our prelim-

inary finding that CRF partially mitigates brain atrophy and cognitive

decline among these at-risk adults is of heightened importance.

Future longitudinal studies that assess changes in CRF are needed

to better elucidate causality and directionality of the observed associ-

ations. Further, we cannot rule out the potential fluctuations of physi-

cal activity behaviors, which would influence our accelerometer mea-

sures; however, this does not present a concern with CRF testing.

Although our sample size was sufficient to test our primary aims, we

mayhavebeenunderpoweredwhenexamining three-way interactions.

The WRAP is a well-characterized sample of highly educated White

participants, making it unknown whether these findings generalize to

more socioeconomically diverse populations. These limitations should

be considered in the context of the study novelties, which include

an at-risk population, objectively measured CRF and physical activity,

and examination of brain atrophy and cognitive decline over a critical

period of aging.

The forthcoming expansion of the older adult population will sub-

stantially increase AD cases nationwide. There is a need to identify

treatments that can be implemented during the preclinical phase to

delay theprogressionofAD,which, in turn,will decreasediseasepreva-

lence. If discovered, a treatment postponing symptom onset by as little

as 5 years is estimated to reduce the prevalence of ADby half, substan-

tially decreasing the societal burden.50 Our study provides evidence

thatwithin a late-middle-aged cohort, greaterCRFwas associatedwith

a slower rate of total gray matter atrophy and cognitive decline over 3

to 5 years of follow-up. Notably, these findings were most pronounced

in adults who harbor the APOE ε4 genotype, suggesting CRFmay be an

important physiological attribute to target during the preclinical stage

of AD.
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