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Abstract

INTRODUCTION: Evidence suggests that midlife physical activity may reduce

Alzheimer’s disease (AD) risk. In at-risk individuals, we investigated midlife physical

activity changes in relation to AD-related pathologies.

METHODS:We included 337 cognitively unimpaired adults with baseline and follow-

up physical activity evaluations within 4.07 ± 0.84 years. We performed multiple

regressions considering follow-up amyloid-PET burden andMRI-based medial tempo-

ral lobe cortical thickness as outcomes. Independent variables encompassed changes

in adherence to World Health Organization (WHO)-recommended physical activity

levels, activity amounts, and sedentary behavior (no activity reported).

RESULTS: Remaining sedentary was associated with lower cortical thickness com-

pared to doing limited physical activity, maintaining adherence, or becoming adherent

to WHO recommendations. Becoming adherent to recommendations was linked

to lower amyloid burden compared to becoming non-adherent. Increased activity

amounts showed a dose-dependent association with lower amyloid burden.
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DISCUSSION: Increasing physical activity and new adherence toWHO recommenda-

tions could be key objectives for preventive strategies duringmidlife.

CLINICAL TRIAL REGISTRATION INFORMATION: Registered at Clinicaltrials.gov

(identifier: NCT02485730).
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Highlights

∙ Boosting physical activity in midlife may have beneficial effects in preclinical AD.

∙ Physical activity increases relate to lower Aβ burden in a dose-dependentmanner.

∙ Remaining sedentary links to lower cortical thickness in AD-vulnerable structures.

∙ New adherence to WHO-recommended physical activity levels may enhance brain

health.

1 BACKGROUND

Alzheimer’s disease (AD) starts with a preclinical phase, during

which the earliest disease-related pathophysiological events begin to

manifest.1,2 These include abnormal accumulation of amyloid-β (Aβ)
plaques, neurofibrillary tangles, and neurodegeneration, which can be

monitored through biomarkers decades before the clinical symptom

onset.1–3 The preclinical stage of AD thus offers a valuable opportu-

nity for interventions targeting earliest disease-related brain changes

to prevent or delay the subsequent development of dementia.1,4 With

about one-third of AD cases attributable to modifiable risk factors,5

there has been a growing interest in slowing down or halting AD

pathologies throughmanaging lifestyle behaviors.

Sedentary behavior and physical inactivity are well-known risk

factors for dementia.6–8 Previous research reported that approxi-

mately 13% of AD cases worldwide could be attributable to physical

inactivity.7 Physical activity engagement, instead, has been associated

with a decreased risk of developing cognitive decline andAD,9–12 espe-

cially during midlife.13,14 In particular, sustained physical activity in

midlife can reduce AD risk7,15 through improving cardiovascular7,16

and mental health.11 Midlife is also a critical period during which

significant age-related and pathological brain changes may occur,17

particularly in individuals at risk of developing AD.18 Moreover, midlife

exposures may contribute to the development of neuropathological

events.15,17,18

Recent evidence suggests that physical activity may have a

direct impact on AD-related brain changes.7 Studies in cognitively

unimpaired (CU) individuals reported association of physical activ-

ity with lower levels of Aβ pathology19–22 and greater volume in

AD-vulnerable brain regions,23,24 whereas sedentary behavior has

been linked to lower cortical thickness in medial temporal lobe

structures.25 Moreover, the amount of physical activity performed

may play a role in reducing AD risk.26,27 Indeed, the World Health

Organization (WHO)28 provides recommendations on physical activ-

ity amounts to prevent non-communicable diseases. Specifically,

the WHO recommends 150–300 min/week of moderate-intensity

activity or 75–150 min/week of vigorous-intensity activity, or an

equivalent combination of moderate-intensity and vigorous-intensity

activity for middle-aged and older individuals.28 However, little is

known on how adherence to WHO-recommended activity levels or

changing activity amounts during midlife are linked to AD-related

pathologies.

Here, we explored change in physical activity over a 4-year period

in relation to brain Aβ burden and cortical thickness in AD-vulnerable

structures in CU adults at increased risk of developing AD.We hypoth-

esized that (1)maintained adherence and new adherence to theWHO-

recommended activity levels and (2) increased activity amounts during

midlife would be related to lower brain Aβ burden and preserved

cortical thickness in medial temporal lobe structures.

2 METHODS

2.1 Participants

The study participants were recruited from the longitudinal ALFA+
study cohort nested to the ALFA (ALzheimer’s and FAmilies) study.

The ALFA study aims to evaluate early pathophysiological changes

in preclinical AD and includes 2743 CU adults at risk of developing

AD (86.3% have at least one parent with AD).29 The participants of

the ALFA+ study (n = 451) have been characterized at multiple lev-

els including lifestyle questionnaires, lumbar puncture procedures and
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neuroimaging acquisitions. Inclusion criteria of the ALFA+ study were:

(1) having participated in the ALFA study; (2) age between 45 and 65

years at the moment of inclusion in the ALFA cohort; and (3) long-term

commitment to the study. ALFA+ exclusion criteria were: (1) cogni-

tive impairment; (2) any significant systemic illness or unstablemedical

condition that could result in difficulty complying with the study pro-

tocol; (3) contraindication to any test or procedure; and (4) having a

family history of monogenic AD.

In the current study, the inclusion criteria were: (1) being an

ALFA+ study participant, (2) having completed a self-reported physi-

cal activity assessment (see below) both at the baseline (2013–2014)

and follow-up visits (2016–2019), and (3) having structural mag-

netic resonance imaging (sMRI) and/or positron emission tomography

(PET) data available during the follow-up visit (see Figure 1 for

details).

The ALFA+ study (ALFA-FPM-0311) was approved by the Indepen-

dent Ethics Committee “Parc de Salut Mar,” Barcelona, and registered

at Clinicaltrials.gov (identifier: NCT02485730). All participants signed

an informed consent form at the baseline visit, which had been

approved by the Independent Ethics Committee “Parc de Salut Mar,”

Barcelona. All methodswere carried out in accordancewith the ethical

standards as laid down in the 1964Declaration of Helsinki and its later

amendments or comparable ethical standards.

2.2 Physical activity evaluation

We used the Minnesota Leisure Time Physical Activity Questionnaire

(MLTPAQ)30 to obtain the frequency, duration, and type of the physi-

cal activity performed by participants at baseline and follow-up visits.

We determined activity intensities (moderate/vigorous) based on the

type of activity performed (Figure S1). Then, we obtained the physical

activity amounts as total minutes per week of activity of any intensity.

We inspected the distributions of the physical activity amounts at both

time points and removed the extreme values falling outside of three

times the interquartile range below the first quartile or above the third

quartile.

First, we examined theadherence to the WHO-recommended

physical activity levels in our cohort. Participants meeting the rec-

ommended activity levels for middle-aged and older individuals28

were considered adherent to the recommendations, whereas those

who did not perform sufficient activity to meet the recommendations

were considered non-adherent. Participants who did not perform any

activity (0 min/week both at baseline and follow-up) were considered

sedentary. Then, we classified our participants into the following

groups considering their adherence status to WHO-recommended

activity levels at both time points: (1) maintained sedentary behavior,

(2) maintained non-adherence, (3) maintained adherence, (4) became

non-adherent, and (5) became adherent (see Table 1 for details of the

classification).

Second, we derived a continuous measure reflecting the change

in activity amounts for all participants as follows: (follow-up activity

amount of any intensity)− (baseline activity amount of any intensity).

RESEARCH INCONTEXT

1. Systematic review: We reviewed the literature using

search engines such as PubMed. Previous studies

reported cross-sectional associations of physical activity

with Alzheimer’s disease (AD) pathologies and brain

integrity in middle-aged or older adults. However, no

studies to date have examined how changes in physical

activity or adherence to World Health Organization

(WHO)-recommended activity levels during midlife are

linked to AD-related pathologies in individuals at risk of

AD.

2. Interpretation: Our findings suggest that increasing

physical activity during midlife, including to the WHO-

recommended levels, is related to lower amyloid-β (Aβ)
pathology. Remaining sedentary, instead, is associated

with lower cortical thickness in AD-vulnerable brain

structures. These findings underscore the potential of

increased physical activity in enhancing brain health in

middle-aged individuals at the preclinical stage of AD.

3. Future directions: Investigating the effects of physical

activity changes on the evolution of AD-related patholo-

gies will be crucial to plan effective lifestyle-based inter-

ventions to prevent AD progression.

2.3 Clinical evaluations

2.3.1 CAIDE-I score

The CAIDE (Cardiovascular Risk Factors, Aging and Incidence of

Dementia)31 score is a validated tool for predicting the risk of late-life

dementia among middle-aged individuals. At baseline, we calculated

the CAIDE-I score for each participant, which estimates dementia risk

within 20 years31 considering the following variables (see details in32):

age, sex, years of education, systolic blood pressure, body mass index,

total cholesterol, physical activity status.32,33

2.3.2 Mental health

During the follow-up visit, we evaluated the mental health symptoms

using the Hospital Anxiety and Depression Scale (HADS).34 Higher

HADS-total scores indicate greater levels of anxious-depressive symp-

toms.

2.3.3 Apolipoprotein E genotyping

The sample was genotyped for the rs429358 and rs7412 poly-

morphisms to define the apolipoprotein E (APOE) allelic variants.
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F IGURE 1 Flow diagram showing the selection of study participants. ALFA, ALzheimer’s and FAmilies; MLTPAQ,Minnesota Leisure Time
Physical Activity Questionnaire; MRI, magnetic resonance imaging; PA, physical activity; PET, positron emission tomography.

Participants were classified as APOE-ε4 carriers (carriers of one or two
ε4 alleles) or non-carriers.

2.4 PET acquisition and processing

Acquisition of [18F]flutemetamol PET images were performed in a

Siemens Biograph mCT scanner following a cranial computed tomog-

raphy scan for attenuation correction. Participants were injected with

185MBq (range 166.5–203.5MBq) of [18F]flutemetamol. Ninety min-

utes post-injection, the acquisition of PET data was carried out for 20

min (four frames of 5 min each). The images were reconstructed using

an OSEM3D algorithm with point spread function and time-of-flight

corrections.

PET images were preprocessed following a validated Centiloid

pipeline35 using SPM12.36 The images were averaged and co-

registered to corresponding MRI scans. The MRIs were segmented

and normalized to the Montreal Neurological Institute (MNI) space

along with the PET images. Then, standard uptake value ratios

(SUVRs) were computed in MNI space using the standard tar-

get region (www.gaain.org) and the whole cerebellum as the ref-

erence region. The SUVR values were transformed to Centiloid

scale.35,36

2.5 MRI acquisition and processing

Anatomical 3D T1-weighted fast field echo sequence MRI scans were

obtained in a 3T scanner (Ingenia CX, Philips, Amsterdam, Nether-

lands) with the following parameters: voxel size = 0.75 × 0.75 × 0.75

mm3 isotropic, field of view = 240 × 240 × 180 mm3, flip angle = 8◦,

repetition time = 9.9 ms, echo time = 4.6 ms, and inversion

time= 900ms in sagittal acquisition.

We used FreeSurfer 7.0 to segment and parcellate the brain tis-

sue into different anatomical regions of interest (ROIs) using the

Desikan Killiany cortical atlas and subcortical labeling pipelines of

the software.37,38 We derived a composite-ROI, known as the AD-

signature, by calculating the surface-area weighted average of the

mean cortical thickness values of entorhinal, middle temporal, inferior

temporal, and fusiform cortices,39 which undergo subtle atrophy early

in AD.40

2.6 Statistical analyses

Differences between the WHO-based physical activity groups in

sociodemographic and clinical variables were examined performing

chi-squared analyses or F-tests when appropriate.

http://www.gaain.org
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TABLE 1 Physical activity status definitions.

Parameter

Physical activity groups based on the change

in adherence toWorld Health Organization

recommendations

Maintained sedentary

behavior

0min/week of activity at both time points

Maintained

non-adherence

<150min/week of light/moderate-intensity

or<75min/week of vigorous-intensity

activity at both time points, or 0min/week of

activity at one time point and<150min/week

of light/moderate-intensity or<75min/week

of vigorous-intensity activity at the other time

point

Maintained adherence ≥150min/week of moderate-intensity or≥75

vigorous-intensity activity at both time points

Became non-adherent ≥150min/week of moderate-intensity or≥75

vigorous-intensity activity at baseline

and<150min/week of

light/moderate-intensity activity

or<75min/week of vigorous-intensity or

0min/week of activity at follow-up

Became adherent <150min/week of light/moderate-intensity

or<75min/week of vigorous-intensity

activity or 0min/week of activity at baseline

and≥150min/week of moderate-intensity or

≥75min/week of vigorous-intensity activity

at follow-up

Note: Participants who did not specify the type of the activity they per-

formedwere considered as “adherent” to the recommendations only if they

engaged in≥150min/week of physical activity.

In ourmain analyses,weperformeddifferent sets ofmultiple regres-

sion models considering the (1) WHO-based physical activity groups,

and (2) the continuous measure of change in activity amounts as the

independent variable. In all models, outcomes were brain Aβ burden

and AD signature thickness at the follow-up visit.

In the first set of analyses, we explored the association of WHO-

based physical activity status with brain outcomes considering

the group with maintained sedentary behavior as the reference

category.

In the second and third set of analyses, we evaluated the associa-

tion of maintained or new adherence to WHO-recommended activity

levels with brain health comparing the (1)maintained adherence group

and (2) became adherent group with the other WHO-based physical

activity groups in relation to brain outcomes.

Finally, we investigated Aβ burden and AD signature thickness as

a function of change in physical activity amounts from baseline to

follow-up. Participants who did not perform any physical activity (i.e.,

maintained sedentary behavior) and who showed < 10 min/week of

change in physical activity were excluded from these analyses.

All models were adjusted by age, sex, education (years), and APOE-

ε4 status. Additionally, we controlled the models for inter-individual

variability in the time between baseline and follow-up physical activity

assessments. As sensitivity analyses, we performed further adjust-

ments formental and cardiovascular health-related variables as poten-

tial confounders.7,11

We carried out statistical analyses using RStudio v1.4.1103−4.
Results with a p < 0.05 were considered statistically significant.

We performed false discovery rate (FDR) correction41 for multiple

comparisons.

3 RESULTS

The final sample included 337ALFA+ participants (Figure 1), whowere

middle-aged men and women from different educational backgrounds

across Catalonia, Spain. The majority of the participants (99.4%) were

identified as White Caucasian (n = 335), while 0.6% (n = 2) were

identified as Latino.

All participants had data available on the physical activity mea-

sured with the MLTPAQ at baseline and follow-up (average time lapse

between the two assessments = 4.07 ± 0.84 years, range = 2.16–

6.00 years). During the follow-up, participants had sMRI (n = 299)

and Aβ PET (n = 277) data acquired with an average of 0.003 ± 0.02

and 0.37 ± 0.23 years after the follow-up MLTPAQ assessment,

respectively. Of all participants, 29.4% (n = 99) maintained sedentary

behavior. Twenty-four percent (n = 82) maintained non-adherence,

16.9% (n = 57) maintained adherence, 13.6% (n = 46) became non-

adherent, and15.7% (n=53) becameadherent toWHO-recommended

activity levels. The variability in time between the physical activity

assessments did not influence the group classification. Thus, there was

no statistically significant difference between the groups that changed

(i.e., became non-adherent and became adherent) or maintained (i.e.,

maintained sedentary behavior, maintained non-adherence, and main-

tainedadherence) their physical activity status in the time interval from

baseline to follow-upMLTPAQ assessments (t175.9 = 0.085; p= 0.466).

Table 2 summarizes the sociodemographic, clinical, imaging, and

physical activity-related sample characteristics.

3.1 Physical activity status during midlife:
associations with sociodemographic and clinical
variables

There were significant differences between the WHO-based physi-

cal activity groups in change in minutes of activity from baseline to

follow-up (F[4, 332] = 91.6; p < 0.001), became adherent > all groups).

The groups also showed significant differences in CAIDE-I scores (F[4,

322] = 4.78; p < 0.001), maintained sedentary behavior > maintained

non-adherence andmaintained adherence and became non-adherent),

and HADS-total scores (F[4, 331] = 2.65; p = 0.033), became adher-

ent < maintained non-adherence). No significant group differences

were found in age (F[4, 332] = 0.37; p = 0.827), education (F[4,

332] = 2.29; p = 0.059), sex (X2 = 9.43; p = 0.051), or APOE-ε4 status

(X2 = 6.14; p= 0.189) (Table 3).
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TABLE 2 Characteristics of the sample.

Variable Full sample (N= 337)

Baseline age, mean (SD), years 60.5 (4.78)

Education, mean (SD), years 13.5 (3.55)

White Caucasians, no. (%) 99.4 (335)

Women, no. (%) 209 (62)

APOE-ε4 carriers, no. (%) 171 (50.7)

Baseline CAIDE score, mean (SD)a 6.31 (2.08)

Follow-upHADS total scores, mean (SD)b 6.99 (5.11)

Change inminutes of physical activity, mean

(SD)

21.1 (139.6)

Maintained sedentary behavior, no. (%) 99 (29.4)

Maintained non-adherence, no. (%) 82 (24.3)

Maintained adherence, no. (%) 57 (16.9)

Became non-adherent, no. (%) 46 (13.6)

Became adherent, no. (%) 53 (15.7)

Brain Aβ burden (CL), mean (SD)c 2.57 (16.3)

AD Signature cortical thickness (mm3)d 2.49 (0.08)

Time from baseline to follow-up evaluations,

mean (SD), years

4.07 (0.84)

Abbreviations: Aβ, amyloid−β, AD, Alzheimer’s disease; APOE, apolipopro-

tein E; CAIDE, cardiovascular risk factors, aging, and incidence of dementia;

CL, Centiloid; HADS, Hospital Anxiety and Depression Scale; PET, positron

emission tomography.
an= 327.
bn= 336.
cn= 277.
dn= 299.

3.2 Adherence to the WHO-recommended
activity levels versus maintaining sedentary behavior
in relation to brain outcomes

Participants with maintained sedentary behavior had lower cortical

thickness in AD signature regions compared to those who maintained

non-adherence, maintained adherence, or became adherent to the

WHO-recommended activity levels. They also showed higher brain

Aβ burden compared to those who became adherent to the WHO-

recommended activity levels. Only the latter finding did not survive the

FDR correction (Table 4/A).

3.3 Maintained or new adherence to
WHO-recommended activity levels versus other
activity status in relation to brain outcomes

Participants who maintained adherence to the WHO-recommended

levels did not show significant differences in brain Aβ burden or AD

signature cortical thickness when compared to those who maintained

non-adherence, became non-adherent, or became adherent to the

recommendations (Table 4/B).

Participants who became adherent to WHO recommendations

showed lower Aβ burden compared to those who became non-

adherent to the recommendations. This finding survived the FDR

correction. On the other hand, they did not show any significant AD

signature cortical thickness differences compared to those who main-

tained non-adherence or became non-adherent to the recommended

activity levels (Table 4/C).

3.4 Association between change in physical
activity amounts and brain outcomes

Increased physical activity amounts from baseline to follow-up were

associated with lower levels of Aβ burden (B=−0.015; 95%CI−0.027
to −0.003; p = 0.012, Figure 2), which survived the FDR correction.

No association was found between change in activity amounts and AD

signature cortical thickness (p= 0.652).

3.5 Sensitivity analysis

3.5.1 Adjustments by cardiovascular and mental
health variables

Following the adjustment of the models by CAIDE-I and HADS scores,

previously observed results remained significant except for the dif-

ference in AD signature cortical thickness between the maintained

sedentary behavior and maintained adherence groups, which reduced

to a non-significant trend (p= 0.066, Table S1).

4 DISCUSSION

In middle-aged adults at increased risk of AD, our findings showed that

maintaining sedentary behavior over time was related to lower corti-

cal thickness in AD-vulnerable brain structures. New adherence to the

WHO-recommended activity levels duringmidlife, instead,was related

to lower brain Aβ burden as compared to becoming non-adherent,

and to a lesser extent, as compared to maintaining sedentary behav-

ior. Additionally, our findings suggest a dose-dependent relationship

between increased physical activity amounts and lower levels of brain

Aβ burden, but not cortical thickness of AD-vulnerable brain struc-

tures. Overall, these findings suggest a beneficial effect of increased

physical activity in preclinical AD.

In the current study, participants who maintained adherence,

became adherent, and maintained non-adherence to the WHO-

recommended activity levels demonstrated greater cortical thickness

in AD-vulnerable brain structures as compared to those who main-

tained sedentary behavior. In line with these findings, previous

research reported lower cortical thickness in medial temporal lobe

structures in sedentary individuals.25 A possible explanation is that

sedentary behavior may be an indicator of brain atrophy, and indi-

viduals may engage more in sedentary behavior as a result of brain
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TABLE 3 Sociodemographic and clinical characteristics of the physical activity groups.

Parameter Age

Education

(years)

Minutes of change

in physical activity CAIDE HADS Sex (women)

APOE ε4
carriers

Maintained sedentary behavior

(n= 99)

60.6 (4.65) 12.8 (3.56) 0 7.04 (1.99) 7.57 (5.41) 63 (63.6%) 55 (55.6%)

Maintained non-adherence

(n= 82)

59.9 (4.90) 13.3 (3.64) 4.50 (64.8) 6.17 (2.14) 7.72 (5.44) 59 (72%) 37 (45.1%)

Maintained adherence

(n= 57)

60.6 (4.49) 14.2 (3.70) 79.7 (149.6) 5.70 (1.78) 6.28 (4.57) 27 (47.7%) 27 (47.4%)

Became non-adherent

(n= 46)

60.7 (4.90) 13.6 (3.34) −169.8 (117.5) 5.93 (2.40) 7.33 (5.60) 26 (56.5%) 29 (63%)

Became adherent

(n= 53)

60.7 (5.16) 14.4 (3.25) 189.1 (131.4) 6.17 (1.85) 5.25 (3.56) 34 (64.2%) 23 (43.4%)

Note: CAIDE is available at thebaseline visit for a total of 95participantswithmaintained sedentarybehavior, 81participantswhomaintainednon-adherence,

54 participantswhomaintained adherence, and45participantswhobecamenon-adherent toWorldHealthOrganization physical activity recommendations.

HADS is available at the follow-up visit for a total of 98 participants withmaintained sedentary behavior.

Abbreviations: CAIDE, cardiovascular risk factors, aging, and incidence of dementia; HADS, Hospital Anxiety andDepression Scale.

TABLE 4 Results from the analyses comparingWHO-based physical activity groups in relation to brain outcomes.

Outcomes

AD signature cortical thickness Brain Aβ burden

A. Reference category:Maintained sedentary behavior B (95%CI) p B (95%CI) p

Maintained non-adherence 0.027 (0.002 to 0.052) 0.036* −2.06 (−7.17 to 3.05) 0.428

Maintained adherence 0.036 (0.007 to 0.063) 0.014* −2.11 (−7.73 to 3.51) 0.461

Became non-adherent 0.029 (−0.001 to 0.059) 0.059 0.87 (−5.27 to 7.02) 0.780

Became adherent 0.039 (0.01 to 0.068) 0.008* −7.20 (−12.9 to−1.47) 0.014

B. Reference category:Maintained adherence B (95%CI) p B (95%CI) p

Maintained non-adherence −0.006 (−0.036 to 0.025) 0.705 0.126 (−5.09 to 5.34) 0.962

Became non-adherent −0.007 (−0.042 to 0.028) 0.691 2.90 (−3.09 to 8.88) 0.341

Became adherent 0.006 (−0.028 to 0.04) 0.730 −5.04 (−10.6 to 0.574) 0.078

C. Reference category: Became adherent B (95%CI) p B (95%CI) p

Maintained non-adherence −0.012 (−0.044 to 0.021) 0.476 3.94 (−1.70 to 9.57) 0.169

Became non-adherent −0.015 (−0.052 to 0.023) 0.434 7.90 (1.66 to 14.1) 0.014*

Note: Models were controlled for age, sex, years of education, APOE ε4 status, and the inter-individual variability in time between the two physical activity

assessments. Statistically significant p values are highlighted in bold.
Abbreviations: Aβ, amyloid-β; AD, Alzheimer’s disease; APOE, apolipoprotein E; CI, confidence interval;WHO,World Health Organization.

*p-value survived the false discovery rate correction.

atrophy.42 Alternatively, our findings suggest a favorable effect of

physical activity in preserving structural integrity in age- or AD-related

brain regions. This is further supported by previous studies observing

greater gray matter volumes in AD-vulnerable structures43,44 and a

decreased risk of dementia45 in individuals who replaced sedentary

behavior with physical activity. Finally, greater cortical thickness

observed in participants with insufficient activity levels (i.e., main-

tained non-adherence group) as compared to those who maintained

sedentary behavior aligns with the current WHO guidelines, which

suggests that doing some activity is better than none for achieving

health benefits.28

Regarding Aβ pathology, our findings showed lower brain Aβ bur-

den in participants who became adherent to the WHO-recommended

physical activity levels as compared to those who became non-

adherent or maintained sedentary behavior, although the evidence

for the latter finding was weaker. Nonetheless, these findings are

consistentwithprevious studies reportinggreaterAβpathology in indi-
viduals with lower activity levels,19 or with sedentary behavior.21,46
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F IGURE 2 Change in physical activity amounts in relation to brain
Aβ burden. Scatter plot illustrating brain amyloid-β burden (Centiloids)
as a function of change in physical activity amounts from baseline to
follow-up. Age, sex, years of education, APOE-ε4 status, and
inter-individual variability in time between the two physical activity
assessments were regressed out from the Centiloid values. Aβ,
amyloid-beta; APOE, apolipoprotein E.

Notably, there were no differences in Aβ levels between the par-

ticipants with new or maintained adherence to the recommended

activity levels. Furthermore, we observed lower Aβ levels as a function
of increased physical activity amounts, suggesting a dose-dependent

effect of physical activity on Aβ levels. Altogether, these findings sug-
gest that increased physical activity during midlife may play a role in

enhancing the brain’s resistance against Aβ accumulation in individuals

at risk of developing AD. Importantly, these findings were indepen-

dentof cardiovascular andmental health factors, suggesting apotential

link between physical activity and the production and/or clearance of

Aβ.11,47 Nevertheless, these associations may be mediated by other

factors that were not investigated in our study, such as enhanced

sleep11 or neurogenesis.15

Maintained adherence to the WHO-recommended activity levels

during midlife was related to greater cortical thickness in AD signa-

ture only when compared to maintained sedentary behavior, which

dissipated following the adjustments by cardiovascular and mental

health factors. Contrary to our hypothesis, maintained adherence to

the recommendations was also not related to lower brain Aβ bur-

den compared to engaging in insufficient activity levels or maintaining

sedentary behavior. A possible explanation is that additional activity

may have little48 or no benefit27 after passing a certain threshold.49

Alternatively, the beneficial effects of physical activity onAβ levelsmay

dependon the increase in theamountof activity, rather than surpassing

a specific activity threshold.

The current study has some limitations. Although we evaluated

physical activity longitudinally, brain outcomes were measured at one

time point, raising the possibility of a reverse causation in interpret-

ing the results (i.e., increases in sedentary behavior or inactivity due to

pathological changes in preclinical AD). Indeed, ALFA+ participants are

CUand the potential effects of lifestyle changes onADpathology could

be more evident in the symptomatic stages. Nevertheless, imaging

measures are being acquired longitudinally as part of the ALFA+ study,

which will enable future work to clarify the directionality of potential

causal relationships between physical activity andAD-related patholo-

gies. Further, we used a self-reported questionnaire to assess physical

activity, and determined the activity intensities in a subjective man-

ner (e.g., activities can be moderate- or vigorous-intensity depending

on the effort),50 which may have resulted in a bias while creating

the WHO-based physical activity groups. Future studies with objec-

tive measures are warranted as they may better evaluate the possible

AD-related brain benefits of theWHOrecommendations. Another lim-

itation is the 4.07± 0.84 years’ time interval between the two physical

activity assessments, given that the MLTPAQ measures the activity

performed over the course of 1 year.30 However, investigating activity

patterns over a longer time frame may be useful to evaluate lifestyle-

related behavior patterns instead of short-term habits. Finally, our

sample consisted of individuals at an increased risk of AD, which lim-

its the generalizability of our findings to the general population of

middle-aged individuals.

Overall, our findings suggest that increasing physical activity during

midlife, including to the levels recommended by the WHO, may have

beneficial effects onAβpathology. Remaining sedentary duringmidlife,

instead, may have detrimental effects on cortical thickness of brain

structures vulnerable toAD. These results support the beneficial effect

of physical activity and new adherence to theWHO recommendations

from the standpoint of AD prevention, and call for interventions to

promote physical activity increases in middle-aged adults in preclinical

AD.
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