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Cognitive and physical activities are associated
with cognitive resilience in a memory clinic
cohort
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Lifestyle factors such as participation in cognitively stimulating activities and physical activity are hypothesized to foster neural con-
nections and enhance resilience, thereby attenuating cognitive loss in the context of Alzheimer’s disease (AD) and other neurodegen-
erative diseases. Nonetheless, the relationship between these factors and important clinical outcomes of cognition and brain atrophy is
not well understood. We assessed cognitive and physical activity levels in a large, tertiary memory clinic cohort with various clinical
and aetiological diagnoses. Furthermore, we investigated whether cognitive and physical activities relate to resilience against brain
atrophy across the AD continuum. In the memory clinic-based Amsterdam Dementia Cohort (ADC), 4033 individuals completed
the self-reported questionnaires to quantify their engagement in cognitive (lifetime, past and current) and physical (current) activities.
Firstly, we examined differences in activity scores across diagnostic groups [i.e. Alzheimer’s and non-Alzheimer’s types of dementia,
mild cognitive impairment (MCI) and subjective cognitive decline (SCD)] using linear models adjusted for age and sex. Secondly, in a
subset on the AD continuum (i.e. amyloid-B-positive with SCD, MCI or Alzheimer’s dementia; 7z = 904), we used linear mixed-effects
models adjusted for age and sex to assess whether cognitive and physical activities had an interactive or additive effect on concurrent
cognition and rate of decline (global cognition, memory and executive functioning) at a given level of magnetic resonance imaging-
based temporoparietal brain atrophy. We also tested associations with clinical progression and with mortality using Cox survival
models. Lifetime and current cognitive activity, and current physical activity were generally lower in more cognitively unimpaired
groups (all P<0.001), while differences in past cognitive activity between diagnostic groups were not significant (P =0.08).
Within the AD continuum, at similar levels of temporoparietal atrophy, higher cognitive and physical activities were associated
with better cognition at baseline (past cognitive activity: Bsq=0.15-18, Prpr <0.001; and physical activity: Bs,g=0.9-0.11,
Prpr < 0.05). In longitudinal analyses, neither factor was related to cognitive decline nor clinical progression. Current cognitive
activity [hazard ratio (HR)=0.82 (0.73-0.92), Pgpr < 0.001] and physical activity [HR =0.88 (0.79-0.99), Prpr < 0.05] were
associated with reduced mortality risk in the total sample, while past cognitive activity was linked to reduced mortality only in
MCI[HR = 0.54 (0.36-0.8), Prpr < 0.01]. While associations between current cognitive and physical activities with better concurrent
cognitive performance might be (partially) explained by reverse causality, the observed effects of past cognitive activity suggest that
early and mid-life participation in cognitively stimulating activities may provide a cognitive benefit once AD manifests.
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Introduction

Cognitive resilience, grounded in the brain’s capacity for
plasticity and adaptation, refers to the ability to maintain
cognitive function despite neuropathological insult."* Tt
has emerged as a pivotal area of research in Alzheimer’s
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disease (AD) and other neurological disorders, as identifying
modifiable factors that increase resilience could lead to non-
pharmacological lifestyle interventions to preserve cognitive
function during neurodegeneration.>™ Life-long cognitive
activities, ranging from complex problem-solving to
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Lifestyle factors and resilience

intellectually stimulating pursuits (i.e. reading books, play-
ing games and solving puzzles) are hypothesized to foster
neural connections, enhance reserve, and consequently, sus-
tain resilience against cognitive loss.>® Similarly, physical ac-
tivity is increasingly recognized for its role in brain and
cognitive health,” enhancing brain perfusion,® reducing in-
flammation,” modulating neurotrophic factors and promot-
ing synaptic plasticity and neurogenesis.'’

Previous studies suggest that cognitive and physical activ-
ities protect against cognitive ageing and neurodegenerative
disorders. For example, in a population-based elderly co-
hort, frequent engagement in leisure cognitive activities
was associated with reduced risk of AD and mild cognitive
impairment (MCI) incidence over a 5-year follow-up peri-
od,"" an attenuated rate of cognitive decline,'" and a post-
poned age-at-onset of AD dementia.'” These protective
effects against dementia incidence have been replicated
across multiple cohorts.'*'> However, the mechanistic path-
ways and timeline through which lifestyle can modify disease
outcomes remain unclear. Some studies suggested direct neu-
roprotective effects on pathological markers (i.e. disease
modification hypothesis), as lower levels of amyloid-p (AB)
pathology were observed in more physically'®'” and cogni-
tively active elderly,"® and particularly in APOE-g4 car-
riers.'” Others, however, found no relation between a
cognitively active lifestyle and post-mortem AD path-
ology,'"1%2% thus the disease modification hypothesis re-
mains unclear. Another hypothesis is that lifestyle factors
mitigate the clinical manifestation of ongoing disease pro-
cesses, protecting against (manifestation of) dementia
through resilience, e.g. by enhancing compensatory mechan-
isms. A previous study showed that both cognitive and phys-
ical activities were associated with better cognition in
non-demented individuals, independent of AB burden, hip-
pocampal atrophy and brain glucose metabolism.>' While
substantial research investigated these hypotheses,*** most
studies primarily focused on cognitively unimpaired elderly,
therefore, leaving a gap regarding more advanced clinical
AD stages. Additionally, evidence for lifestyle factors’
protective effects is largely derived from community-based
cohorts, with limited research on neuropathologically char-
acterized clinical samples. Furthermore, to understand the
complex interplay between (modifiable) resilience-related
factors, neuropathology and clinical outcomes, longitudinal
study designs are essential.

Therefore, this study has two overall goals. Firstly, we as-
sessed the degree of cognitive and physical activities through
questionnaires among individuals from a large memory clin-
ic cohort and compared them across a range of clinical and
aetiological diagnoses. We further characterized and de-
scribed the relationship of these two lifestyle factors with
demographics, genetic markers and imaging features.
While primarily descriptive, this component of the study of-
fers novel insights into lifetime cognitive and physical activ-
ity patterns across a variety of neurodegenerative disorders
and other conditions observed in a real-world clinical set-
ting. Secondly, to investigate the ‘resilience’ hypothesis, we
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examined the association of physical and cognitive activities
with clinical outcomes (i.e. cognition and rate of decline, risk
of progression to more advanced clinical disease stages, as
well as mortality) in a subsample of individuals with con-
firmed AD (i.e. AB) pathology, adjusting for the amount of
temporoparietal brain atrophy. Interactive and additive ef-
fects of cognitive and physical activities with atrophy were
investigated, as modulating effects are often considered evi-
dence of cognitive resilience.

Materials and methods

The sample was drawn from the ADC, a memory clinic-
based cohort at the Alzheimer’s Center, Amsterdam
University Medical Center.>>*** The sampling frame is con-
secutive and unselected, consisting of all patients who visited
the clinic between March 2013 and August 2022 (when col-
lection of the physical and cognitive activity questionnaires
started and ended, respectively), and consented to research
use of their data (7 = 5437). As part of standardized demen-
tia screening, patients underwent interviews on family and
medical history, daily activity interferences, neuropsycho-
logical assessments, physical and neurological examination,
standard laboratory tests and brain magnetic resonance im-
aging (MRI). They also underwent a lumbar puncture or
Positron Emission Tomography (PET) imaging to determine
AB status. Clinical diagnoses were established by consensus
in multidisciplinary meetings following conventional pub-
lished criteria.”>*32

We selected all participants who (fully or partially) com-
pleted self-reported cognitive and/or physical activity ques-
tionnaires (75%  responders). We collected their
demographics, Ap biomarker status, MRI data and cognitive
scores closest to the questionnaire date (typically aligning
with their memory clinic entry), considered the ‘baseline’ in
this study. Participants were assigned the diagnosis closest
to their baseline dementia screening visit or the nearest
subsequent date. For most individuals, this was within a
year. For 3.5%, the time difference was larger [median
(IQR) =1.7 (1.5) years]. Individuals without a clinical diag-
nosis (7 =58) were excluded.

The first part of this study (i.e. descriptive analyses) in-
cluded all individuals with an available diagnosis and ques-
tionnaire data, across multiple cognitive impairment and
dementia aetiologies, regardless of their biomarker status.
This sample consisted of 4033 individuals, grouped in 11
diagnostic groups: subjective cognitive decline (SCD, #n=
988), MCI (n = 524), AD dementia (7 = 1208), primary pro-
gressive aphasia (PPA, n=84), frontotemporal dementia
(FTD, #=198), dementia with Lewy bodies (DLB, n=
154), vascular dementia (VaD, n=77), corticobasal degen-
eration syndrome/progressive supranuclear palsy (CBS/PSP,
n=78), other dementia (Dementia other, #=65), other
neurological conditions (Neurology other, 7=186) and
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psychiatric conditions (Pysch, n=471). ‘Neurology other’
included individuals with an identifiable neurological cause
of cognitive decline not related to a dementia aetiology
(e.g. hydrocephalus and epilepsy). ‘Dementia other’ included
individuals with dementia-level cognitive decline who did
not meet the criteria for ‘Neurology other’ or for individual
aetiologies. ‘Psychiatry’ included individuals with an identi-
fiable psychiatric cause of their complaints according to
Diagnosic and Statistical Manual of Mental Disorders,
Fifth edition criteria (e.g. burn-out).

The second part of this study (i.e. analyses of cognitive/
physical activity and cognitive resilience/clinical progres-
sion/survival) focused on an AD continuum®® sub-sample
by including only AB-positive individuals, determined on
CSF (drift-corrected AB42 <813 pg/l**) or PET (positive
["8F]flutemetamol, ['®F]florbetaben or ['F]florbetapir visual
read according to company guidelines or [''C]PiB according
to published methods?®). Participants were diagnosed with
SCD [i.e. individuals presenting at our memory clinic but
showing no objective cognitive deficits upon extensive neuro-
psychological testing, 7n=129 (AB-positive)/988 (total)],
MCI (n=183/524) or AD dementia (n = 592/1208). This ap-
proach ensures that participants adhere to a biological defin-
ition of AD,*® while reducing heterogeneity from non-AD
causes of cognitive impairment. Additionally, since
resilience-related analyses required measures of brain atro-
phy, we excluded individuals without MRI data (38% of
AB-positive individuals) due to unavailable scans, poor seg-
mentation quality, or >1-year interval between MRI and
questionnaire date. We further gathered all available neuro-
psychological follow-up data, clinical progression informa-
tion and mortality status for these individuals.

Written informed consent was obtained for participation in
the ADC, and study procedures were approved by the insti-
tutional review board of the Amsterdam UMC.

Physical activity was assessed with a Dutch version of the
Physical Activity Scale for the Elderly (PASE).*®*” The
PASE scale is a brief questionnaire suitable for the elderly
and has previously shown adequate test—retest reliability>®
and construct validity.?”>*® The Dutch PASE version was pre-
viously validated on a Dutch sample.?” This 11-item ques-
tionnaire surveys activities performed over the past week in
household, work-related and recreational domains. Weekly
frequency and daily duration are rated on a Likert scale for
activities, such as walking, sports or recreational games,
etc. Total PASE scores were calculated according to the
Washburn et al.’® protocol. The questionnaire item re-
sponses were first converted to measures of frequency (i.e.
hours per week of activity). Overall physical activity (range:
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0 to >400) was calculated as a weighted sum of the frequency
scores, with higher scores indicating greater current physical
activity levels.

Cognitive activity was surveyed with a modified Dutch ver-
sion of the Cognitive Activity Questionnaire (CAQ).** CAQ
includes 25 items (rated on a five-point Likert scale) on cog-
nitive activities (e.g. reading books, magazines, writing let-
ters, etc.) at different life stages (ages 6, 12, 18, 40 and at
current age). CAQ total scores (range: 1-5) were calculated
as item averages within each time period: lifetime cognitive
activity (CAQ-Lifetime; all questions), past cognitive activity
(CAQ-Past; all questions excluding current) and current cog-
nitive activity (CAQ-Current; only questions concerning cur-
rent state). Higher values indicate greater cognitive activity
frequency. The CAQ has shown adequate test-retest reliabil-
ity."”*% In our total sample, the time period-specific CAQ
scores were correlated among themselves (7jifetime-past CAQ =
0'97’ Tpast-current CAQ = 0.53 and Tifetime-current CAQ = 0'70)'

Neuropsychological assessment was administered with a
standard test battery at baseline and follow-up visits. We
used the mini-mental state examination (MMSE) to assess
global cognition, and composite scores to assess memory
(MEM) and executive function (EF). The domain-specific
composite scores were calculated by averaging individual
tests, first z-scored to a reference group of cognitively unim-
paired AB-negative individuals (7=440, age=59.9+6
years, 60% male, MMSE =28.3 + 1.5). For MEM, we in-
cluded the Rey Auditory Verbal Learning Test immediate
and delayed recall, and the total recall condition (A) of the
Visual Association Test. For EF, we included the Digit
Span Backward condition, Trail Making Test (TMT)
part-B, Stroop form III and Letter Fluency tests.
Time-based tests were capped at 500 s before z-scoring,*!
and tests were inverted, when higher scores indicate worse
performance, prior to averaging. Missing TMT-B scores
were estimated using diagnosis-specific TMT B/A ratios
when TMT-A data was available (AD continuum sub-
sample only). Domain scores required at least two valid tests
per assessment. Baseline cross-sectional cognition data cor-
responded to the neuropsychological assessment closest to
the questionnaire date.

For the AD continuum sub-sample, we collected all cogni-
tion data available over time (i.e. for longitudinal analyses,
starting 2 years prior to the questionnaire date, and all future
follow-up assessments). There was variability in data avail-
ability across tests (i.e. not all individuals had all three do-
mains measured longitudinally) and individuals had
follow-up measurements at varying time intervals (see
Supplementary Fig. 1).

Structural T-weighted images were acquired across multiple
MRI scanners using standardized protocols.** Volumetric
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scans were processed and segmented into atlas-based regions
via the Freesurfer pipeline (http:/surfer.nmr.mgh.harvard.
edu/; v7.1). Segmentations were quality checked visually
and scans were excluded if a substantial amount of regions
were poorly segmented. Cortical thickness and surface area
measures were extracted using the Desikan—Killiany atlas.*?
MRI data were harmonized prior to analysis using the neu-
rocombat algorithm,** removing scanner-related variance
while preserving meaningful biological variation in pre-
defined variables (i.e. age, sex and diagnosis). For descriptive
analyses, cortical thickness across 68 cortical regions was
(surface area-weighted) averaged into a whole-brain com-
posite region of interest (ROI). To quantify atrophy in a re-
gion representative of AD-related neurodegeneration, a
temporoparietal composite ROI was calculated as the sur-
face area-weighted average of cortical thickness in regions,
including the banks of the superior temporal sulcus, inferio-
parietal, inferio-, middle- and superior-temporal, tansverse-
temporal, supramarginal, isthmuscingulate, precuneus,
enthorinal and parahippocampal cortices.

Other demographic and biomarker variables-of-interest
used in this study were age (at questionnaire date), sex
(male/female), Ap biomarker positivity (defined as explained
above) and APOE genotype (¢4 allele positive/negative).
Furthermore, education was quantified with the Dutch
Verhage scale, a qualitative 7-item ordinal scale*’ ranging
from ‘1 = primary school not completed’ to ‘7 = university
degree’, and converted to tertiles (based on the total sample)
for further analysis, by grouping Levels 1-4 into ‘low’, Level
5 into ‘medium’ and Levels 6-7 into ‘high’ tertiles.

Data regarding clinical progression (i.e. conversion of diag-
nosis, from SCD to MCI/dementia or from MCI to dementia)
was available for those AD continuum individuals who vis-
ited the memory clinic more than once [median (IQR)
follow-up duration =2.32 (1.3, 3.75) years].

Furthermore, data on mortality were collected up until
November 2023 through the Dutch Central Public
Administration [median (IQR) follow-up duration=4.28
(2.57,6.33) years]. We defined follow-up duration as the inter-
val between the questionnaire date and the date of death or, if
still alive, the last date we had received information on their sta-
tus (or if not available, the last date they visited the hospital).

Details on missing percentages across variables and diagno-
ses are provided in Supplementary Table 1, with missing va-
lues for biomarker data, such as AP status and MRI data,
being most prevalent in the total sample (20% and 28%, re-
spectively). Given the relatively large percentage, we did not
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impute these two variables (i.e. the presented statistics are
based on the complete-case subsets).

In the total sample, some individuals were missing cross-
sectional cognitive data: 2.1% were missing MMSE and
8% and 8.4% were missing the MEM or EF domain scores,
respectively. For cross-sectional scores, a multiple imput-
ation procedure was employed. Longitudinal neuropsycho-
logical domain scores were not imputed as linear mixed
models (see “Statistical analysis’ section) were employed to
model change in cognition over time, which are robust to
variability in longitudinal data points.

Regarding the main variables-of-interest, i.e. activity ques-
tionnaires, 12% of participants were missing at least one
item across CAQ, and 17% were missing at least one item
of the PASE questionnaire. There were also missing values
across demographics, APOE genotype and baseline cogni-
tion scores (0.4-8.4%). To minimize bias and maximize
the use of item-level data, we applied a multiple imputation
procedure. This approach handles missing data in CAQ/
PASE, outcome and covariate variables in a single procedure,
resulting in multiple imputed datasets. We followed a passive
imputation scheme*® for the questionnaire data, using the
R-based mice algorithm,*” where we imputed questionnaire
missing values at the item level (as opposed to imputing the
final total score) and then calculated the total scores (i.e.
sum of items for CAQ; weighed sum of items for PASE).
The ‘passive’ aspect of the procedure refers to the iterative
nature of the method, in which the items are imputed itera-
tively and the total scores are passively calculated for each it-
eration. Furthermore, to reduce the number of predictors in
the imputation model, we enforced the CAQ total score to
inform the PASE item imputation, and vice versa.

Separate imputation models were fitted for different ana-
lyses. For the descriptive analyses, we imputed the question-
naire scores based on models that included as predictors age,
sex, education, APOE genotype, diagnosis, MMSE, MEM
and EF domain scores, AP status and the total score of the
other questionnaire. Of these variables, missing values in
education, APOE genotype and the three cognition tests
(at baseline) were imputed based on the passively calculated
total cognitive/physical activity scores and the remaining
covariates. For the remaining analyses (i.e. the cognitive re-
silience and conversion/survival analyses), a similar imput-
ation model was built. However, in this case, only the
AB-positive AD continuum sub-sample and the temporopar-
ietal cortical thickness ROI were included. This variable did
not have missing values (since it was a selection criterion for
this subsample), however, it was now included as a predictor
in the imputation models for the remaining variables given
that is an important predictor in the models of interest.

Given the dataset size and rate of missing values, we gen-
erated 40 imputed datasets for each imputation model (with
100 iterations to ensure correct convergence of imputed
scores) and performed the statistical analyses described be-
low within a multiple imputation framework (i.e. models
are fitted to each imputed dataset and statistics are then
pulled across the 40 datasets).
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All statistical analyses were done using R (v4.2.1, The R
Foundation for Statistical Computing) and statistical signifi-
cance was set at P < 0.05, two-sided.

Descriptive analyses were performed in the total sample of
participants to compare cognitive and physical activity levels
across diagnoses and assess their association with each other
as well as with demographic, genetic, cognitive and imaging
variables. Group differences across diagnoses were tested
with linear regression models that included each activity
score (lifetime CAQ, past CAQ, current CAQ and PASE)
as dependent variable and diagnosis as independent variable,
while adjusting for age, sex and education. In the presence of
a significant omnibus test (i.e. a multivariate Wald test, Dy),
pairwise comparisons were tested with a post hoc Tukey ad-
justed test. Activity scores were standardized to the mean
and standard deviation of the total sample to calculate stan-
dardized difference estimates (we report both standardized
and unstandardized coefficients). We used similar models
to test for differences in CAQ and PASE scores by sex,
APOE-£4 genotype and education levels (categorical vari-
ables) and test the association of activity scores with baseline
age, MMSE, MEM and EF scores and whole-brain cortical
thickness (continuous variables). These models were also
adjusted for diagnosis (in addition to age, sex and education)
as the aim was to test for overall differences and associations
in the total sample. We also estimated, in similar covariate-
adjusted regression models, the extent to which the different
activity scores relate to each other. See Supplementary
Table 4 for an overview of all models.

To assess cognitive and physical activities as potential deter-
minants of cognitive resilience, we operationalized resilience
as the extent to which cognition remains (relatively) pre-
served despite the presence of brain atrophy. This definition
aligns closely with the definition of cognitive reserve as de-
scribed by the Collaboratory on Research Definitions for
Reserve and Resilience in Cognitive Aging and Dementia
(https:/reserveandresilience.com/framework/). Here, we
use the term ‘resilience’ because it serves as a broad descrip-
tor that does not specify underlying mechanisms, potentially
encompassing both factors that mitigate the progression of
the disease (resulting in a slower rate of decline) and factors
that reflect a greater premorbid reserve (leading to a higher
initial cognitive level). Secondly, the term ‘resilience’ suggests
a relative measure that reflects a continuum, which matches
our statistical models (explained below) that infer resilience
as a deviation from a normative curve of ‘expected cognitive
decline for a given level of atrophy’.

To investigate the association of cognitive and physical ac-
tivity levels with cognitive resilience in the AD continuum
sub-sample, we modelled longitudinal cognition and
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assessed the effect of the questionnaire scores as a function/
independent of temporoparietal atrophy. These analyses
were run in the total AD continuum sample, as well as within
strata by diagnosis (i.e. in the SCD, MCI and AD dementia
groups separately). More specifically, we fitted linear
mixed-effects models with each (longitudinal) cognitive
score as outcome variable, and time (from baseline visit, in
years), temporoparietal cortical thickness and the activity
score of interest as independent variables. For all predictors
(measured at baseline), we included interaction terms with
time to assess their association with rate of decline.
Random intercepts and slopes were modelled for the time
variable. All individuals (i.e. those with and without follow-
up available) were included in the model. We initially tested
an interaction between the CAQ/PASE score and atrophy
(activity *atrophy*time), to assess whether cognitive/physic-
al activity moderated the association of atrophy with cogni-
tion/rate of decline (i.e. an interactive effect between activity
and atrophy). In the absence of a significant interaction, we
removed this interaction to test whether cognitive/physical
activity contributes to preserving better cognition (i.e. the
cross-sectional term in the model) or to slowing down rate
of decline (i.e. the longitudinal term activity *time) at similar
levels of atrophy (i.e. an additive effect of activity independ-
ent of atrophy). All models were controlled for age and sex
(and their interaction with time) (Supplementary Table 6).
Additionally, we performed sensitivity analyses in which
models were also controlled for education and APOE-¢4
carriership status. For certain outcomes and diagnoses,
mixed-effects models with random intercepts and slopes
failed to converge (due to a limited number of observations
relative to random effects). In these cases, models were fitted
with random intercepts only (Supplementary Table 7). For
the remaining models, random slopes were included when
data availability allowed and log-likelihood tests showed im-
proved model fit. Standardized coefficients were calculated
by standardizing longitudinal cognitive scores to the total
sample mean and standard deviation at baseline. All other
cross-sectional predictors were similarly z-scored with re-
spect to the total sample. To control for multiple compari-
sons, false discovery rate (FDR) correction was applied
across the three cognitive outcomes and all tested effects (in-
teractions and main independent effects) within each activity
questionnaire and clinical group (SCD/MCI/AD). This ap-
proach was chosen over more conservative methods that as-
sume test independence and are likely to over penalize Type I
error in the context of correlated cognitive domains and out-
comes. Statistical significance was set at 0. < 0.05, and we re-
port both FDR-corrected and -uncorrected results.

In the AD continuum subsample, we investigated in survival
analyses whether cognitive and physical activities are predic-
tors of disease progression and/or mortality risk, when ad-
justing for brain atrophy levels. We used Cox regressions
among pre-dementia individuals (SCD and MCI, n=312)
to estimate the relationship between CAQ and PASE scores
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and clinical progression, defined as change in baseline diag-
nosis from SCD to MCI/dementia or from MCI to dementia.
A model was fitted for each questionnaire score, with the ac-
tivity score, temporoparietal atrophy, age and sex as predic-
tors (and education and APOE-¢4 status in sensitivity
analyses). Similar Cox regressions models were fitted with
mortality as outcome. These analyses were performed in
the total sample and stratified by disease stage. Although
we tested for interactions between the activity scores and
cortical atrophy in our Cox regression models, no such ef-
fects were present. The results section will thus only describe
additive effects of activity scores, based on models without
interaction terms. Hazard ratios (HRs) from survival models
reflect, therefore, how cognitive and physical activities af-
fected the risk of clinical progression or mortality independ-
ent of atrophy (i.e. at similar levels of atrophy). Like previous
models, we applied an FDR-correction for multiple compar-
isons and report both corrected and uncorrected levels of
significance.

Results

An overview of summary statistics stratified by diagnosis is
presented in Table 1 (and Supplementary Tables 2 and 3).
Across the total sample, adjusting for age, sex, education
and diagnosis, there was a positive association between all
three cognitive activity scores (Table 2). Lifetime CAQ
was most strongly associated with past CAQ (Bs.q = 0.95,
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P <0.001, driven by the large overlap between items), while
past and current CAQ scores were correlated to a lesser ex-
tent (Bscg = 0.44, P < 0.001). Physical activity was positively
associated with all three cognitive activity scores, with the
largest effect size for current CAQ (Bsq = 0.22, P <0.001).

Adjusting for age, sex and education, levels of lifetime CAQ
(F(10,4004.50) = 3.73, P <0.001), current CAQ (F(10,
4003.55)=19.62, P<0.001) and PASE (F(10,3980.47) =
22.51, P <0.001) differed across diagnostic groups, but le-
vels of past CAQ did not (F(10,3980.47) = 1.67, P = 0.08).
Adjusted pairwise group differences are shown in
Supplementary Table 5. Lifetime CAQ scores were higher
in SCD and MCI compared to the Psychiatry group
(Fig. 1A), with no other statistically significant differences
being observed between other diagnostic groups. All differ-
ences across groups in current CAQ and in (current) PASE
are displayed in Fig. 1B and Supplementary Table 5. To high-
light a few, SCD and MCI patients showed higher levels of
both current cognitive (all P <0.001) and physical activities
(P <0.001-0.03) compared with other dementia aetiologies,
while patients with PPA showed higher levels of physical ac-
tivity compared with all other dementia diagnoses (all P <

0.01), including AD (P =0.016).

Adjusting for other demographic variables and diagnosis, fe-
males showed higher levels of cognitive activity (across all

Table | Characteristics Amsterdam Dementia Cohort—summary statistics calculated with complete case data

Variable N SCD MCI FTD? DLB CBS/PSP VaD Other®
N 4033 988 524 282 154 78 77 722
Age 4033 61.1+84 65.7+72 65.4+7.6 644+78 686+53 668+60 678+82 595+92
Sex, N females (%) 4033 408 (41) 194 (37) 637 (53) 132 (47) 33 (21) 30 (38) 28 (36) 257 (36)
Education, N (%) 4018

Low 194 (20) 143 (27) 407 (34) 95 (34) 43 (28) 32 (42) 32 (42) 279 (39)

Medium 263 (27) 139 (27) 346 (29) 84 (30) 38 (25) 21 (27) 25 (32) 216 (30)

High 524 (53) 24| (46) 454 (38) 100 (36) 73 (47) 24 (31) 20 (26) 225 (31)
APOE e4, N positive (%) 3925 361 (38) 283 (56) 801 (68) 91 (33) 75 (50) 27 (36) 31 (40) 214 (30)
Amyloid status, N positive (%) 3241 174 (23) 264 (57) 1014 (95) 6l (27) 69 (62) 14 (26) 23 (38) 11 @21)
MMSE 3947 282+ 1.7 26.6 +2.3 204 +5.3 23.6+52 229+44 241+£39 229+46 25.7+40
Memory 3709 -0.1+09 -20+15 —42+20 —-19+16 -28+18 —-14+I15 -27+19 —-12+16
Executive function 3695 —0.1+09 -0.8+09 —-19+13 —-1.5+13 -20+1.1 -29+13 -22+13 —-12+13
Lifetime CAQ 3515 27+06 2.7+0.6 26+0.6 26+0.7 26+0.6 25+0.6 24+0.7 24+0.7
Past CAQ 3553 2.7+07 2.6+0.6 26+0.7 25+0.7 26+0.6 24+0.7 23+0.7 25+0.7
Current CAQ 3879 3.0+08 3.0+0.8 26+0.8 26+0.8 26+0.8 27+0.8 25+09 24+09
PASE score 3338 153.7+81.8 1443+79.6 1350+773 140.6+90.1 1252+91.2 96.9+522 779+754 109.0+76.0
Wholebrain thickness 2885 24 +0.1 23+0.1 23+0.1 23+0.1 23+0.1 23+0.1 23+0.1 24+0.1

Mean =+ standard deviation, unless specified otherwise. Summary statistics presented here were calculated based on a complete-case analyses (with varying number of available

individual data points N per variable). Summary statistics calculated within a multiple imputation framework are shown in Supplementary Table 2. SCD, subjective cognitive decline;
MCI, mild cognitive impairment; AD, Alzheimer’s disease dementia; PPA, primary progressive aphasia; FTD, frontotemporal neurodegeneration dementia; DLB, dementia with Lewy
bodies; CBS/PSP, corticobasal degeneration/progressive supranuclear palsy; VaD, vascular dementia; Other, other neurological or psychiatry conditions. *The FTD group represent a
combination of bvFTD, semantic variant PPA and non-fluent variant PPA. Characteristics for the different diagnostic groups are presented in Supplementary Table 3. ®The Other group
represents a combination of dementias due to other causes (Dementia other) and other neurological and psychiatry disorders (Neuro other, Psych). Characteristics for the different

diagnostic groups are presented in Supplementary Table 3.
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Table 2 Association of cognitive and physical activities with demographic variables, cognition and cortical thickness

CAQ Lifetime score

CAQ past score

CAQ Current score PASE score

Std. estimate Std. estimate

(SD) P-value (SD)

Age 0.07 (0.01) <0.001 0.03 (0.01)
Sex

Male—female —0.26 (0.03) <0.001 —0.26 (0.03)
Education

Low-medium —0.58 (0.04) <0.001 —0.56 (0.04)

Low—high —1.11 (0.03) <0.001 —1.09 (0.03)

Medium—high —0.52 (0.03) <0.001 —0.53 (0.03)
APOE e4 status

E4 negative-E4 —0.06 (0.03) 0.035 —0.05 (0.03)

positive

Cognition

MMSE 0.15 (0.02) <0.001 0.1 (0.02)

Memory 0.04 (0.02) 0.031 0.01 (0.02)

Executive function 0.13 (0.02) <0.001 0.09 (0.02)
Cortical thickness

Whole-brain —0.01 (0.02) 0.503 —0.03 (0.02)
CAQ/PASE scores

CAQ lifetime score n.a. n.a. 0.95 (0)

CAQ past score n.a. n.a. n.a.

PASE score 0.2 (0.02) <0.001 0.17 (0.02)

Std. estimate Std. estimate

P-value (SD) P-value (SD) P-value
0.077 0.2 (0.02) <0.001 —0.14 (0.02) <0.001
<0.001 —0.15 (0.03) <0.001 0.21 (0.03) <0.001
<0.001 —0.45 (0.04) <0.001 —0.11 (0.04) 0.019
<0.001 —0.76 (0.03) <0.001 —0.1 (0.04) 0018
<0.001 —0.3 (0.04) <0.001 0.01 (0.04) 0.981
0.086 —0.07 (0.03) 0.025 —0.08 (0.03) 0016
<0.001 0.28 (0.02) <0.001 0.17 (0.02) <0.001
0.656 0.13 (0.02) <0.001 0.11 (0.02) <0.001
<0.001 0.19 (0.02) <0.001 0.08 (0.02) <0.001
0.183 0.03 (0.02) 0.095 0.08 (0.02) 0.001
<0.001 0.63 (0.01) <0.001 na. na.
n.a. 0.44 (0.01) <0.001 n.a. n.a.
<0.001 0.22 (0.02) <0.001 na. na.

All models were adjusted for age, sex, education and diagnosis. Values in bold indicate statistically significant results (P < 0.05).

three scores, all P < 0.001, with the largest difference in past
CAQ Bs.g=0.26), whereas males showed higher levels of
physical activity (Bs.q =0.21, P <0.001) (Fig. 2). APOE-¢4
carriers, compared to non-carriers, showed higher levels of
current and lifetime CAQ (but not past CAQ) and PASE
scores (range fBs,g=—0.08 to 0.06, all P <0.05), although
these differences were smaller in magnitude (Table 2).
Education was positively associated with all three CAQ
scores, as well as PASE (all CAQ omnibus F-tests P <
0.001, PASE F-test P = 0.008), with increasing levels of cog-
nitive and physical activities per increasing educational level
(Table 2, Fig. 2). Older baseline age was associated with
higher lifetime and current CAQ (Bs.g=0.2, P<0.001)
and with lower PASE scores (Bs.q=-0.14, P<0.001)
(Table 2, Fig. 2) but was unrelated to past CAQ. Better glo-
bal cognition and executive function (in models adjusted for
diagnosis, i.e. within diagnostic group) were associated with
higher scores across all cognitive and physical activity mea-
sures (all P<0.001), while memory was positively asso-
ciated with lifetime/current CAQ and PASE scores (P <
0.001) but not with past CAQ (Table 2, Fig. 2). When asses-
sing associations with atrophy in the subsample with avail-
able MRI, whole-brain cortical thickness was positively
associated with levels of physical activity (P=0.001) but
not with any of the cognitive activity scores (Table 2, Fig. 2).

In models assessing their contribution to cognitive resilience
(i.e. at similar levels of brain atrophy) in AB-positive indivi-
duals across different disease stages (Table 3), cognitive

and physical activity levels showed positive additive effects
on cross-sectional cognition, but no interactive effects on ei-
ther cross-sectional cognition or longitudinal rate of decline.
In the AD continuum, and independent of temporoparietal
atrophy, higher lifetime and past CAQ scores were asso-
ciated with better cognitive performance on MMSE at base-
line (BStd =0.19 and BStd =0.15, both Prpr < 0.001,
Fig. 3A), primarily driven by the AD dementia group
(Table 4). Notably, while a relatively small positive associ-
ation was observed for memory only in the total group, a
positive effect on executive function levels was observed in
all three diagnostic groups (Psq=0.15-0.22, all Pgpr <
0.001, Table 4). Similarly, higher level of current CAQ was
associated with better MMSE and memory in the total sam-
ple and AD subgroup, and with better executive function
across all groups. Higher PASE score was also associated
with better MMSE and executive function in the total sample
(Fig. 3B) and the AD dementia subgroup (Bs.q=0.08-0.10,
all Prpgr < 0.05) but not with memory (Table 4). When ad-
justing for education and for APOE-&4 status, a similar pat-
tern of results remained, albeit with reduced effect sizes
(Supplementary Table 8 A-C).

Longitudinally, no independent associations were found
between any of the CAQ and PASE scores and rate of cogni-
tive decline across all three cognitive domains and diagnostic
groups, suggesting that at similar levels of atrophy, cognitive
and physical activities do not modify (i.e. accelerate or slow
down) cognitive decline (Supplementary Table 9A-D).

Assessing whether cognitive or physical activity modified
the effect of temporoparietal atrophy on cross-sectional cog-
nition, higher current CAQ and PASE were associated with a
more negative effect of temporoparietal atrophy on baseline
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Figure | Cognitive and physical activities across diagnostic groups in the memory clinic-based ADC cohort. (A) Lifetime CAQ
scores and (B) PASE scores. Differences across diagnostic groups were tested using linear regression models adjusted for age and sex. Sample size:
N =4033. Stars represent FDR-adjusted P-values: * = Pepg < 0.05, ** = Pepr < 0.01, ¥** = Pepg < 0.001. # Differences in PASE scores between
diagnostic groups (adjusted for age and sex): SCD > Dem other***, VaD*** CBS/PSP***, Psych*** Neuro other***, FTD*. MC| > Dem other***,
VaD*** CBS/PSP*¥#*, Psych***, Neuro other***. AD > Dem other**, VaD*¥*, CBS/PSP**, Psych***, Neuro other***. PPA > Dem other*¥*,

VaD*#% CBS/PSP*#*, Psych***, Neuro other™*, FTD** DLB**, AD*. FTD > Dem other**, VaD¥*, Psych*. DLB > Dem other**, VaD**, Psych**.
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Figure 2 Association of cognitive and physical activities with sex, education, cognition and whole-brain atrophy. Lifetime CAQ
and PASE scores in the total sample. Associations were estimated using linear regression models adjusted for age, sex and diagnosis. Education,
cognition and whole-brain atrophy continuous variables were tertiled for plotting purposes. Sample size varies per comparison (range N = 3936—
4033 depending on variable completeness). Stars represent P-values: * =P < 0.05, ** =P < 0.01, *** =P < 0.001.

level of MMSE and executive function in the total sample. effect of activity on the association of atrophy with rate of
This reversed effect was mostly driven by the AD subgroup cognitive decline, an interaction was observed only in the
(Supplementary Table 10A-D). Investigating the moderating AD group. A higher level of current CAQ was associated
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Table 3 Characteristics AD continuum—summary statistics calculated with multiple imputed datasets

Participant characteristics Total N =904

Age 65.1 +7.3

Sex, N females (%) 462 (51)
Education, N (%)

Low 237 (26)

Medium 256 (28)

High 411 (45)
APOE e4, N positive (%) 641 (71)
MMSE 23.0+54
Memory -3.1+23
Executive function -13+£14
Lifetime CAQ 27+06
Past CAQ 26+07
Current CAQ 28+0.8
PASE score 148.4 +77.2
Wholebrain thickness 23+0.1
Temporoparietal thickness 24+0.1
Longitudinal cognition, median (IQR)

MMSE follow up (years) 1.1 (0.04,2.7)

Memory follow-up (years) 1.0 (0.03, 2.4)

Executive function follow-up (years) 0.2 (0.00, 2.1)
Clinical progression

Diagnostic conversions, N (%) 116 37)

Follow-up (years), median (IQR) 1.5 (0.00, 3.2)
Mortality

Deceased during follow-up, N (%) 301 (33)

Follow-up (years), median (IQR) 4.3 (2.6, 6.3)

SCDN=129 MCIN=183 AD N =592
638+7.5 66.1 +6.7 65.1 +7.4
65 (50) 84 (46) 313 (53)
21 (16) 36 (20) 180 (30)
33 (26) 41 (22) 182 (31)
75 (58) 106 (58) 230 (39)
86 (67) 138 (75) 417 (70)
282+ 1.7 264+2.3 20.8+5.3
-0.2+08 -22+14 —4.1+20
—0.1+08 -0.5+08 —-19+14
28+0.6 28+0.6 26+0.6
27+0.6 2.7+0.6 26+0.7
3.1 +£07 3.1+£07 27+0.8
154.0 +78.5 1623 +79.9 142.9 +£75.5
24+0.1 2.3 +0.1 23 +0.1
25+0.1 24+0.1 23+0.1
2.4 (0.2, 4.5) 2.1 (0.3, 3.4) 0.9 (0.01, 2.0)
2.2 (0.2,4.1) 2.0 (0.1, 3.3) 0.2 (0.00, 1.9)
2.3 (0.2,4.2) 1.9 (0.1, 3.1) 0.1 (0.00, I.1)

37 (29) 79 (43)
2.0 (0.00, 4.0) 1.2 (0.00, 2.8)

12 (9.3) 39 (21) 250 (42)
4.1 (2.5, 6.3) 4.8 (2.5, 6.5) 4.6 (3.2, 6.4)

The data depicted in this table pertain only to participants within the amyloid-positive AD continuum sample.

with an attenuated effect of atrophy on rate of decline in EF
(Bsta = 0.1, Pppr < 0.05). This effect was observed also when
adjusting for education and for APOE-£4 status, although it
was not observed for MMSE or memory (Supplementary
Table 11A-D).

Progression to MCl/dementia occurred in 29 % of the SCD
sample, and 43% of the MCI individuals converted to de-
mentia during follow-up. Cox regression models in the
predementia (i.e. combined SCD/MCI) group showed no
association of any of the cognitive and physical activity
questionnaire scores with risk of clinical progression,
when controlling for the level of cortical atrophy
(Table 4, Fig. 4A).

A third of the total AD continuum sample died over the
follow-up period [median (IQR)=4.28 (2.57, 6.33)]: 9%
of SCD, 21% of MCI and 42% of AD dementia patients.
In the total sample, survival Cox models showed that higher
cognitive and physical activities was associated with lower
mortality rates, i.e. lifetime CAQ [HR (95% confidence
interval, CI)=0.87 (0.78-0.98), Prpr <0.05], current
CAQ [HR (95% CI)=0.81 (0.73-0.92), Prpgr <0.001]

and PASE [HR (95% CI)=0.88 (0.79-0.99), Prpr < 0.05].
The effect of lifetime [HR (95% CI)=0.53 (0.35-0.8),
Prpr <0.01] and past [HR (95% CI)=0.54 (0.36-0.8),
Prpr < 0.01] CAQ on reduced mortality risk was mostly ob-
served in individuals with MCI (Fig. 4B). The association of
current CAQ [HR (95% CI) =0.88 (0.77-1)] and PASE [HR
(95% CI)=0.87 (0.76-0.98)] levels with mortality was
mostly driven by the AD dementia group, in which higher ac-
tivity levels in individuals with similar atrophy relate to low-
er risk of death (Table 4, Fig. 4C). Comparable to the
longitudinal cognition results described in the previous sec-
tion, additionally adjusting the models for education and
APOE-¢4 status partially reduced the effect sizes
(Supplementary Table 12A-C).

Discussion

In this study, we employed two self-reported questionnaires
to quantify and characterize two modifiable lifestyle factors,
i.e. cognitive activity, defined in early-life, mid-life or concur-
rently at enrollment in the memory clinic, and physical activ-
ity, rated (only) at enrollment. Within the AD continuum,
higher levels of both past and current cognitive activity, as
well as current physical activity, were primarily associated
with better baseline cognitive performance when controlling
for temporoparietal brain atrophy. In other words, at similar
amounts of AD-related brain atrophy, individuals engaging
more often in these activities showed, on average, better
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A Past Cognitive activity

Past CAQ score

204 = Low (Mean-1.5*SD)

Past CAQ Bstd: 0.17, p < 0.001
51 Past CAQ * Time Bstd: -0.01, p = 0.622

High (Mean+1.5*SD)
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Physical activity

PASE score
= Low (Mean-1.5*SD)
High (Mean+1.5*SD)

201

PASE Bstd: 0.11, p = 0.003
54 PASE * Time Bstd: -0.01, p = 0.758

0 2 4 6
Time (years)

0 2 4 6
Time (years)

Figure 3 Model-predicted trajectories of cognitive decline over time in AD dementia individuals. (A) Past CAQ and (B) PASE
effects. Predicted cognitive trajectories were derived from linear mixed-effects models adjusted for age, sex and temporoparietal atrophy, with
random intercepts and slopes for time. High and low levels of activity were defined as +1.5 SD from the mean. The data and analyses depicted in
this figure pertain only to participants within the AD continuum sample. Sample: AD dementia participants within the amyloid-positive AD

continuum (N =592).

cognitive performance, indicative of resilience. These pro-
tective effects were more pronounced in global cognition
and executive functioning, and less so in the memory do-
main. Associations with global cognition were primarily dri-
ven by the AD dementia group, whereas the associations of
cognitive activity with executive function were also observed
in SCD and MCI. This pattern may suggest that lifestyle fac-
tors are more effective in preserving non-memory cognitive
domains, whereas memory performance, often most com-
promised in individuals on the AD continuum, may present
limited capacity for benefit. While the relationship between
higher ‘current’ activity levels (i.e. measured at the first mem-
ory clinic visit) and higher concurrent cognitive performance
may be partially attributable to reverse causality (i.e. more
clinically impaired individuals may gradually engage less in
cognitive/physical activities in their daily life), the observed
effects with past cognitive activity suggest that early-life
and mid-life engagement in mentally stimulating activities
may play a role in building cognitive reserve. This reserve
may provide a buffer against cognitive loss once AD mani-
fests, allowing individuals to maintain better cognitive func-
tion for a longer period despite advancing pathology. Our
findings align with previous literature showing a similar
positive effect of early-life and adulthood cognitive activity
on late-life cognition,*® suggesting a link between sustained
intellectual engagement that requires mental effort and an in-
creased efficiency and flexibility of neuronal circuits under-
lying cognition. Furthermore, our findings support
evidence from a randomized controlled trial where cognitive
and physical activities (combined with diet and vascular risk
management) improved executive function, processing speed
and global cognition, but not in memory, in elderly at risk of
cognitive impairment.*’

To examine resilience specifically in the context of AD, all lon-
gitudinal analyses were restricted to amyloid-positive indivi-
duals, optimizing biological homogeneity by reducing
confounding from non-AD aetiologies. Importantly, our re-
sults indicate that the benefits of cognitive and physical activ-
ities across the AD continuum mainly pertained to a higher
baseline cognitive performance rather than an attenuation of
clinical progression. This is supported by the lack of associa-
tions with longitudinal cognitive decline or progression to
MCI or dementia. In other words, past cognitive activity likely
enhances premorbid cognitive performance (reflected by the
intercept associations in our data) which, in turn, delays the
onset of cognitive loss rather than modifying the rate of clinical
progression (reflected by the lack of an association with the
slope). These findings mirror our previous study on the same
cohort that failed to observe a longitudinal association of edu-
cational attainment, the most commonly used proxy measure
of cognitive reserve, with cognitive decline in prodromal AD
stages.’” This is further supported by previous literature.”~>
Interestingly, we did not observe a paradoxical inverted asso-
ciation of cognitive/physical activity with an accelerated rate of
decline in the later dementia stages, whereas this is consistently
observed when using educational attainment as a predictor.
It is important to note that the difference in intercepts, but
not in slopes, could also reflect what has been denoted as a
‘preserved differentiation’ of cognitive abilities, i.e. the dif-
ferences observed in late-life cognition might simply reflect
a persistence of functional differences that have existed since
earlier life.>*® While a proportion of the effect is indeed
likely due to pre-disease differences in cognitive ability, this
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Figure 4 Cox-model estimated survival curves. (A) Progression in preclinical AD continuum participants by lifetime CAQ, (B) survival in
AD individuals by PASE score and (C) survival in MCl individuals by past CAQ score. Survival probabilities were estimated using Cox regression
models adjusted for age, sex and temporoparietal atrophy. Questionnaire scores were dichotomized with a median-split for plotting. High and low
groups for illustrative purposes reflect +1.5 SD from the mean. Note: The data and analyses depicted in this figure pertain only to participants

within the amyloid-positive AD continuum sample.

does not rule out the possibility of lifestyle factors having a
beneficial causal effect on said pre-morbid levels earlier in
life. Past research suggested a link between more stimulating
environments in childhood and higher cognitive abilities la-
ter in life.>”™

In line with previous work on the same cohort in which other
reserve proxies (i.e. educational attainment and total intra-
cranial volume)’° were investigated, we observed a protect-
ive association of cognitive and physical activities with
mortality. Current cognitive and physical activities were
positively associated with a reduced risk of mortality in the
overall sample, with this effect being most pronounced in
the AD subgroup. However, due to the nature of these
data and study design, it is impossible to separate a potential
active benefit of these lifestyle factors from reverse causality
effects, with the latter likely playing a more significant role in
these results. Nonetheless, previous literature studying a
population-based sample of individuals with AD dementia
prospectively showed a prolonged survival of AD individuals
that were more physically active prior to diagnosis.®”
Similarly, a meta-analysis on the role of physical activity
even in advanced dementia stages suggested that those en-
gaging in higher activity decline at a lower rate compared
to those who do not."® Furthermore, in our results, lifetime
and past cognitive activity provided a (comparably larger)
survival benefit for individuals with MCI, although not for
those with SCD or dementia. While this may reflect broader
health-related behaviours or earlier-stage intervention ef-
fects, we cannot rule out the role of unmeasured confoun-
ders, recall bias or noise. Literature on the relationship
between early- and mid-life cognitively stimulating activities
and mortality outcomes is scarce, and therefore, the potential

mechanisms remain elusive. Nonetheless, modifiable lifestyle
factors are increasingly recognized as key targets for inter-
vention to promote cognitive health, and potentially longev-
ity, in the face of AD pathology.®'-**

Descriptive analyses of the full memory clinic sample showed
that diagnostic groups differed mainly in current cognitive
and physical activity levels, likely reflecting clinical severity
rather than disease-specific aetiologies. Females had higher
lifetime, past and current cognitive activity scores, while
males had higher physical activity scores. Examining the as-
sociation with atrophy, physical (but not cognitive) activity
showed a modest positive association with higher whole-
brain cortical thickness. All questionnaire summary scores
were positively associated with educational attainment and
cognitive performance, underscoring the connection be-
tween cognitive reserve proxies and better outcomes across
neurodegenerative diseases. Investigating different cognitive
domains, current cognitive activity was associated with high-
er scores on all three outcomes, i.e. global cognition, memory
and executive function, likely reflecting partial reverse caus-
ality. Past cognitive activity, however, was related to better
global cognition and executive function, but not to memory.
Similarly, within the AD continuum, past and current cogni-
tive activity and current physical activity were primarily as-
sociated with better baseline cognitive performance when
controlling for temporoparietal brain atrophy, particularly
in global cognition and executive functioning. This finding
is supported by extensive literature linking cognitive reserve
to superior functioning specifically of cognitive abilities that
support efficient processing of information in the brain.®?"¢
Furthermore, some interventional studies aimed at improv-
ing cognition through physical activity showed benefits on
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executive functioning®”®® in individuals with MCI or de-
mentia; however, interventions with cognitive training failed
to show a significant benefit in these patients.®’

This study has several strengths. Firstly, the large memory
clinic cohort with consecutive enrollment provides a unique
sample for investigating the complex relationships between
cognitive and physical activities, dementia-related brain atro-
phy and cognition. Unlike studies focusing on broadly de-
fined dementia groups or narrow diagnostic subsets, our
cohort includes a wide range of clinical and aetiological diag-
noses. A further asset is the comprehensive assessment of
both cognitive and physical activities across the lifespan using
questionnaire-based measures in one sample, allowing for a
more direct and straightforward comparison between the
two lifestyle factors. There are also several limitations.
Firstly, self-reported measures of cognitive and physical ac-
tivities introduce potential recall bias and subjective report-
ing, particularly for early-life items and in individuals with
advanced cognitive impairment. While caregivers often as-
sisted with survey completion, we lacked systematic data to
account for proxy effects in our analyses. Future develop-
ments in digital measures will likely facilitate the objective as-
sessment of cognitive and physical activity measures.
Secondly, the memory clinic setting led to variability in miss-
ing data across variables and time points. Longitudinal cogni-
tive assessments were not uniformly collected, and dropout
rates were higher among the more impaired individuals.
Thirdly, we lacked socioeconomic status information and
cardiovascular health data for the full sample. Given estab-
lished links between cognitive activity, education, socio-
economic status and cardiovascular risk, these omissions
may have influenced our findings. Furthermore, the ADC co-
hort, composed mainly of highly educated, mostly Caucasian
individuals with higher socioeconomic status, may not re-
present the average Dutch memory clinic patient. Future
studies should include more comprehensive assessment of
these variables. Similarly, additional pathological markers
(e.g. tau and cerebrovascular disease) that likely influence
clinical outcomes are key to include in future studies to disen-
tangle the relative contributions of co-pathologies and better
characterize the mechanisms underlying cognitive and brain
resilience. Fourthly, as an observational study, causal infer-
ences between lifestyle activities and cognitive outcomes can-
not be definitively made. Experimental designs are essential
for determining optimal types, frequencies and durations of
cognitive and physical activities for maximizing brain health
and promoting successful ageing amidst AD pathology.

Conclusion

Engaging in cognitively stimulating activities during early-
and mid-life may provide late-life cognitive benefits that per-
sist even when AD manifests. While associations between
current cognitive and physical activities and better cognitive

D. |. Bocancea et al.

performance could partly reflect reverse causality, the effects
of past cognitive activity underscore the value of lifelong cog-
nitive engagement to promote cognitive health in old age and
neurodegeneration.

Supplementary material

Supplementary material is available at Brain Communications
online.
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