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Abstract
Background: The association between lifestyle factors and Alzheimer’s disease (AD) pathophysiology remains incom-

pletely understood.

Objective: The aim of this study was to assess the association of alcohol consumption, smoking behavior, sleep quality

and physical, cognitive, and social activity with cerebral amyloid pathology.

Methods: For this cross-sectional study, we selected participants from the Amyloid Biomarker Study data pooling initiative.

We used generalized estimating equations to assess associations of dichotomized lifestyle measures with amyloid pathology.

Results: We included 9171 participants with normal cognition (NC) and 2555 participants with mild cognitive impair-

ment (MCI) from the Amyloid Biomarker Study. Of participants with NC, 58% were women, 34% were APOE ϵ4 carrier,

and 27% had amyloid pathology. Of participants with MCI, 48% were women, 47% were APOE ϵ4 carrier, and 57% had

amyloid pathology. In NC, cognitively active participants were less likely to have amyloid pathology (OR= 0.77, 95%CI

0.66–0.89, p < 0.001). In MCI, participants who had ever smoked or had sleep problems were less likely to have amyloid

pathology (OR= 0.85, 95%CI 0.73–0.99, p= 0.029; OR= 0.62, 95%CI 0.45–0.86, p= 0.004).

Conclusions: In NC, cognitive activity was associated with a lower frequency of amyloid pathology. In MCI, favorable

lifestyle behaviors were not associated with a lower frequency of amyloid pathology. The results of the current study

contribute to the broader evidence base on lifestyle and AD by further characterizing the role of lifestyle behaviors in

AD pathology across different clinical stages.
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Introduction
Evidence on the role of lifestyle behaviors in the develop-
ment of cognitive impairment and dementia has been steadily
accumulating, with evidence from meta-analyses and sys-
tematic reviews showing clear associations between lifestyle
factors and dementia risk.1 However, the relation between
lifestyle factors and Alzheimer’s disease (AD) pathophysi-
ology is not yet well defined. A better understanding of the
association between lifestyle factors and AD pathology
(i.e., amyloid plaques and tau tangles) in early disease
stages may help to identify those at risk and contribute to
the development of targeted prevention strategies.

Findings from previous studies on the association
between lifestyle factors and AD biomarkers of amyloid
in cerebrospinal fluid (CSF) or on positron emission tomog-
raphy (PET) are mainly based on cross-sectional analyses
and are heterogeneous.2–16 While some studies report
clear associations between lifestyle behaviors such as phys-
ical and cognitive activity and amyloid burden,2–4,6,7,9,10,12–
16 others find no associations between lifestyle behaviors
and amyloid pathology,5,8,11 or identify associations spe-
cific to APOE ϵ4 carriers or non-carriers.7

Differences in composition and size of study cohorts,
associated differences in distributions of demographic
factors, timing (midlife versus late life), and method of life-
style assessment as well as lack of power contribute to het-
erogeneity and likely account for a proportion of the
divergence in results. Assessment in a large, harmonized
study sample could therefore provide more insight into
the role of lifestyle factors in the development of AD.

The aim of the current cross-sectional study was to
examine the associations of alcohol consumption, smoking
behavior, sleep quality, physical activity, cognitive activity,
and social activity with amyloid pathology in a large group
of persons without dementia by harmonizing lifestyle and
amyloid measures across 42 cohorts and 11,726 participants
included in the Amyloid Biomarker Study (ABS).

Methods

Standard protocol approvals, registrations, and
patient consents
Written informed consent was obtained from all partici-
pants and data were de-identified. All individual sites con-
tributing to the ABS have obtained local ethical approval
and the ABS was approved by the Medical Ethics

Committee of the Maastricht University Medical Center
which declared that the Medical Research Involving
Human Subjects Act does not apply to the study and
waived the informed consent requirement because
de-identified data were used.

Participants
Participants for this cross-sectional study were recruited from
the ABS, a data pooling initiative that was started in 2013.
Study design and data collection have been described previ-
ously.17–19 The ABS currently includes over 24,000 partici-
pants from 95 cohorts. For the present study, we selected
11,726 participants from 42 centers based on availability of
amyloid biomarkers, age, cognitive status, and information
on any lifestyle factor (n= 3399 excluded due to missing
information on lifestyle; cohort characteristics are provided
in Supplemental Table 1). 9171 participants had normal cog-
nition (NC) as defined by normal scores on cognitive tests
and absence of cognitive complaints (cohort-specific tests
and measurements), and 2555 participants hadmild cognitive
impairment (MCI) as diagnosed by criteria set out in Petersen
et al. or Winblad et al.20,21 Participants who reported subject-
ive cognitive complaints were considered to have NC for the
purpose of these analyses.

Amyloid pathology
Presence or absence of amyloid pathology was determined
based on Aβ42 levels or Aβ42/40 ratio in CSF (n= 20
centers) or an amyloid-PET scan (n= 13 centers);
9 centers had both CSF and PET data. Amyloid pathology
was defined using methods described previously.17 Briefly,
we used either center-specific or data-driven cut-offs
obtained from Gaussian Mixture Modelling (GMM) to
dichotomize CSF data. Center-specific cutoffs were used
to dichotomize all PET data (n= 6298 participants) and
CSF data for 33% of participants (n= 1776). GMM-based
cutoffs were used to dichotomize CSF data for 67% of par-
ticipants (n= 3652). Measurement details of amyloid bio-
markers and applied cutoffs have been specified
elsewhere.17

Lifestyle factors
For each individual included, data was available on at least
one of the following lifestyle factors: alcohol consumption,
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smoking behavior, sleep quality, physical activity, cogni-
tive activity, or social activity. The lifestyle assessment
was performed within six months of the amyloid assess-
ment in 41 centers and within 12 months of the amyloid
assessment in one center. Supplemental Tables 2 and 3
present measurement information and the number of parti-
cipants with available data for each center. Lifestyle data
was dichotomized as detailed below. If multiple measures
for a lifestyle factor were available in one center, we prior-
itized rating scale data and other continuous data over self-
reported and/or categorical data.

Alcohol consumption. Participants were classified as drinkers
(>= 1 alcohol unit per week) or abstainers based on (1)
information on alcohol units in drinks consumed per day
or week (18 centers, n= 6215) or (2) medical history (25
centers, n= 1444). We did not include participants in the
analysis of alcohol consumption if information was
limited to alcohol abuse status.

Smoking status. Participants were classified as ever-smokers
(past or present) or never-smokers based on (1) information
on smoking units in cigarettes per day or week (10 centers,
n= 5954) or (2) medical history (32 centers, n= 4713).

Sleep quality. Participants were classified as being with or
without sleep problems based on (1) rating scales for sleep
quality and sleep problems (8 centers, n= 2555), (2) sleep
hours (8 centers, n= 5168), (3) a positive answer to the
screening question on the sleep domain of the neuropsychi-
atric inventory questionnaire (NPI) or NPI-Q (15 centers, n
= 1293), or (4) self-report (9 centers, n= 801). Rating
scales provided included the Pittsburgh Sleep Quality
Index (PSQI22; sleep problems if score > 5), Epworth Sleep
Quality Index (ESS23; sleep problems if score > 10). and
Profile of Elderly Quality of Life (PEQOL24) Sleep disturb-
ance (tertile-based cut-off). Participants who reported sleep-
ing less than 6 or over 9 h of sleep per night were
considered to have sleep problems.25,26

Physical activity. Participants were classified as being physic-
ally inactive or active based on (1) rating scales for physical
activity (3 centers, n= 456), (2) frequency and/or intensity
of physical exercise (11 centers, n= 6876), or (3) self-report
(8 centers, n= 375). Rating scales provided included the
International Physical Activity Questionnaire (IPAQ27) and
the Physical Activity Scale for the Elderly (PASE28). To
account for variability in activities classified as physical activ-
ity, cohort-specific cutoffs based on the upper tertile were
applied to rating scale and frequency and/or intensity data.

Cognitive activity. Participants were classified as being cogni-
tively inactive or active based on (1) the Wilson cognitive
activity questionnaire29 (current life epoch; 4 centers, n=
412), (2) frequency of participation in cognitive activities (3

centers, n= 349), or (3) self-report (4 centers, n= 201). Data
on frequency of participation in cognitive activities was
recoded to match the rating outcomes of theWilson cognitive
activity questionnaire (frequency rated on a scale of 1–5).
Participants with an average score > 3.57 on the Wilson cog-
nitive activity questionnaire or a score of > 3.57 as averaged
over activities were considered to be cognitively active.30

Social activity. Participants were classified as being socially
inactive or active based on (1) frequency of participation
in social activities (3 centers, n= 330), (2) frequency of
meeting with friends (1 center, n= 118), (3) self-report (3
centers, n= 203), or (4) information on social network
size (2 centers, n= 83). Participants were considered
socially active if they participated in a social activity or
met with friends at least once a week. A center-specific
median cut-off was applied to classify participants as
socially active or inactive based on information on their
social network size.

Other covariates
Age, sex, and education-years were based on participant
self-report.17–19

Statistical analysis
Differences in demographic and clinical characteristics
between those with and without amyloid pathology were
tested using ANOVA (continuous variables) or chi-square
tests (categorical variables). Generalized estimating equa-
tions were used to assess the associations between the indi-
vidual lifestyle factors and amyloid pathology. We assumed
a logit link function for binary outcomes with an exchange-
able working correlation matrix and robust variance estima-
tors to account for within-study correlation.

Analyses were performed separately in participants with
NC and participants with MCI. Age, sex, and education
were included as covariates in all models, with age and edu-
cation years included as continuous measures and age cen-
tered at the mean. We first tested the overall association
between the individual lifestyle factors and amyloid path-
ology. In secondary analyses, we used continuous lifestyle
measures (alcohol units per week, number of cigarettes per
week, average number of hours slept each night) instead of
dichotomous lifestyle measures.

The significance level was set at p < 0.05 for unpaired,
2-sided tests. Analyses were conducted with IBM SPSS
Statistics version 27 and images were created using R
(version 4.0.0, R Foundation for Statistical Computing).
We used Bonferroni adjustment to correct for multiple com-
parisons when evaluating the primary outcomes. We report
uncorrected p-values and note if the association was no
longer significant after correction for multiple comparisons.
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Results

Participant characteristics
Baseline characteristics are presented in Table 1, stratified by
cognitive and amyloid status. Of participants with NC, 58%
were women, 34% were APOE ϵ4 carrier, and 27% had
amyloid pathology. Of participants with MCI, 48% were
women, 47% were APOE ϵ4 carrier, and 57% had amyloid
pathology. The mean age was 69 years and participants had a
mean of 15 years of education. 47% of participants did not
consume alcohol, 72% never smoked, 70% did not have
sleep problems, 40% were physically active, 48% were cogni-
tively active and42%were socially active.NCparticipantswith
amyloid pathology were more likely to be older, more likely to
be APOE ϵ4 carrier, more likely to have fewer years of educa-
tion, and less likely to be recruited from a research setting than
NC participants without amyloid pathology. MCI participants
with amyloid pathology were more likely to be older, more
likely to be APOE ϵ4 carrier, more likely to have more years
of education, more likely to be recruited from a clinical
setting, and less likely to have sleep problems or be cognitively
or socially active than MCI participants without amyloid
pathology.

Associations between dichotomous lifestyle factors
and amyloid pathology
The odds ratios (ORs) for amyloid pathology corresponding
to each lifestyle factor are presented in Figure 1.

Individuals with NC. In participants with NC, cognitive activ-
itywas associatedwith amyloid pathology.Cognitively active
participants had amyloid pathology less often than cognitively
inactive participants (OR= 0.77, 95% CI 0.66–0.89, p <
0.001). Alcohol consumption, ever smoking, sleep quality,
physical activity, and social activity were not associated
with amyloid pathology (no alcohol use: OR= 0.92, 95%
CI 0.84–1.04, p= 0.060; never smoking: OR= 0.93, 95%
CI 0.78–1.12, p= 0.45; no sleep problems: OR= 0.97, 95%
CI 0.86–1.09, p= 0.59; physically active: OR= 1.02, 95%
CI 0.97–1.04, p= 0.41; socially active: OR= 0.81, 95% CI
0.50–1.31, p= 0.39).

Individuals with MCI. In participants with MCI, those who
had ever smoked and those who had sleep problems
were less likely to have amyloid pathology (OR= 0.85,
95% CI 0.73–0.99, p= 0.029, not significant after correc-
tion for multiple comparisons; OR= 0.62, 95% CI 0.45–
0.86, p= 0.004). Alcohol use, physical activity, cognitive
activity, and social activity were not associated with
amyloid pathology (no alcohol use: OR= 1.27, 95% CI
0.99–1.64, p= 0.062; physically active: OR= 0.99,
CI 0.76–1.30, p= 0.95; cognitively active: OR= 0.92,
CI 0.56– 1.52, p= 0.74; socially active: OR= 0.80, CI
0.52–1.24, p= 0.33).

Associations of continuous lifestyle factors with
amyloid pathology
Individuals with NC. In participants with NC, we found that
those who smoked a higher number of cigarettes per week

Figure 1. Odds ratios for amyloid pathology by cognitive group and lifestyle factor (top: NC, bottom: MCI).
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were more likely to have amyloid pathology (b= 0.002,
95% CI 0.0–0.003, p= 0.018, Figure 2). Number of alco-
holic drinks consumed and sleep duration were not asso-
ciated with amyloid pathology (b= -0.001, 95%CI
−0.005–0.004, p = 0.81; b= -0.048, 95%CI −0.198–0.11,
p= 0.112, respectively).

Individuals with MCI
In participants with MCI, those who consumed a higher
number of alcoholic drinks and smoked a higher number
of cigarettes per week were less likely to have amyloid path-
ology (b= -0.23, 95% CI −0.040 – −0.006, p= 0.009;
b= -0.004, 95% CI −0.005– −0.002, p < 0.001, respect-
ively). Increased sleep duration was associated with
higher odds of amyloid pathology (b= 0.61, 95%CI 0.54–
0.68, p < 0.001).

Discussion
The aim of our study was to examine the associations of life-
style factors with amyloid pathology in a large group of

persons without dementia by harmonizing lifestyle and
amyloidmeasures across 42 cohorts.We robustly harmonized
amyloid measures and measures of alcohol consumption,
smoking behavior, sleep quality and physical, cognitive, and
social activity across cohorts. In participants with NC, we
found that cognitively active persons were 23% less likely
to have amyloid pathology. In NC, there was no association
between the other lifestyle factors studied and amyloid path-
ology. In participants with MCI, we found that those who
smoked and those who had sleep problems were less likely
to have amyloid pathology (OR 0.62 and 0.85, respectively),
though the association between smoking behavior and
amyloid pathology was no longer significant after correction
for multiple comparisons. In MCI, none of the favorable life-
style behaviors studied were associated with a lower fre-
quency of amyloid pathology.

Alcohol consumption and smoking behavior
Earlier work identified positive associations between
alcohol consumption and p-tau/Aβ42 and t-tau/Aβ42 ratios

Figure 2. Association between smoking units per week and amyloid pathology in participants with NC.
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in cognitively unimpaired individuals as well as positive
associations between smoking behavior and amyloid path-
ology in cognitively unimpaired individuals and persons
with AD dementia.15,16,32 While we did find an indication
that NC participants who smoked a higher number of cigar-
ettes per week were more likely to have amyloid pathology,
we did not replicate the previously reported findings for
alcohol consumption in this population.31

Sleep duration and quality
In participants with NC, we did not find any association
between sleep quality and amyloid pathology. In partici-
pants with MCI, worse sleep quality was associated with
lower odds of amyloid pathology while increasing sleep
duration was associated with higher odds of amyloid path-
ology. Effects of sleep on amyloid pathology generally
seem difficult to disentangle due to potential disparities in
the association of different aspects of sleep with amyloid
pathology, though accumulating evidence suggests that
sleep problems, more generally defined, are associated
with increasing amyloid pathology.2–4,32–39

Our observation that unfavorable lifestyle behaviors were
associated with a lower frequency of amyloid pathology in
MCI, contrary to earlier observations, could have several
explanations. Results may be reflective of underlying
non-AD pathological mechanisms (e.g., vascular mechan-
isms, specifically for smoking) which resulted in participants
presenting at the memory clinic with cognitive problems.
Results may also be reflective of resilience
mechanisms; indicating that the favorable lifestyle behaviors,
i.e., no sleep problems, may mitigate or compensate for the
effects of amyloid pathology on cognitive decline40. This
would delay conversion to dementia and result in an
increased frequency of amyloid pathology in those without
sleep problems in the MCI phase when assessed
cross-sectionally.

Past adherence to unfavorable lifestyle behaviors could
also have biased results. For instance, differences in
health status between participants who adhered to favorable
versus unfavorable lifestyle behaviors previously may have
affected study inclusion. Participants with MCI may more-
over have recently modified their lifestyle patterns as results
of the diagnosis. Longitudinal studies may help to over-
come these biases.

Cognitive activity
We found that cognitively active NC participants were less
likely to have amyloid pathology than cognitively inactive
NC participants. This observed effect extends on earlier
findings that more specifically identified early and midlife
as well as overall lifetime cognitive activity to be associated
with decreased Pittsburgh compound B (PiB) reten-
tion,10,12,41,42 supporting the idea that cognitive activity in

NC may provide resistance (delaying the appearance of or
retard pathological progression of) to amyloid pathology.40

Physical activity
We did not find an association between physical activity
and amyloid pathology in either the NC or MCI group.
Earlier work mostly identified inverse associations or
reported no effect.6,8–10,43–46 The measure of physical activ-
ity used, and more specifically which activities are consid-
ered to constitute physical activity, may strongly influence
the observed associations, providing a potential explanation
for the inconsistency in observations.

Social activity
We did not find an association of social activity with amyloid
pathology in NC or MCI. The limited availability of data on
social activity and the wide disparity in methods of measure-
ment complicates interpretation. Relatively few studies up to
date have focused on social activity in relation to amyloid path-
ology. Two identified an inverse association between social
activity and amyloid pathology (PET and CSF, respectively),
while two found no effects.5,6,13,14 To further study this associ-
ation, detailed and fine-grained measures of social activity
should ideally be used.

Harmonization of lifestyle data
In the current paper, we present a first approach to harmon-
izing lifestyle data across a large number of cohorts. To be
able to integrate as much data as possible, we needed to
create dichotomous outcome measures, which inevitably
resulted in loss of granularity. However, it was the only
way to utilize all lifestyle information that was currently,
and is commonly, available across memory clinic and
research cohorts. Given the existing heterogeneity in the lit-
erature and the sustained interest in the role of lifestyle in
cognitive impairment and AD, the field may benefit from
the creation of standard operating procedures for the collec-
tion and analysis of lifestyle data.

Strengths and limitations
The current study has several limitations. The inclusion of
data from and harmonization across multiple cohorts may
have introduced sources of variance including heterogen-
eity in the assessment of amyloid pathology and lifestyle.
Lifestyle was measured cross-sectionally, by different and
-most often- subjective instruments, which may have intro-
duced additional bias through potential differences in
underlying constructs measured and reporting and recall
bias. We could not draw any conclusions regarding
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causality given the cross-sectional nature of the study.
Lastly, we did not consider potential moderating effects
of vascular risk factors, hearing loss, or interactions
between lifestyle factors. Still, the collation of data and
the resulting large sample size gave us the opportunity to
study associations between lifestyle and amyloid pathology
with sufficient power to detect small associations using life-
style measures commonly available in memory clinic and
research cohorts.

Conclusion
In this cross-sectional study, cognitive activity was asso-
ciated with a lower frequency of amyloid pathology in
those with NC, while other favorable lifestyle behaviors
were not associated with a lower frequency of amyloid
pathology. Generally, results suggest that cognitive activ-
ity may contribute to resistance to amyloid pathology in
persons with NC, while in persons with MCI, identified
associations may be reflective of non-AD pathological
mechanisms or resilience mechanisms. The results of the
current study contribute to the broader evidence base on
lifestyle and Alzheimer’s disease by further characterizing
the role of lifestyle behaviors in AD pathology across dif-
ferent clinical stages. Longitudinal evaluation of associa-
tions between lifestyle factors and amyloid pathology,
using detailed lifestyle measures, will be needed to fully
establish the association between lifestyle and AD patho-
physiology. The field may further benefit from the creation
of standard operating procedures for the collection and
analysis of lifestyle data.
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