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Abstract
Background and Objectives
Observational research has shown that a substantial proportion of all dementia cases worldwide
are attributable to modifiable risk factors. Dementia risk scores might be useful to identify high-
risk individuals and monitor treatment adherence. The objective of this study was to investigate
whether a dementia risk score, the Lifestyle for Brain Health (LIBRA) index, is associated with
MRI markers and cognitive functioning/impairment in the general population.

Methods
Cross-sectional data were used from the observational population-based cohort of The
Maastricht Study. The weighted compound score of LIBRA (including 12 dementia risk and
protective factors, e.g., hypertension, physical inactivity) was calculated, with higher scores
indicating higher dementia risk. Standardized volumes of white matter, gray matter, and CSF
(as proxy for general brain atrophy), white matter hyperintensities, and presence of cerebral
small vessel disease were derived from 3TMRI. Cognitive functioning was tested in 3 domains:
memory, information processing speed, and executive function and attention. Values ≤1.5 SDs
below the average were defined as cognitive impairment. Multiple regression analyses and
structural equation modeling were used, adjusted for age, sex, education, intracranial volume,
and type 2 diabetes.

Results
Participants (n = 4,164; mean age 59 years; 49.7% men) with higher LIBRA scores (mean 1.19,
range −2.7 to 9.2), denoting higher dementia risk, had higher volumes of white matter
hyperintensities (β = 0.051, p = 0.002) and lower scores on information processing speed (β =
−0.067, p = 0.001) and executive function and attention (β = −0.065, p = 0.004). Only in men,
associations between LIBRA score and volumes of gray matter (β = −0.093, p < 0.001) and CSF
(β = 0.104, p < 0.001) and memory (β = −0.054, p = 0.026) were found. White matter
hyperintensities and CSF volume partly mediated the association between LIBRA score and
cognition.

Discussion
Higher health- and lifestyle-based dementia risk is associated with markers of general brain
atrophy, cerebrovascular pathology, and worse cognition, suggesting that LIBRA meaningfully
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summarizes individual lifestyle-related brain health. Improving LIBRA factors on an individual level might improve population
brain health. Sex differences in lifestyle-related pathology and cognition need to be further explored.

Classification of Evidence
This study provides Class II evidence that higher LIBRA scores are significantly associated with lower scores in some cognitive
domains and a higher risk of cognitive impairment.

A substantial proportion of dementia cases might be attrib-
utable to modifiable risk factors.1,2 Early detection of indi-
viduals at risk, allowing timely management, has great public
health implications,1 as echoed by recent reports of the Lancet
Commission on Dementia Prevention, Intervention and
Care2 and the World Health Organization (WHO).3

Dementia risk scores, summarizing individual risks, might be
useful for the selection of high-risk individuals and could serve
as intermediate outcomes to monitor treatment adherence.
Some risk scores have been associated with structural brain
changes and cognitive functioning,4-7 but most are based on
single cohort studies or include factors that are not amenable
to change, e.g., age,4-8 known to be highly correlated with
brain markers. The Lifestyle for Brain Health (LIBRA) index
is based on a systematic literature review and Delphi con-
sensus on factors amendable to change,9 thereby summarizing
one’s potential for brain health improvement.9 Criterion
validity has been established by several prospective studies
relating higher LIBRA scores to steeper cognitive decline,
incident cognitive impairment, and dementia in midlife and
late life,9-14 as well as intervention effects in multifactorial
randomized controlled trials.15 Whether LIBRA score is also
related to brain markers, reflecting more direct neurobiolog-
ical markers of brain health, remains to be elucidated.

Therefore, this study aimed to examine the association of
LIBRA score with cognitive performance and impairment and
evidence of neuroimaging abnormalities in the general adult
population (age 40–75 years). In addition, we investigated
biological plausible pathways by testing whether MRI markers
mediated the association of LIBRA score with cognition.

Methods
Participants
Data were used from The Maastricht Study, an observational
population-based cohort study, the rationale and methodol-
ogy of which have been described previously.16 In brief,
the study focuses on the etiology, pathophysiology,

complications, and comorbid conditions of type 2 diabetes
(T2D) and is characterized by an extensive phenotyping ap-
proach. Individuals between 40 and 75 years of age and living
in the southern part of the Netherlands were eligible for
participation. Participants were recruited through mass media
campaigns and from the municipal registries and the regional
Diabetes Patient Registry (which includes virtually all indi-
viduals with T2D in primary, secondary, or tertiary care in the
targeted population) via mailings. Recruitment was stratified
according to known T2D status, with an oversampling of
individuals with T2D, for reasons of efficiency, while at the
same time monitoring the representation of the source pop-
ulation continuously.16,17 The present report addresses sev-
eral primary research questions. Are higher (i.e., more
unhealthy) LIBRA scores associated with lower scores on
cognitive functioning and a higher odds of cognitive impair-
ment (Class II evidence)? Are higher LIBRA scores associated
with lower volumes of MRI markers and a higher odds of
cerebral small vessel disease (CSVD) (Class II evidence)? To
what extent can volumetric MRI markers explain the associ-
ation between LIBRA and cognitive functioning (Class II
evidence)? Cross-sectional data were used from participants
who completed the baseline survey between November 2010
and January 2018. The examinations of each participant were
performed within a time window of 3 months. MRI mea-
surements were implemented from December 2013 onward.
Participants were included in the analyses if data on MRI
outcomes, at least 11 LIBRA factors (Table 1), and cognition
were available.

Operationalization of the LIBRA Score
The individual LIBRA factors were created on the basis of
clinical data from physical examination or self-reported
questionnaires from the baseline measurement of The
Maastricht Study and then dichotomized (presence of LIBRA
factor yes/no) according to established cutoffs. The LIBRA
total score is computed by assigning a weight (positive for
presence of risk factors; negative for presence of protective
factors) to each factor according to the relative risks from
published meta-analyses.9,18 Weights are then standardized
and summed to a total score. A higher LIBRA score reflects

Glossary
CAIDE = Cardiovascular Risk Factors, Aging, and Incidence of Dementia; CI = confidence interval; CSVD = cerebral small
vessel disease; FFQ = food frequency questionnaire; GM = gray matter; LIBRA = Lifestyle for Brain Health; OR = odds ratio;
T2D = type 2 diabetes; WHO = World Health Organization; WM = white matter; WMH = WM hyperintensity.
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higher dementia risk, with scores ranging from −5.9 to 12.7.9

All LIBRA factors could be operationalized in The Maas-
tricht Study except for the LIBRA factor high cognitive ac-
tivity. Engagement in cognitively stimulating activities was
not available in the dataset; therefore, this LIBRA factor
could not be included in the risk calculation. Available
protective factors were adherence to a Mediterranean diet
and low to moderate alcohol use. Risk factors were physical
inactivity, smoking, obesity, depression, T2D, hypertension,
hypercholesterolemia, heart disease, and chronic kidney
disease. Table 1 provides an overview of all individual LIBRA
factors, assigned weights, and operationalization in this
dataset.

Adherence to a Mediterranean diet was based on the Greek
Mediterranean diet score derived from a comprehensive 253-
item self-administered food frequency questionnaire (FFQ)
on frequency (not used to used 7 d/wk) and consumed
amounts (<1–>12 per day), with a 1-year reference period.19

The Mediterranean diet score consists of the reported intake
of vegetables, fruit and nuts, fish, cereal intake, dairy, meat,
and alcohol, with scores ranging from 0 to 9. A score of ≥6 is
used as a cutoff for adhering to the diet.20 Nonadherence to
this diet does not necessarily imply nonadherence to the
Dutch food-based dietary guidelines, which provide a more
general guideline for a healthy diet in relation to numerous
chronic diseases than specifically for brain health and

dementia.21 Physical inactivity was based on self-reported
moderate to vigorous physical activity in the past 2 weeks,
calculated from a modified version of the Community
Healthy Activities Model Program for Seniors question-
naire.22 Less than 150 min/wk of moderate to vigorous
physical activity was categorized as physically inactive,
according to the Dutch physical activity guidelines.23 Smoking
status was defined by self-reported data on smoking cigarettes,
with response options of never smoked, ever smoked, and
currently smoking. Current smokers were assigned to the risk
group. Low to moderate alcohol use was based on self-
reported alcohol use per day based on an item of the FFQ,
converted into grams of ethanol per day. Low to moderate
alcohol intake was defined as ≤70 g/wk, based on the Dutch
guidelines recommending not to drink or to drink no more
than 1 glass of alcohol a day.21 Obesity was based on the
WHO categories,24 in which a body mass index (calculated
from physical examination at the research center) of ≥30 kg/
m2 was defined as obese. The presence of depression was
assessed with the Mini International Neuropsychiatric In-
terview (current major or minor depressive episode).25 In
case of missing data on the Mini International Neuropsychi-
atric Interview, the Patient Health Questionnaire was used to
determine presence of moderate to severe depressive symp-
toms (range 0–27; cutoff ≥10).26 T2D was defined according
to glucose tolerance status based on fasting glucose (≥7.0) or
oral glucose tolerance test (≥11.1), according to the WHO

Table 1 Operationalization of LIBRA Factors

LIBRA factor Weighta Operationalized in the Maastricht study

Adherence to a
Mediterranean diet

−1.7 Greek Mediterranean diet score (range 0–9) based on a 253-item FFQ (1-y reference period). Scores ≥6 are categorized as
adherence to the diet.

Physical inactivity 1.1 <150 min/wk of (self-reported on CHAMPS questionnaire) moderate to vigorous physical activity in the past 2 wk was
categorized as physically inactive.

Smoking 1.5 Self-reported data on smoking cigarettes based on an item of the FFQ. Current smokers were included in the risk score.

Low to moderate
alcohol intake

−1.0 Self-reported alcohol intake based on the FFQ. Low to moderate alcohol use was defined as <70 g/wk.

Obesity 1.6 BMI ≥30 kg/m2 calculated from physical examination at the research center.

Depression 2.1 Current major or minor depressive episode based on the MINI or presence of moderate to severe depressive symptoms
based on the PHQ9 (range 0–27; cutoff ≥10).

Type 2 diabetes 1.3 Glucose tolerance status based on fasting glucose (≥7.0), oral glucose tolerance test (≥11.1), or information on current
diabetes medications.

Hypertension 1.6 Average systolic blood pressure ≥140 mm Hg, diastolic blood pressure ≥90, or current antihypertensive medication use.

High cholesterol 1.4 Serum total cholesterol ≥6.5 mmol/L.

Heart disease 1.0 Self-reported history of cardiovascular disease (cerebrovascular accidents excluded).

Chronic kidney
disease

1.1 Levels of serum cystatin C of <60 and/or average albuminuria categories, based on average urinary albumin excretion.
Microalbuminuria and macroalbuminuria were defined as risk.

Cognitive activity −3.2 Data not available in dataset.

Abbreviations: BMI = body mass index; CHAMPS = Community Healthy Activities Model Program for Seniors; FFQ = food frequency questionnaire; LIBRA =
Lifestyle for Brain Health Index; MINI = Mini International Neuropsychiatric Interview; PHQ9 = Patient Health Questionnaire.
a Positive weights are assigned to risk factors, and negative weights are assigned to protective factors. Total range −5.9 to 12.7; range adjusted to this study
−2.7 to 12.7.
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definition, or based on information on current diabetes
medication use.27 For sensitivity analyses, a second variable
was computed that was based on impaired glucose metabo-
lism, which includes both prediabetes and T2D.Hypertension
was based on average office blood pressure measurement
(systolic blood pressure ≥140 mm Hg or diastolic blood
pressure ≥90mmHg) or current antihypertensive medication
use. Hypercholesterolemia was calculated from serum total
cholesterol using a cutoff of ≥6.5 mmol/L. The LIBRA factor
heart disease was based on self-reported history of cardio-
vascular disease from the Rose Questionnaire28

(i.e., myocardial infarction, and/or percutaneous artery an-
gioplasty of the coronary arteries, abdominal arteries periph-
eral arteries or carotid artery, and/or vascular surgery on
coronary arteries, abdominal arteries peripheral arteries, or
carotid artery). Presence of cerebrovascular infarction and
presence of hemorrhage were not included in the risk calcu-
lation of the LIBRA factor heart disease. For sensitivity
analyses, a second variable was computed that was based only
on self-reported history of myocardial infarction,29 thereby
including only coronary heart disease. Chronic kidney disease
was derived from Chronic Kidney Disease Epidemiology Col-
laboration equation–estimated glomerular filtration rate using
serum cystatin C (serum cystatin C of <60) or average urinary
albumin excretion (both microalbuminuria and macro-
albuminuria defined as risk).30

Cognitive Performance
Cognitive performance was assessed by a concise (30-
minute) neuropsychological test battery.16 For conceptual
clarity, individual neuropsychological test scores were stan-
dardized and divided into 3 cognitive domains (memory
function, information processing speed, and executive func-
tion and attention (reprinted with permission).16,17 Briefly,
memory function was evaluated with the Verbal Leaning
Test,31 and a memory domain score was derived by calcu-
lating the average of total immediate and delayed recall
standardized scores. An information processing speed domain
score was derived from standardized scores of the Stroop
Color-Word Test parts I and II,32 the Concept Shifting Test
parts A and B,33 and the Letter-Digit Substitution Test.34 The
executive function and attention domain score was calculated
from the average score of the Stroop Color-Word Test part III
and the Concept Shifting Test part C. If necessary, individual
test scores were log-transformed to reduce skewness of dis-
tributions or inverted so that higher scores indicated better
cognitive performance. In addition, participants were cate-
gorized as cognitively impaired (yes/no) on the basis of a
regression-based normalization procedure per test that pre-
dicted expected scores for each individual given their age, sex,
and level of education from a published normative sample.31-
34 The difference between observed and expected scores and
their SDs were used to calculate z scores, which were then
averaged per domain and restandardized. Individuals per-
forming ≤1.5 SDs below their norm-based expected score in
any of the 3 cognitive domains were categorized as having
cognitive impairment.

Brain MRI
Brain MRI was performed on a 3T MRI scanner (MAGNE-
TOM Prismafit Syngo MR D13D; Siemens Healthcare,
Erlangen, Germany) with the use of a 64-element head coil for
parallel imaging, as previously described.16

Measurement of Brain Volumes and Cerebral
Small Vessel Disease
T1 images and T2-weighted fluid-attenuated inversion recovery
images were analyzed by use of an ISO-13485:2012 certified
automated method (which included visual inspection).35,36 T1
images were segmented into gray matter (GM), white matter
(WM), and (as an inverted measure of brain atrophy) CSF (1
voxel = 1.00 mm3 = 0.001 mL).35 Intracranial volume was
calculated as the sum of GM,WM, and CSF. T2-weighted fluid-
attenuated inversion recovery and T1 images were used to
calculate WM hyperintensity (WMH) volume.36 Identified
WMHs were summed to assess total WMH burden in millili-
ters. In addition, WMHs were visually rated with the Fazekas
scale.37 Lacunar infarcts and cerebral microbleeds were counted
manually by 3 neuroradiologists in accordance with the
Microbleed Anatomical Rating Scale.38,39 Presence of CSVD
was defined as a Fazekas score of ≥2, presence of lacunar in-
farcts, or presence of cerebral microbleeds.

Statistical Analysis
Independent-samples t tests and χ2 tests were used to in-
vestigate differences in demographic variables and LIBRA
scores between the actual study sample used in the present
study and the excluded group and between 3 LIBRA score
groups (low risk: ≤1 SD below sample mean; middle risk:
between −1 and 1 SD; and high risk: ≥1 SD above sample
mean). The associations between LIBRA and the structural
MRI markers and between LIBRA and the 3 cognitive do-
mains were analyzed in separate multiple linear regression
analyses. A quadratic term of LIBRA was added to the linear
function in the analyses of the cognitive domains information
processing speed and executive function and attention be-
cause this improved model fit. For direct comparison of
strength of associations, we report the standardized regression
coefficient β and 95% confidence interval (CI). Logistic re-
gression analyses were used to examine the association be-
tween LIBRA score and CSVD and between LIBRA score and
cognitive impairment, yielding odds ratios (ORs) and
95% CIs.

Structural equation modeling was used to study mediation of
LIBRA score on cognition by MRI markers by decomposing
the total association into direct and indirect associations.
Because the regression analysis suggested a curvilinear asso-
ciation between LIBRA score and 2 cognitive domains, we
used a technique that allows estimating of nonlinear media-
tion effects, which is not taken into account in traditional
linear or log-linear mediation models (Figure 1).40 For this,
we estimated the instantaneous indirect effect θ, which tests
the mediation effect at different levels of the independent
predictor variable (LIBRA score), showing how themediation
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effects change as the level of the independent variable
changes. Following this approach, we estimated the in-
stantaneous indirect effects θ at 3 levels of LIBRA score: 1 SD
below the LIBRA sample mean (LIBRA score −0.87), at the
LIBRA sample mean (LIBRA score 1.19), and 1 SD above the
LIBRA sample mean (LIBRA score 3.25), following previous
recommendations.40 To estimate robust 95% CIs, we used
bootstrapping with 10,000 repetitions.

Associationswith cognitionwere adjusted for age, sex, and level of
education. Associations with structural brain markers were in
addition adjusted for intracranial volume to correct for head size
and the variable MRI lag time to adjust for the time (in years)
between inclusion and MRI scan. The oversampling of partici-
pants with T2D by design urged us to adjust for diabetes status in
all the analyses to ensure that the overexpression of LIBRA risk
factors in T2D such as obesity, hypercholesterolemia, hyperten-
sion, or depression did not confound the observed associations
between LIBRA score, MRI markers, and cognition. Interaction
terms were included in additional analyses to investigate whether
the associations between LIBRA scores and brain markers or
cognitive performance were moderated by sex and T2D status.
Finally, we did a series of sensitivity analyses to test the robustness
of findings after assigning those with prediabetes the risk weight
for T2D and after assigning a risk weight only to those with
coronary heart disease. Statistical analyses were done with Stata
13.1 (StataCorp, College Station, TX) and Mplus8 (Muthen &
Muthen) using 2-sided hypothesis testing and an α level of <0.05.

Standard Protocol Approvals, Registrations,
and Patient Consents
The Maastricht Study has been approved by the institutional
medical ethical committee (NL31329.068.10) and the Min-
istry of Health,Welfare and Sports of theNetherlands (permit

131088-105234-PG). All participants gave their written in-
formed consent.16

Data Availability
Data are unsuitable for public deposition due to ethical re-
strictions and privacy regulation of participant data. Data from
The Maastricht Study are available to any interested re-
searcher who meets the criteria for access to confidential data.
Data requests may be submitted to The Maastricht Study
Management Team.

Results
Study Design and Sample Characteristics
Of all 7,689 participants (mean age 59.8 years; 50.4% men;
34.7% low educated; 24.6% T2D), 45.8% were excluded from
the present study, largely due to absence of MRI data. LIBRA
factors that were most often missing were physical inactivity
(9.8%missing) and adherence to aMediterranean diet and low
to moderate alcohol intake (from the same food questionnaire;
5.2% missing). All other LIBRA factors were <3.7% missing.
Figure 2 provides a flowchart. Compared to the study sample
(n = 4,164), excluded participants (n = 3,525) had a higher
mean age (59.2 years vs 60.5 years; t[7,687] = 6.5, p < 0.001)
and had lower education (sample low education 30.2%, ex-
cluded low education 40.2%; χ2[2] = 86.6, p< 0.001). Excluded
participants had a more unfavorable LIBRA risk profile (1.19 vs
1.95; t[7,687] = 15.4, p < 0.001), with a higher presence of T2D
(19.0% vs 31.3%; χ2[1] = 156.1, p < 0.001), hypertension
(49.0% vs 59.7%; χ2[1] = 87.0, p < 0.001), heart disease (10.1%
vs 20.3%; χ2[1] = 152.3, p < 0.001), obesity (18.0% vs 25.9%;
χ2[1] = 70.9, p < 0.001), chronic kidney disease (5.2% vs 7.6%;
χ2[1] = 19.3, p < 0.001), and depression (4.2% vs 6.1%; χ2[1] =

Figure 1 Path Model to Quantify the Instantaneous Indirect Effect of LIBRA Score on Cognition

Covariates: sex, age, level of education, time be-
tween assessment and MRI, intracranial volume
(ICV), and diabetes status. LIBRA = Lifestyle for
Brain Health (continuous); LIBRA2 = LIBRA
squared. iStandard error.
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13.7, p < 0.001). They were more often smokers (11.0% vs
16.4%; χ2[1] = 47.5, p < 0.001) and physically inactive (25.3%
vs 31.6%, χ2[1] = 31.9, p < 0.001) and less often adhered to the
Mediterranean diet (28.5% vs 26.2%; χ2[1] = 4.6, p = 0.032).
Low to moderate alcohol intake was more common in the
excluded group (54.9% vs 59.4%; χ2[1] = 14.7, p < 0.001), and
hypercholesterolemia was more common in the study sample
compared to excluded participants (15.4% vs 12.3%; χ2[1] =
14.4, p < 0.001). Men had higher (unhealthier) average LIBRA
scores (1.5) compared to women (0.9; t[4,162] = 10.3, p <
0.001), including higher presence of T2D (25.6% vs 12.5%, χ2

[1] = 116.1, p < 0.001), hypertension (57.7% vs 40.4%, χ2[1] =
125.1, p < 0.001), and physical inactivity (28.1% vs 22.5%, χ2

[1] = 17.1, p < 0.001). The characteristics of the total study
sample and those with a low (≤1 SD below sample mean),
middle (between −1 and 1 SD), and high (≥1 SD above sample
mean) LIBRA score are summarized in Table 2.

LIBRA Score and Structural Brain Measures
Table 3 displays the results of the multiple linear regression
analyses of the association between LIBRA score and the vol-
umetric MRI markers. Higher LIBRA scores were linearly as-
sociated with higher volumes of WMH in the total sample.
Interaction analyses revealed that the associations between
LIBRA score and GM and CSF volumes were moderated by
sex, with stronger and significant associations in men, but as-
sociations in women were directionally similar (Figure 3, A and
B). No association was found between LIBRA score and vol-
ume of WM, and no interactions were found by T2D status.

There was no association between the LIBRA score and
presence of CSVD (OR 1.036, 95% CI 0.994–1.080, p =
0.092). When a stricter definition of CSVD, defined as the
presence of at least 2 markers of CSVD, was applied, an asso-
ciation was found (OR 1.123, 95% CI 1.028–1.226, p = 0.010).

LIBRA Score and Cognition
Likelihood ratio testing of the association between LIBRA
score and cognition showed that the model including both a
linear and a quadratic LIBRA term had the best fit for the
cognitive domains information processing speed and execu-
tive function and attention. As Figure 3, C–E shows, the re-
lationship between LIBRA score and these 2 domains
changed as LIBRA scores increased in a curvilinear fashion,
with a stronger negative association as LIBRA scores in-
creased. A linear LIBRA term was the best fit for the domain
of memory function. The results of the regression analyses are
displayed in table 3. Wald tests of the joint effects of the
combined linear-quadratic LIBRA term were significant for
both information processing speed (F2, 4,099 = 9.08, p < 0.001)
and executive function and attention (F2, 4,090 = 9.14, p <
0.001). In addition, we filtered the model only to cognition
scores > −1 and then performedWald tests to test whether the
quadratic LIBRA score still improved the model. Wald tests
were significant for both information processing speed (p <
0.001) and executive function and attention (p = 0.007). No
interactions were found for sex and T2D status. Sex-specific
analyses suggested that the effect for memory function was
present only in men (Figure 3C and Table 3).

Figure 2 Flowchart of the Study Sample Selection

LIBRA = Lifestyle for Brain Health.
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Cognitive Impairment
Likelihood ratio testing showed that themodel including both a
linear and a quadratic LIBRA term had the best fit for cognitive
impairment. Logistic regression analyses revealed a relationship
between the quadratic LIBRA score and the odds of cognitive
impairment (OR 1.02, 95% CI 1.006–1.036, p = 0.006).

Mediation Analyses of the Association
Between LIBRA Score and Cognitive Outcomes
by MRI Markers
Nonlinear mediation at different levels of LIBRA score (low:
−1 SD; middle: at mean; high: 1 SD) showed that WMH
volumes partly explained the relationship between LIBRA
score and information processing speed, executive function

and attention, and cognitive impairment in the total sample.
Following the observed curvilinear association between LI-
BRA and these cognitive outcomes, the nonlinear mediation
effect θ tended to increase across levels of LIBRA score. This
suggests that MRI markers partly mediated the association
between LIBRA score and cognitive outcomes, and this be-
came even stronger as LIBRA score increased. Higher CSF
volumes also mediated the association between LIBRA score
and information processing speed and between LIBRA score
and executive function and attention. In men only, WMH
volumes mediated the association between LIBRA score and
memory function. Details on the estimations of the (in-
stantaneous) indirect associations of LIBRA score on cogni-
tion through MRI are given in Table 4.

Table 2 Characteristics of the Total Sample and of Participants With Low, Middle, and High Risk Based on LIBRA Scores

Variablesa Total sample (N = 4,164) Low riskb (n = 848) Middle riskb (n = 2,665) High riskb (n = 651)

Men, n (%) 2,070 (49.7) 319 (37.6) 1,354 (50.8) 397 (61.0)

Age, mean (SD), y 59.2 (8.6) 55.2 (8.4) 59.8 (8.3) 62.1 (8.0)

Education,c n (%)

Low 1,252 (30.2) 167 (19.7) 795 (29.9) 290 (45.4)

Middle 1,184 (28.6) 255 (30.1) 770 (29.0) 159 (24.9)

High 1,706 (41.2) 424 (50.1) 1,092 (41.1) 190 (29.7)

Marital status, n (%)

Single 287 (6.9) 64 (7.6) 178 (6.7) 45 (6.9)

Married or registered 3,417 (82.1) 704 (83.1) 2,199 (82.5) 514 (79.0)

Widowed/divorced 452 (10.9) 78 (9.2) 283 (10.6) 91 (14.0)

Other 7 (0.2) 1 (0.1) 5 (0.2) 1 (0.2)

LIBRA total score, mean (SD) 1.19 (2.06) −1.47 (0.61) 1.20 (1.05) 4.6 (1.08)

Individual LIBRA factors, n (%)

Type 2 diabetes 790 (19.0) 4 (0.5) 390 (14.6) 396 (60.8)

Hypertension 2,041 (49.0) 61 (7.2) 1,381 (51.8) 599 (92.0)

High cholesterol 639 (15.4) 27 (3.2) 493 (18.5) 119 (18.3)

Mediterranean diet 1,186 (28.5) 457 (53.9) 691 (25.9) 38 (5.8)

Heart disease 419 (10.1) 10 (1.2) 254 (9.5) 155 (23.8)

Chronic kidney disease 216 (5.2) 3 (0.4) 117 (4.4) 96 (14.8)

Low/moderate alcohol use 2,285 (54.9) 677 (79.8) 1,258 (47.2) 350 (53.8)

Physical inactivity 1,054 (25.3) 23 (2.7) 677 (25.4) 354 (54.4)

Depression 175 (4.2) 0 (0) 67 (2.5) 108 (16.6)

Obesity 749 (18.0) 6 (0.7) 320 (12.0) 423 (65.0)

Smoking 458 (11.0) 12 (1.4) 300 (11.3) 146 (22.4)

Abbreviation: LIBRA = Lifestyle for Brain Health (higher is more risk).
a Maximum values and percentages do not count up due to missing values and rounding issues.
b Low (risk) score is ≤1 SD below sample mean; middle (risk) score is between −1 and 1 SD; and high (risk) score is ≥1 SD above sample mean.
c Education level was divided from 9 ordinal levels to 3 categories (low: no education, primary education, lower vocational education; middle: intermediate
vocational education, higher secondary education; and high: higher professional education, university education).
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Additional Analyses
Sensitivity analyses were performed for the LIBRA variables
T2D, assigning those with prediabetes the risk weight for
T2D, and heart disease, by assigning a risk weight only to
those with coronary heart disease (in line with its initial use in
LIBRA29). Results remained similar to the main analyses.

Discussion
This cross-sectional population-based study investigated the
relationship of a modifiable risk score for dementia with brain
MRI markers and cognitive functioning. Higher LIBRA scores,
reflecting a less brain-healthy lifestyle, were associated with
WMH volume, with lower scores on information processing
speed and executive function and attention, and higher odds of
cognitive impairment. Associations of LIBRA score with
memory and general brain atrophy (i.e., GM, CSF) were pre-
sent only in men. Volumes of WMH and CSF mediated the
association between LIBRA score and cognition in the full co-
hort, and WMH mediated the relation with memory in men.

The results confirm previous studies showing that higher
LIBRA scores are related to lower cognitive functioning and
higher risk for cognitive impairment and dementia in the
general population and clinical studies.10-14 Our study shows
a relationship of LIBRA score with underlying biological
gradients of WMH and global atrophy using population
MRI, showing that it is indeed an index of brain health. In
men, higher LIBRA scores were associated with higher vol-
umes of brain atrophy and lower scores on memory function,
with directionally similar but not significant associations in
women. Although the association of LIBRA score with
memory in men was found only in sex-specific analyses, not
in formal interaction analyses as has been found for the
association with brain atrophy, these 2 findings seem con-
gruent. Both memory decline and brain atrophy are mani-
festations of Alzheimer disease,41 and previous studies
showed that, in middle age, men have more pronounced
brain atrophy compared to women, whereas women show
steeper decline in later phases.42-44 Lifestyle-related brain
damage might thus be more pronounced in men compared
to women of the same age in our cohort who were 40 to 75

Table 3 Results From Multiple Linear Regression Analyses of the Association Between LIBRA Score and the Volumetric
MRI Markers and Cognitive Domain Scores

Outcome measures LIBRA term
Standardized
β Value 95% CI p Value

R2 no LIBRA
score, %

Added R2 with
LIBRA score, %

Gray matter volume, mLa Linear 80.2 0.4

LIBRA × sex 0.052 0.033 to 0.071 <0.001

Men −0.093 −0.114 to −0.072 <0.001

Women −0.019 −0.041 to 0.002 0.080

White matter volume, mLa Linear 0.005 −0.012 to 0.022 0.563 78.9 0

CSF volume, mLa Linear 59.9 0.5

LIBRA × sex −0.053 −0.081 to −0.026 <0.001

Men 0.104 0.074 to 0.134 <0.001

Women 0.028 −0.003 to 0.059 0.073

White matter hyperintensity volume, mLa,b Linear 0.051 0.019 to 0.082 0.002 25.6 0.2

Memory functionc Linear 27.2 0.05

Men −0.054 −0.102 to −0.006 0.026

Women 0.001 −0.045 to 0.046 0.979

Information processing speedc Linear 0.005 −0.038 to 0.047 0.825 29.6 0.3

Quadratic −0.067 −0.108 to −0.026 0.001

Executive function and attentionc Linear −0.006 −0.051 to 0.040 0.807 20.1 0.5

Quadratic −0.065 −0.108 to −0.021 0.004

Abbreviations: CI = confidence interval; LIBRA = Lifestyle for Brain Health.
Linear associations between LIBRA score and MRI markers and memory function; quadratic associations between LIBRA score and information processing
speed and executive function and attention.
a Adjusted for sex (except for interaction analyses), age, education, diabetes status, intracranial volume, and time between assessment and MRI.
b Logarithmic transformation.
c Adjusted for sex (except sex-specific associations), age, education ,and diabetes status.
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years of age, leading to lower cognitive performance. Indeed,
men had higher mean LIBRA scores, which is in line with a
previous study,13 as well as higher WMH and CSF volume
and worse cognitive scores, including memory, than women
in the present study. The fact that worse cognitive perfor-
mance was more strongly related with MRI markers as LI-
BRA scores increased adds to the validity of this score for
identifying those with low brain health and high risk of
deterioration.

Various pathophysiologic mechanismsmay affect the different
LIBRA factors such as arteriolosclerosis,45 atherosclerotic
burden,46 cerebral hypoperfusion,46 and neurodegenerative
Alzheimer disease pathology.47 We found an association be-
tween LIBRA score and the presence of CSVD only when
using a stricter definition of CSVD, which was not the initial a
priori definition. Both WMH and brain atrophy explained the
relation between LIBRA score and cognition. While cross-
sectional associations do not allow temporal inference, it is in

Figure 3 LIBRA Score and MRI and Cognition: Differences in Sex

Estimated marginal means showing the (sex-specific) associations between Lifestyle for Brain Health (LIBRA) score and (A) gray matter (GM) volume, (B) CSF
volume, (C) memory function, (D) information processing speed (IPS), and (E) executive function and attention (EFA).
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Table 4 Estimation From the Mediation Analyses of LIBRA Scores on Cognition Through MRI Markers

Variables Total effect Direct effect Indirect effect

Memorya,c β Value 95% CI β Value 95% CI β Value 95% CI

Gray matter

Men −0.027 −0.047 to −0.006 −0.028 −0.049 to −0.007 0.001 −0.002 to 0.004

Women −0.004 −0.023 to 0.017 −0.003 −0.023 to 0.017 −0.001 −0.002 to 0.001

White matter

Men −0.027 −0.047 to −0.006 −0.026 −0.047 to −0.005 −0.000 −0.001 to 0.001

Women −0.004 −0.024 to 0.017 −0.003 −0.024 to 0.017 −0.000 −0.001 to 0.001

CSF

Men −0.027 −0.047 to −0.006 −0.028 −0.049 to −0.007 0.001 −0.001 to 0.003

Women −0.004 −0.024 to 0.017 −0.002 −0.023 to 0.018 −0.001 −0.003 to 0.001

WMH

Men −0.027 −0.048 to −0.006 −0.024 −0.045 to −0.004 −0.002 −0.004 to −0.0003

Women −0.004 −0.025 to 0.016 −0.003 −0.023 to 0.018 −0.001 −0.003 to 0.001

CSVD (yes/no)

Men −0.026 −0.047 to −0.005 −0.026 −0.047 to −0.005 0.000 −0.001 to 0.001

Women −0.003 −0.024 to 0.017 −0.003 −0.024 to 0.017 0.000 −0.001 to 0.0004

IPSb

Low LIBRA score Middle LIBRA score High LIBRA score

θ 95% CI θ 95% CI θ 95% CI

Gray matterc

Men −0.011 −0.047 to 0.014 −0.012 −0.043 to 0.016 −0.012 −0.045 to 0.016

Women −0.008 −0.032 to 0.003 −0.009 −0.029 to 0.004 −0.009 −0.040 to 0.003

White matter −0.010 −0.197 to 0.169 0.025 −0.080 to 0.137 0.060 −0.093 to 0.237

CSF, mLc

Men −0.367 −0.870 to −0.078 −0.387 −0.728 to −0.158 −0.407 −0.806 to −0.152

Women −0.452 −0.907 to −0.143 −0.402 −0.706 to −0.193 −0.352 −0.806 to −0.049

WMH −0.093 −0.265 to 0.012 −0.107 −0.232 to −0.031 −0.121 −0.281 to −0.027

CSVD (yes/no) −0.005 −0.019 to 0.005 −0.008 −0.018 to −0.002 −0.011 −0.033 to 0.001

EFAb

Low LIBRA score Middle LIBRA score High LIBRA score

θ 95% CI θ 95% CI θ 95% CI

Gray matterc

Men −0.242 −0.697 to 0.037 −0.250 −0.615 to 0.067 −0.258 −0.660 to 0.067

Women −0.114 −0.411 to 0.022 −0.122 −0.364 to 0.028 −0.130 −0.515 to 0.020

White matter −0.005 −0.121 to 0.086 0.012 −0.032 to 0.099 0.029 −0.034 to 0.169

CSFc

Men −0.312 −0.781 to −0.062 −0.329 −0.672 to −0.106 −0.346 −0.775 to −0.101

Women −0.314 −0.771 to −0.062 −0.279 −0.608 to −0.073 −0.244 −0.692 to −0.027

WMH −0.117 −0.330 to 0.014 −0.134 −0.280 to −0.043 −0.151 −0.339 to −0.037

CSVD 0.001 −0.003 to 0.010 0.001 −0.004 to 0.008 0.002 −0.005 to 0.017

Continued
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line with the idea that these risk factors affect and accelerate
both vascular and neurodegenerative pathology.48 In line
with our study, the Cardiovascular Risk Factors, Aging, and
Incidence of Dementia (CAIDE) Risk Score also has been
associated with WMH load.49 This score includes both
modifiable (hypertension, hypercholesterolemia, body mass
index, and physical inactivity) and nonmodifiable (e.g., age,
sex, education) factors, which makes it difficult to disen-
tangle their relative contribution. Besides, an external vali-
dation study of 4 dementia prediction models (including
CAIDE) showed that age alone already showed nearly
identical discriminative ability compared to the full model
including other (modifiable) risk factors.50 We showed that a
compound score of health and lifestyle factors is associated
with brain markers and cognition, even after adjustment for
the contribution of the nonmodifiable factors age, sex, and
education. The use of a compound score that includes risk
and protective factors all within the reach of vascular risk
management and lifestyle interventions makes the LIBRA
index a useful tool in identifying a group of individuals at
increased risk of cognitive decline and dementia and for
monitoring treatment targets over time in dementia pre-
vention trials.15

Strengths of this study include the population-based design
and the large sample size within the midlife target age range
(40–75 years), which makes the results particularly gener-
alizable to middle-aged individuals. Furthermore, the avail-
ability of domain-specific cognition and state-of-the-art
population imaging data allowed us to study the association
pathways in considerable depth. The extensive phenotyping

approach of The Maastricht Study made it possible to
operationalize the LIBRA factors largely on the basis of
objective clinical data from physical examination at the re-
search center, if applicable, in combination with self-
reported data. Last, this study has taken the nonlinear as-
sociation between LIBRA score and cognition into account
in the mediation analysis by estimating the instantaneous
indirect effects of the MRI markers. Unfortunately, these
analyses made it impossible to quantify the overall indirect
effect of LIBRA score on cognition through theMRImarkers
because the instantaneous indirect effect is estimated for 3
specific values of LIBRA (based on the SD).40 Other limi-
tations of our study are the cross-sectional design, in which
definitive conclusions concerning cause and effect are not
possible. In addition, selection bias may have occurred in this
present study due to missing MRI data. Indeed, the group
who did not undergo an MRI and therefore were not in-
cluded in this study were older, had a lower level of educa-
tion, and appeared to be frailer, that is, had a higher presence
LIBRA factors such as T2D, hypertension, and heart disease,
which likely led to an underestimation of the associations.
Next, while data on most LIBRA factors were available in this
dataset, the absence of the LIBRA factor cognitive activity,
which is the strongest protective factor (LIBRA weight of
−3.2), could have weakened the predictive value of the LI-
BRA index. Furthermore, the use of dichotomous LIBRA
scores, that is, presence of LIBRA factor yes/no, makes the
index less suitable to detect small changes in a specific factor
in behavioral change programs.15 Yet, a study showed that
LIBRA was most responsive to change compared to other
risk indices, probably due to the large number of modifiable

Table 4 Estimation From the Mediation Analyses of LIBRA Scores on Cognition Through MRI Markers (continued)

Cognitive Impairmentb

Low LIBRA score Middle LIBRA score High LIBRA score

θ 95% CI θ 95% CI θ 95% CI

Gray matterc

Men −0.001 −0.008 to 0.004 −0.002 −0.007 to 0.004 −0.002 −0.008 to 0.004

Women 0.001 −0.002 to 0.005 0.001 −0.003 to 0.004 0.001 −0.003 to 0.006

White matter 0.003 −0.046 to 0.055 −0.007 −0.042 to 0.020 −0.016 −0.073 to 0.022

CSFc

Men 0.003 0.000 to 0.009 0.003 0.000 to 0.008 0.003 0.000 to 0.009

Women 0.004 0.000 to 0.011 0.004 0.000 to 0.009 0.003 0.000 to 0.011

WMH 0.002 0.000 to 0.006 0.002 0.001 to 0.005 0.003 0.001 to 0.006

CSVD 0.000 0.000 to 0.002 0.001 0.000 to 0.002 0.001 0.000 to 0.004

Abbreviations: CI = confidence interval;; CSVD = cerebral small vessel disease; EFA = executive function and attention; IPS = information processing speed;
LIBRA = Lifestyle for Brain Health; WMH = white matter hyperintensity volume.
a Traditional mediation analyses with linear LIBRA score.
b Nonlinear mediation of θ based on low (≤1 SD), middle (−1 to +1 SD), and high (≥1 SD) LIBRA score. Multiplied by 100 for visibility.
c Interactions observed for sex.
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factors.15 Still, the use of alternative scoring formats need to
be considered. Finally, the adjustment for T2D status in all
analyses might not be sufficient to control for the over-
sampling of participants with T2D by design. There was,
however, no interaction pattern for T2D, suggesting that
LIBRA scores had similar associations with cognition in
those with and without T2D.

Future studies should replicate these findings in a prospective
design to expand the understanding of the relationship be-
tween health- and lifestyle-related risk factors and cognitive
aging over time. Furthermore, the mediation analyses should
be explored further by more extensive brain structure mea-
sures (e.g., WM connectivity, hippocampal volume).

This study showed that higher LIBRA scores, indicating a less
brain-healthy lifestyle profile, are associated with lower in-
formation processing speed, executive function and attention,
and WMH in the total population and with lower memory
function and markers of global brain atrophy in men, in-
dependently of the nonmodifiable risk factors age, sex, and
education. Sex differences in the lifestyle-related pathology
and manifestations of dementia need to be further explored.
Improving health and lifestyle factors captured by LIBRA
might improve population brain health.
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