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Abstract

INTRODUCTION: Evaluating whether genetic susceptibility modifies the impact of
lifestyle-related factors on dementia is critical for prevention.

METHODS: We studied 5170 participants from a French cohort of older persons free
of dementia at baseline and followed for up to 17 years. The Lifestyle for BRAin health
risk score (LIBRA) including 12 modifiable factors was constructed at baseline (higher
score indicating greater risk) and was related to both subsequent cognitive decline and
dementia incidence, according to genetic susceptibility to dementia (reflected by the
apolipoprotein E [APOE] ¢4 allele and a genetic risk score [GRS]).

RESULTS: The LIBRA was associated with higher dementia incidence, with no signif-
icant effect modification by genetics (hazard ratio for one point score = 1.09 [95%
confidence interval, 1.05; 1.13]) in APOE €4 non-carriers and = 1.15[1.08; 1.22] in car-
riers; P = 0.15 for interaction). Similar findings were obtained with the GRS and with
cognitive decline.

DISCUSSION: Lifestyle-based prevention may be effective whatever the genetic

susceptibility to dementia.
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1 | INTRODUCTION

As life expectancy increases and the population ages, cognitive aging
and dementia, the most frequent form of pathological brain aging,
have become a major concern worldwide. Dementia is a multifactorial
syndrome, with sporadic Alzheimer’s disease (AD) accounting for
two thirds of cases, resulting from both genetic and environmental
risk factors. While a large proportion of the heritable component of
sporadic AD is attributed to epsilon alleles of apolipoprotein E (APOE),
75 additional common genetic risk loci were also mapped to sporadic
AD in recent genome-wide association studies (GWAS).22 On the
environmental side, modifiable lifestyle and related risk factors, which
are actionable to primary prevention by individual behavioral changes,
could represent > 40% of the attributable risk of dementia and thus
appear at the forefront of prevention.® The risk factors with the most
compelling epidemiological evidence so far in relation to cognitive
aging include psychosocial factors (low education level, depression,
low cognitive stimulation), lifestyle (unhealthy diet, low physical
activity, alcohol use, smoking), and related cardiometabolic health
(diabetes, hypertension, obesity, high cholesterol).>* In addition,
individuals rarely encounter one risk factor alone and the combined
study of the multiple risk factors for dementia could more accu-
rately capture the additive effect of environmental exposure as a
whole.

The Llifestyle for BRAIn health risk score (LIBRA) uniquely com-
bines and evaluates the additive effect of robust modifiable risk
factors for dementia actionable by tailored interventions for primary
prevention.*"? The LIBRA comprises a weighted score of modifiable
components including: unhealthy lifestyle (unhealthy diet, physical
inactivity, low engagement in cognitively stimulating activities, null
or elevated alcohol consumption, and smoking), poor cardiometabolic
health (history of heart disease, diabetes, high cholesterol, obesity,
and hypertension), renal dysfunction, and depression,”> with higher
scores indicating a higher risk for dementia.®? Initially developed
upon a systematic literature review and Delphi expert study,* the
LIBRA was highly associated with dementia when applied in obser-
vational cohorts. In the Maastricht Aging Study, each increase of one
point of LIBRA was associated with a 25% increase in dementia risk,”
and the LIBRA has been later externally validated in several other
population-based studies from mid-life to older ages.”~?

A crucial question for public health and prevention is whether the
risk of dementia attributable to genetic susceptibility may be low-
ered by acting on modifiable risk factors through global prevention
programs. This is a key concept of precision prevention, in which
the right intervention should target the right population (in the right
window of opportunity). However, epidemiological findings on gene-
by-environment interactions in dementia have been inconsistent so
far. In Europe, two studies reported lifestyle factors associated with
dementia risk but only among older persons with low,'° or con-
versely high,!! genetic susceptibility, while UK and US studies reported
no interaction effects.12-1* None of these prior studies examined a
comprehensive combination of modifiable factors as reflected by the
LIBRA.
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RESEARCH IN CONTEXT

1. Systematic review: Some epidemiological studies found
that the association of modifiable factors with risk of
dementia is independent of the genetic susceptibility to
the disease, while others reported null association among
persons with a high genetic risk.

2. Interpretation: In a large cohort of older persons from
western Europe (France), increasing number of unhealthy
lifestyle-related factors was associated with a higher risk
of dementia and faster cognitive decline, independently
of genetic risk factors for Alzheimer’s disease.

3. Future directions: Implementation of the Llifestyle for
BRAIn health risk score (LIBRA) in preventive interven-
tions should be considered in the future.

We leveraged a large cohort with a deep investigation of genomic
and environmental risk factors and up to two decades of in-person
follow-up for cognition and dementia, the Three-City (3C) Study, to
investigate the interaction between the LIBRA and genetic susceptibil-
ity in relation to dementia risk and cognitive trajectories.

2 | METHODS
2.1 | Study population

The 3C Study is an ongoing prospective cohort initiated in 1999 to
2000, including 9294 non-institutionalized community dwellers aged
> 65 years from three French cities: Bordeaux (n = 2104), Dijon
(n = 4931) and Montpellier (n = 2259).2> The 3C protocol was
approved by the consultative committee for the protection of persons
participating in biomedical research of the Kremlin-Bicétre university
hospital and Sud-Méditerranée Il and all participants provided written
informed consent. At baseline, face-to-face interviews were conducted
to collect sociodemographic data, lifestyle, and health parameters.
Anthropometric and blood pressure measurements were performed,
as well as a fasting blood sampling. APOE was genotyped and genome-
wide genotyping was ascertained among 6489 3C participants for the
purpose of a GWAS on AD.1¢

In-person follow-up visits were conducted every 2 to 3 years for
12 years in Dijon, 15 years in Montpellier, and 17 years in Bordeaux.
The vital status of each participant was searched regularly via death
certificates, participant’s family, and/or physician and hospital records.

Of the 9294 participants from 3C who had completed the base-
line clinical evaluation, we first excluded 1804 individuals with missing
data for at least one of the LIBRA components at baseline, 1858 who
did not participate in the GWAS, and 8 who had no APOE sequenc-
ing. Among the remaining 5624 participants, we further excluded 77
individuals who had dementia at baseline and 377 without at least

one completed follow-up visit, resulting in an analytical sample of
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5170 participants (Figure S1 in supporting information). The excluded
participants due to missing information for > 1 LIBRA component,
genomics or incident dementia, were slightly older than those included
(74.9 vs. 73.9 years old), had slightly lower body mass index (BMl;
25.5 vs. 25.8 kg/m2), and were more often diabetics (12% vs. 9%:; all
P < 0.05; Table S1 in supporting information). However, they did not
differ for other sociodemographic and health indicators including sex,

educational level, income, smoking, or hypertension.

2.2 | Ascertainment of dementia and cognitive
change

Incident dementia cases were actively screened and dementia diagno-
sis was established based on a three-step procedure.'® First, trained
psychologists administered a battery of neuropsychological tests at
baseline and at each follow-up visit. Second, the participants suspected
to be demented by the neuropsychologist were secondarily exam-
ined by a neurologist to establish the diagnosis. Third, all potential
cases were adjudicated by an independent committee of neurolo-
gists, who reviewed all existing information to establish the diagnosis
and etiology based on the Diagnostic and Statistical Manual of Men-
tal Disorders, Fourth Edition’” and National Institute of Neurological
and Communicative Disorders and Stroke-Alzheimer’s Disease and
Related Disorders Association.'®

To analyze cognitive trajectories, we focused on global function-
ing, by combining the results in five neuropsychological tests assessed
repeatedly from study baseline to the last follow-up visit, which eval-
uate different cognitive domains: the Mini-Mental State Examination
(range of possible values, 0-30 points),!? for global cognition; the Ben-
ton Visual Retention Test (range of possible values, 0-15 points),2°
for working memory attention; the Isaacs’ Set Test (range of sam-
ple values, 0-66 points),2! for verbal fluency; and the Trail Making
Tests,?2 assessed as the number of correct moves divided by time to
perform the test in minutes; Part A (range of sample values, 0-84.6
moves/minute) and B (0-49.8 moves/minute), for processing speed and
executive functions, respectively. More details on the cognitive tests
have been described in Methods S1 in supporting information.

2.3 | Ascertainment of the LIBRA

We calculated the LIBRA as a weighted sum of 12 lifestyle, car-
diometabolic, and other health-related components,“’5 all defined at
cohort baseline (Table 1). We were able to reconstruct all original
components® in our study population. For certain components, we
made slight adaptations in the definition criteria; we used study-
specific definitions for healthy diet, engagement in regular exercise and
cognitively stimulating activities, as defined in our previous works; 2324
and we included use of medications in addition to biological values
or self-report in the definition of diabetes, high cholesterol, and high
depressive symptoms. The binary components (denoting high vs. low,

or presence vs. absence of the risk factor) were then weighted based on

the original scoring system definition (with positive weights assigned to
risk factors and negative weights to protective factors)® and the LIBRA
was computed as the weighted sum score of all the components for
each individual.

2.4 | Genetics of dementia

The genetic susceptibility to dementia was studied using two com-
plementary tools. First, APOE genotyping was performed using the
fluorogenic 5’-nuclease assay with TagMan chemistry?®> and APOE &4
carriers, defined as individuals having at least one ¢4 risk allele (2/¢4,
£3/¢4, or 4/<4 genotype) were compared to non-carriers (¢2/¢2, €2/¢3,
or £3/£3 genotype).

Second, we generated a genetic risk score (GRS) for AD by sum-
ming the number of independent risk alleles as identified in the latest
published GWAS meta-analysis,2 each weighted by the corresponding
regression coefficient. This GRS was built from genome-wide genotyp-
ing data that were available in 3C participants and that were processed
at the Centre National de Génotypage in Evry (France) using the Illu-
mina Human610-Quad BeadChip. Genotype data were imputed using
the 1000 Genomes Phase 1 Version 3 reference panel following stan-
dard quality control, described in detail in previous publications.2
To construct the GRS, we considered 68 AD-associated common
variants? showing high imputation quality in our study (minor allele
frequency > 0.01 and imputation score > 0.5; Table S2 in supporting

information).

2.5 | Statistical analyses

We primarily used the LIBRA and GRS as continuous variables in sta-
tistical models (i.e., for interaction tests) and scores were secondarily
categorized to allow for stratified analyses when we needed to derive
group-level epidemiological indicators.

2.5.1 | Incidence of dementia

To estimate hazard ratios (HR) of dementia with increasing LIBRA, we
used cause-specific Cox models taking into account potential compet-
itive risk by death. The time to dementia onset was imputed at the
mid-point interval between the last visit without dementia and the visit
at diagnosis. For participants who died without any dementia diagno-
sis, the time to dementia onset was censored at the time of death,
if death occurred < 3 years after the last follow-up visit, and at the
last visit otherwise. To derive the crude cause-specific absolute risk
of dementia from the Cox model while accounting for competing risk
by death,?” we further specified a cause-specific Cox model for death
before dementia. For both dementia and death, Cox models considered
the time since entry in the cohort as the timescale and used baseline
hazard rates stratified by study center (to account for differences in the

ability to meet proportional hazards assumption due to center-specific
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TABLE 1 Definition of the Lifestyle for BRAin health risk (LIBRA) score metrics.

Weight to

Metric Definition dementia risk®
Healthy diet Intake of fruits and vegetables > twice per day and intake of fish > twice by week -1.7
Physical inactivity 1.1

Dijon and Montpellier sites Recreational walking <1 hour per day or no sport practice

Bordeaux site Recreational walking < 1 hour per week or having <1 hour of sport or intensive

leisure activity per week

Engagement in cognitively Highest tertile of a cognitive stimulating activity score -32

stimulating activities®
Low to moderate alcohol Consumption of > 0 and < 14 units of alcohol per week -1.0

consumption
Smoking Current smoker 1.5
Heart disease History of: myocardial infarction, hospitalized stroke, coronary 1.0

surgery/angioplasty, history of leg artery surgery if arteritis of the lower limbs

Diabetes Fasting glycemia > 7 mmol/L or taking diabetes medication 1.3
High cholesterol Fasting blood cholesterol > 6.2 mmol/L or taking lipid-lowering medication 1.4
Obesity Body mass index > 30 kg/m?2 1.6
Hypertension Blood pressure > 140/90 mmHg or antihypertensive treatment 1.6
Renal dysfunction Glomerular filtration rate <60 mL/min/1.73 m? 1.1
Depressive symptomatology Center for Epidemiologic Studies-Depression scale > 17 among men, > 23 among 2.1

women or taking an antidepressant treatment

2Weights were assigned as defined in the original score* (with positive weights for risk factors and negative weights for protective factors).
bThe cognitively stimulating activity score was based on current practice of 15 leisure activities in Bordeaux center and six leisure activities in Dijon and

Montpellier centers (Methods S1 in supporting information).243?

follow-up duration). Models were adjusted for age at baseline using
a spline function,?8 sex, educational level, income, and genetic ances-
try (represented by the four first principal components of population
stratification, a common strategy to control for confounding due to
subpopulation structure in genomics studies??).

To investigate whether the associations between the LIBRA and
dementia risk were modified by APOE ¢4 or GRS, we examined two-way
interaction terms between the LIBRA (continuous) and each genetic
tool (APOE &4 or GRS [continuous]) in separate models. Absolute and
relative risks of dementia for each increase of one point of LIBRA were
estimated stratified on both APOE ¢4 carrier status and increasing GRS
levels (tertiles).

In all models, the log-linearity and the proportional hazard assump-
tions were evaluated using penalized splines and the Schoenfeld

residuals, respectively.

2.5.2 | Cognitive decline

We estimated the evolution of global cognition, defined as the common
factor underlying the five neuropsychological tests, using a latent pro-
cess mixed model for multivariate continuous longitudinal outcomes.3°
The cognitive trajectory was modeled using a quadratic function of
time, in years since cohort entry; within-participant correlation was
captured by a correlated random intercept and slopes on the time func-
tion. The models included an intercept that represented the cognitive

scores at baseline, the quadratic functions of time, covariates (both
as a simple effect and in interaction with time functions), and corre-
sponding random effects to account for intra-individual correlation.
We examined the association of both LIBRA and genetic factors (and
their potential interactions) with cognitive change (through time func-
tion parameters), adopting similar modeling strategy as with dementia
risk analyses. As in the analysis of incident dementia, the assump-
tion of a linear relationship between LIBRA and cognitive trajectory
constituents was investigated using splines.

2.5.3 | Supplementary analyses

As an additional analysis, we tested for potential differential associ-
ations of LIBRA to dementia risk across combined (APOE 4-by-GRS)
genetic risk groups, in a single model.

Moreover, in sensitivity analyses, we evaluated the robustness of
our results to slight variations in the definition of our LIBRA and GRS
scoring systems (Methods S1). We also secondarily excluded from the
group of APOE ¢4 carriers participants with the 2 allele (i.e., £2/¢4 geno-
type) as 2 is known to compensate the increased risk conferred by the
¢4 allele.

Finally, we evaluated the robustness of our results to any bias
due to the selection of healthier participants (those with complete
information for LIBRA), by running a sensitivity analysis of LIBRA
and incident dementia on the sample of n = 5900 participants with
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TABLE 2 Baseline characteristics of participants according to increasing levels of Lifestyle for BRAin health risk (LIBRA) score (N = 5170).

Study center, N (%)
Bordeaux
Dijon
Montpellier
Sociodemographic characteristics
Age, mean (SD), years
Women, N (%)
Education > secondary school, N (%)
Monthly income > 1500€, N (%)
LIBRA score, mean (SD)
Lifestyle and health characteristics (LIBRA components)
Healthy diet, N (%)
Physical inactivity, N (%)
Engagement in cognitively stimulating activities, N (%)
Alcohol consumption (> 0 and < 14 units of alcohol per week), N (%)
Current smoking, N (%)
Heart disease, N (%)
Diabetes, N (%)
High cholesterol, N (%)
Body mass index, mean (SD), kg/m?
Hypertension, N (%)
Renal dysfunction, N (%)
Depressive symptomatology, N (%)
Genetic characteristics
APOE ¢4 carrier, N (%)
Genetic risk score®, N (%)
Low
Medium
High

Abbreviations: APOE, apolipoprotein E; SD, standard deviation.

LIBRA score?

Low [-5.9; —1.0] Intermediate [-1; 2.7] High[2.7;11.2]
(n=1383) (n=2503) (n=1284)
248(17.9) 578(23.1) 339(26.4)
957(69.2) 1646 (65.8) 836 (65.1)
178(12.9) 279(11.1) 109 (8.5)
73.1(5.0) 73.7 (5.2) 74.8(5.4)
936 (67.7) 1485 (59.3) 751(58.5)
724 (52.4) 918(36.7) 354 (27.6)
966 (71.7) 1464 (60.7) 647 (52.1)
-2.43(1.25) 1.02(0.97) 4.29(1.24)
520(37.6) 437 (17.5) 74(5.8)
98(7.1) 654(26.1) 562 (43.8)
1046 (75.6) 525(21.0) 41(3.2)
973(70.4) 1171 (46.8) 447 (34.8)
31(2.2) 113 (4.5) 128(9.9)
31(2.2) 213(8.5) 212 (16.5)
30(2.2) 179(7.2) 247 (19.2)
399 (28.9) 896 (35.8) 694 (54.0)
24.7 (3.4) 25.5(3.8) 27.5(4.6)
950 (68.7) 1913(76.4) 1181 (92.0)
63 (4.6) 248(9.9) 324(25.2)
33(2.4) 209 (8.3) 375(29.2)
276(20.0) 495(19.8) 268(20.9)
494 (35.7) 817(32.6) 413(32.2)
443 (32.0) 865 (34.6) 415(32.3)
446 (32.2) 821(32.8) 456 (35.5)

2Low, intermediate, and high LIBRA risk score categories were defined as the first quartile, second and third quartiles, and fourth quartile of the score,

respectively. LIBRA ranges theoretically from —5.9 to +12.7.

bLow, medium, and high genetic risk score categories were defined as the first, second, and third tertiles of the score, respectively.

genomics data and followed for dementia (among whom n = 730 had
missing information for at least one LIBRA component) and imputing
the missing LIBRA information by multiple imputation. The Rubin
rule was used for estimation of the within- and between-imputation
variances.®!

All statistical analyses were conducted using R software version
4.0.3 (R Foundation for Statistical Computing; RiskRegression?” and
lcmm?®° packages for cause-specific Cox and multivariate latent pro-
cess mixed models, respectively). Missing data for covariates (< 1%
for education and income) were imputed using chained equations with

fully conditional specification method,3? whenever necessary.

3 | RESULTS

At baseline, the participants were aged 73.9 years on average, 66%
were female, and 39% had an education level higher than secondary
school (Table 2). There was increasing proportion of participants from
Bordeaux center and decreasing proportion from Dijon with increas-
ing LIBRA scores (Table 2). Participants with higher LIBRA were slightly
older and less likely to be female and to have higher levels of educa-
tion and income (Table 2). LIBRA components were distributed widely
across increasing score levels, with, by design, higher prevalence for

unhealthy components (physical inactivity, smoking, heart disease,
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TABLE 3 Incidence rates of dementia according to increasing levels of LIfestyle for BRAin health risk (LIBRA) score and genetic risk (N =5170).

Overall population
Overall population 652/5170
1.5(1.4-1.6)
APOE ¢4 carrier status
Non-carrier 479/4131
1.4(1.2-1.5)
Carrier 173/1039
2.1(1.8-2.5)
GRS
Low 187/1724
1.3(1.1-1.5)
Medium 212/1723
1.5(1.3-1.7)
High 253/1723
1.8(1.6-2.0)

LIBRA score?®

Alzheimer’s &Dementia® | ss
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Low Intermediate High
132/1383 297/2503 223/1284
1.1(0.9-1.2) 14(1.2-1.6) 2.3(2.0-2.7)
99/1107 215/2008 165/1016
1.0(0.8-1.2) 12(1.1-1.4) 2.1(1.8-2.5)
33/276 82/495 58/268
14(1.0-1.9) 2.1(1.6-2.5) 3.3(2.5-4.3)
44/494 85/817 58/413
1.0(0.7-1.3) 12(1-1.5) 1.9(1.4-2.4)
41/443 96/865 75/415
1.0(0.7-1.4) 14(1.1-1.7) 2.2(1.7-2.7)
47/446 116/821 90/456
1.2(0.9-1.6) 1.6(1.3-1.9) 3.0(2.4-3.7)

Abbreviations: APOE, apolipoprotein E; Cl, confidence interval; GRS, genetic risk score.
Note: Data are number of incident cases/total and incidence rate per 100 person-year (95% Cl).
aLow, intermediate, and high LIBRA risk score categories were defined as the first quartile, second and third quartiles, and fourth quartile of the score,

respectively.

bLow, medium, and high genetic risk score categories were defined as the first, second, and third tertiles of the score, respectively.

diabetes, high cholesterol and BMI, hypertension, renal dysfunction,
and depression) and low prevalence for healthy components (healthy
diet, engagement in cognitively stimulating activities, low to moderate
alcohol consumption) with higher LIBRA values.

APOE ¢4 carriers were quite evenly distributed across LIBRA levels
(20.0% in lower vs. 20.9% in higher score levels). In contrast, par-
ticipants with higher LIBRA were slightly more likely to have higher
GRS score values. Both LIBRA (mean = 0.91 [standard deviation
(SD) = 2.66], range —5.9 to 11.2) and GRS (mean = 4.51 [SD = 0.32],
range 3.51-5.83) scores followed a Gaussian distribution (Figure S2 in
supporting information).

In total, 652 (13%) participants developed dementia over a mean
follow-up time of 8.4 years (SD = 4.2; median = 8.5; range 1-19 years).
The incidence rate of dementia increased with increasing LIBRA (1.1
[95% confidence interval (Cl) 0.9; 1.2] per 100 person-years [PY]in the
lowest LIBRA quartile vs 2.3 [2.0; 2.7] per 100 PY in the highest quar-
tile; Table 3). While dementia incidence was higher in participants with
higher genetic risk (2.1 [1.8-2.5] vs. 1.4 [1.2-1.5] per 100 PY in APOE
¢4 carriers vs. non-carriers; 1.8 [1.6-2.0] vs. 1.3 [1.1-1.5] per 100 PY
in participants with high vs. low GRS tertile, respectively), we found
increasing incidence rates of dementia with increasing LIBRA in all cat-
egories of genetic risk. For example, in APOE ¢4 carriers, incidence rates
were 1.4 (95% Cl 1.0; 1.9) per 100 PY in the low LIBRA versus 3.3 (2.5;
4.3) per 100 PY in the high LIBRA category.

In multivariable-adjusted analyses, a higher LIBRA was significantly
associated with higher dementia risk, with no evidence of effect mod-
ification by genetic risk (Figure 1; P for interaction = 0.15 and = 0.57
for the interactions of LIBRA with APOE ¢4 and the GRS, respectively).

Each 1-point increase in LIBRA was associated with a 9% increased
risk of dementia (95% Cl, 5%; 13%) in APOE ¢4 non-carriers and a 15%
(95% Cl, 8%; 22%) increased risk in carriers (Figure 1A). Similar results
were found across GRS levels, adjusted on APOE ¢4 status (HR = 1.10
[95% Cl, 1.04; 1.16] in the low GRS vs. 1.12 [95% Cl, 1.06; 1.18] in the
high GRS tertile; Figure 1B). Associations of both LIBRA and GRS with
dementia risk were log-linear in all Cox models.

In analyses of cognitive trajectories (Figure 2), results were consis-
tent with those obtained with dementia risk. Each 1-point increase in
the LIBRA was associated with worse initial global cognition and with
a steeper annual rate of cognitive decline, both in APOE &4 carriers and
non-carriers (Figure 2A; P = 0.11 for LIBRA x APOE ¢4 and = 0.41 for
LIBRA x APOE ¢4 x quadratic time function interaction terms), and both
in low and high GRS levels (Figure 2B; P = 0.13 and = 0.23 for inter-
action terms). Among APOE &4 non-carriers, the estimated change in
global cognition for each additional point of LIBRA was —0.11 (95% Cl,
—0.12; —0.10) standard units at inclusion, —0.14 (95% CI, —0.14; —0.12)
at 7 years, and —0.17 (95% ClI, —0.21; —0.13) at 15 years. In APOE ¢4
carriers, the estimated change in global cognition for +1 point LIBRA
was —0.09 (95% ClI, —0.12; —0.06) standard units at inclusion, —0.13
(95% Cl,—0.17; —0.09) at 7 years, and —0.16 (95% Cl, —0.23; —0.09) at
15 years. Hence, for example, in APOE €4 carriers, the average cognitive
level attained by participants with a high LIBRA (> fourth quartile) after
5 years (69 standard units, see Figure 2A) would be reached approxi-
mately 2 years later if they had a low LIBRA (< first quartile) initially.
That delay in cognitive aging among those with low (vs. high) LIBRA
would extend to 3 years after 10 years of follow-up. Findings were of

similar magnitude in APOE €4 non-carriers or within levels of GRS.
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FIGURE 1 Multivariable-adjusted absolute risk of dementia during the course of the study and corresponding relative risks (HR)? according to
increasing levels of LIBRA score and genetic risk (N = 5170). @ Relative risks (HR, as presented in tables) were estimated with cause-specific Cox
models censoring at death. The timescale was the delay between the date of inclusion and either the date of dementia, death, or the end of
follow-up, whichever came first. Absolute risks of dementia (as presented in plots) were estimated from the cause-specific Cox model while
accounting for competing risk by death by specifying a cause-specific Cox model for death before dementia. All Cox models used baseline hazard
rates stratified by study center and included: the LIBRA score (continuous), the genetic factor (APOE ¢4 status in panel A, dementia GRS [tertiles] in
panel B), the interactions of LIBRA score and the genetic factor, and covariates (age, sex, education level, income, genetic ancestry, and APOE ¢4
status in panel B). The P value for LIBRA x GRS interaction test as embedded in (B) plot was estimated in a distinct model considering the GRS
continuously. Curves represent the absolute risk of dementia at each time of follow-up of an average study participant profile (a woman from the
Bordeaux site, aged 74 years old at inclusion with educational level equal to middle school and monthly income between 1500 and 2250€). Note
that the choice of profile is made to optimize the graphical representation and has no influence on the differences in HR estimated by the model
(calculated for each increase of one point of LIBRA taken as a continuous variable). We chose two representative levels of LIBRA score (lower

level = upper bound of the first quartile and higher level = lower bound of the fourth quartile), stratified in two levels of genetic factor (APOE 4
carrier vs. no carrier in [A], and first tertile [low] vs. third tertile of GRS [high]). APOE, apolipoprotein E; Cl, confidence interval; GRS, genetic risk

score; HR, hazard ratio; LIBRA, Lifestyle for BRAIn health risk score

In supplementary analyses examining effect modification by com-
bined APOE ¢4 and GRS, we found no significant LIBRA-by-APOE
£4-by-GRS interaction on dementia risk (Figure S3 in supporting infor-
mation). Furthermore, sensitivity analyses examining an alternative
LIBRA using study-specific weights or an alternative GRS from a GWAS
based on clinically diagnosed cases, yielded similar results (Table S3,
Figures S4 and S5 in supporting information). When limiting the def-
inition of the cardiovascular disease component to heart disease
(ignoring hospitalized stroke) to comply with the original LIBRA, or
when excluding the n = 81 ¢2/¢4 participants, findings were not mod-
ified (Pint = 0.17 and = 0.44 for the interaction term with APOE, and
GRS, respectively, on the risk of dementia, for the updated LIBRA
analysis; and Pint = 0.15 and = 0.90 for interactions when excluding
the £2/¢4 participants). Similarly, imputations of missing LIBRA yielded

consistent results.

4 | DISCUSSION

In this large cohort of French older persons, an increasing number

of modifiable environmental/lifestyle factors for brain health, repre-

sented by the LIBRA, was associated with higher dementia risk and
greater cognitive decline in any level of genetic susceptibility for
dementia. Participants with both low and high genetic risk, based on
carrying the APOE ¢4 allele and/or scoring high on genetic risk beyond
that conferred by the APOE ¢4 (as captured by the GRS), had a greater
risk of dementia and cognitive decline as the LIBRA increased.

The magnitude of association among the LIBRA, dementia, and
cognitive function/decline was slightly stronger in older persons with
higher genetic susceptibility compared to those with a low genetic risk,
although differences were not statistically significant.

Our findings of independent additive genetic and environmental
risks on dementia risk mean that even older persons with a genetic
susceptibility for dementia, who are predicted to have worse cognitive

trajectories and earlier age at dementia onset,?

may be suscepti-
ble to the deleterious impact of environmental factors on brain aging.
This is in line with the literature on cardiovascular diseases, suggesting
that persons at greater genetic risk may be sensitive to prevention by
lifestyle modifications to decrease their risk,3® which s critically impor-
tant for prevention in these highest risk groups. Although we found
suggestion of stronger magnitude of association between the LIBRA

and dementia endpoints in those at higher genetic risk, our findings
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FIGURE 2 Multivariable-adjusted mean trajectories? of change in global cognition for a specific profile by levels of LIfestyle for BRAin health
risk (LIBRA) score at baseline and genetic risk (N = 5170). 2Estimated using latent process mixed models for multivariate longitudinal outcomes
that modeled repeated measures of five cognitive tests (MMSE, IST, BVRT, TMTA and TMTB) and considered a non-linear trajectory with time
approximated by a quadratic function of time (F[t] = 1, time, time?), with corresponding random effects. The models also included: an intercept
representing the cognitive scores at baseline (with corresponding random effects); an indicator for the first cognitive visit; the LIBRA score
(continuous), the genetic factor (APOE ¢4 carrier status in [A], dementia genetic risk score [GRS, tertiles] in [B]), the interactions of LIBRA score and
the genetic factor with the time function, and covariates (study center, age, sex, education level, income, genetic ancestry, and APOE ¢4 status in
[B]). A quadratic function of time was chosen based on the AIC, which indicated a better fit with quadratic compared to linear evolution ([A]:

AIC =500977.04 [linear]; AIC = 500695.46 [quadratic]; [B]: AIC = 515852.84 [linear]; AIC = 515494.54 [quadratic]). The P value for LIBRA x GRS
X F(t) interaction test as embedded in (B) plot was estimated in a distinct model considering the GRS continuously. Curves represent the mean
estimated trajectories (solid lines) with 95% Cls (indicated with shading) of an average study participant profile (a woman from the Bordeaux
center, aged 74 years old at inclusion with educational level equal to middle school and monthly income between 1500 and 2250€). Note that the
choice of profile is made to optimize the graphical representation and has no influence on the differences in trajectories estimated by the model
(calculated for each increase of one point of LIBRA taken as a continuous variable). We chose two representative levels of LIBRA score (lower
level = upper bound of the first quartile and higher level = lower bound of the fourth quartile), stratified in two levels of genetic factor (APOE ¢4
carrier vs. no carrier in [A], and first tertile [low] vs. third tertile of GRS [high]). AIC, Aikaike information criterion; APOE, apolipoprotein E; BVRT,
Benton Visual Retention Test; Cl, confidence interval; GRS, genetic risk score; IST, Isaacs’ Set Test; LIBRA, Lifestyle for BRAin health risk score;

MMSE, Mini-Mental State Examination; TMT, Trail Making Tests

suggest that universal prevention by promotion of a healthy lifestyle,
regardless of the genetic status, would be efficient to lower dementia
risk. In this perspective, some may consider that genetic risk screen-
ing is useless as a toolkit of prevention and should not be implemented
as large-scale public health initiatives. Conversely, one may argue that
an apparent independence of environmental risk factors from genetic
risk does not preclude from recommending genetic testing, as people
at higher genetic risk may be more motivated and prone to adhere
to prevention messages. For those at high genetic risk, knowing their
genotype at an early disease stage could serve as a strong incentive to
manage their risk by adopting preventive behaviors as soon as possible.
Moreover, although no interaction emerged as we considered envi-
ronment/lifestyle and GRSs globally, it remains plausible biologically
that some of the diverse modifiable risk factors considered in LIBRA
may interact in specific pathways encoded by the multiple genetic vari-
ants involved in AD. This could be explored agnostically throughout the
entire genome in future research.

Additive effects between genetic and environmental/lifestyle risk

on cognitive aging have been found in previous brain aging research,

although studies, limited in number and heterogeneous in the way to
account for environmental and genetic risk, did not yield consistent
findings. Two northern European studies reported effect modifica-
tion, with associations limited to persons with low genetic risk. Hence
in a few hundred participants from the Finnish Cardiovascular Risk
Factors, Aging and Dementia study, a higher LIBRA in late life was asso-
ciated with increased dementia risk among APOE ¢4 non-carriers only.”
Similarly, in the Rotterdam Study, optimal cardiovascular health level,
reflected by a high Life’s Simple 7 score (combining diet, body weight,
and physical activity at recommended levels and the absence of smok-
ing, hypertension, diabetes, and hypercholesterolemia) was associated
with a decreased risk of dementia but only among APOE ¢4 non-carriers
or participants with lower GRS.10 As APOE ¢4 is associated with higher
mortality,3* the absence of association among carriers in these studies
could be explained by survival and selection bias at older ages, whereby
¢4 carriers die prior to study entry or are less likely to be enrolled due
to poor health. Conversely, in the Framingham Heart Study offspring
and the Atherosclerosis Risk in Communities studies, no interaction

was found between the Life’s Simple 7 and APOE ¢4 carrier status or
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a GRS on dementia risk.13> Likewise, in both the Chicago Health and
Aging Project and the China Cognition and Aging Study, associations
between a healthy lifestyle score (encompassing diet, smoking, alcohol
intake, exercise, and social and cognitive activity) and a slower cogni-
tive decline were found independently of APOE &4 carrier status.3¢:37
This was also in accordance with post hoc analyses of two multi-domain
intervention trials, which showed that lifestyle changes were benefi-
cial for cognition in older individuals at vascular risk, even among APOE
¢4 carriers.3%3? The largest analysis to date, from the UK Biobank,
on a broad four-component lifestyle score and a polygenic risk score,
also found no evidence of interaction with dementia risk.1® However,
because the population was selected toward healthy lifestyles, with
approximately two thirds of the sample classified in the favorable
lifestyle category, those findings were not generalizable to populations
with different cultural and health background.

The primary novelty of our study is its ability to encompass an exten-
sive list of modifiable lifestyle-related factors, in the form of the LIBRA,
in the context of genetic background from a south-western European
population (France). It extends previous studies by investigating com-
prehensively environment/lifestyle and genetic factors, with a longer
follow-up for dementia and cognition, in-person repeated cognitive
testing, and systematic detection of dementia cases with validation by
an independent committee of neurologists over up to two decades. Our
study has also limitations. First, the LIBRA was estimated at baseline
and data did not allow accounting for potential change during follow-
up. Second, as any long-term observational study, loss to follow-up
occurred, and participants included were in better health than those
excluded owing to missing data; selection of healthy volunteers pri-
marily compromises the generalizability of findings; internal validity
could also be compromised in the presence of collider bias, although
the direction and magnitude of bias is difficult to predict. Third,
gene-by-environment interaction studies require sufficient power and
despite a fairly reasonable population size (several thousand partici-
pants appeared sufficient to detect gene-by-environment interactions
in previous score-based research’?), we cannot exclude that the null
interaction we found is a false negative. However, this is unlikely, as the
magnitude of associations of LIBRA to brain aging was relatively consis-
tent in all strata of genetic risk, and associations were also consistent
across two brain aging endpoints. Fourth, in spite of the prospec-
tive design and the exclusion of prevalent dementia cases at baseline,
reverse causality cannot be excluded in this observational study.

In conclusion, our results provide evidence that increasing number
of unhealthy environmental/lifestyle risk factors in older age is linearly
associated with a higher risk of dementia and greater cognitive decline,
in all groups of genetic risk for dementia. This suggests that preventive
programs targeting lifestyle-related factors may benefit all, whatever
their genetic susceptibility to dementia. Yet the public health message
may be especially important for those with high genetic predisposition,
as encouraging these persons to modify some of their unhealthy behav-
iors and risk factors is likely to provide significant benefit in reducing

cognitive aging and dementia.
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