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Abstract

Importance—The contribution of cardiovascular disease (CV) and cerebrovascular disease to the
risk for late-onset Alzheimer disease (LOAD) has been long debated. Investigations have shown
that antecedent CV risk factors increase the risk for LOAD, although other investigations have
failed to validate this association.

Objective—To study the contribution of CV risk factors (type 2 diabetes, hypertension, and heart
disease) and the history of stroke to LOAD in a data set of large families multiply affected by
LOAD.

Design, Setting, and Participants—The National Institute on Aging Late-Onset Alzheimer
Disease/National Cell Repository for Alzheimer Disease family study (hereinafter referred to as
NIA-LOAD study) is a longitudinal study of families with multiple members affected with LOAD.
A multiethnic community-based longitudinal study (Washington Heights—Inwood Columbia
Aging Project [WHICAP]) was used to replicate findings. The 6553 participants in the NIA-
LOAD study were recruited from 23 US Alzheimer disease centers with ongoing data collection
since 2003; the 5972 WHICAP participants were recruited at Columbia University with ongoing
data collection since 1992. Data analysis was performed from 2003 to 2015.

Main Outcomes and Measures—Generalized mixed logistic regression models tested the
association of CV risk factors (primary association) with LOAD. History of stroke was used for
the secondary association. A secondary model adjusted for the presence of an apolipoprotein E
(APOE) e4allele. A genetic risk score, based on common variants associated with LOAD, was
used to account for LOAD genetic risk beyond the APOE e4 effect. Mediation analyses evaluated
stroke as a mediating factor between the primary association and LOAD.

Results—A total of 6553 NIA-LOAD participants were included in the analyses (4044 women
[61.7%]; 2509 men [38.3%]; mean [SD] age, 77.0 [9] years), with 5972 individuals from the
WHICAP study included in the replication sample (4072 women [68.2%]; 1900 men [31.8%];
mean [SD] age, 76.5 [7.0] years). Hypertension was associated with decreased LOAD risk (odds
ratio [OR], 0.63; 95% CI, 0.55-0.72); type 2 diabetes and heart disease were not. History of stroke
conferred greater than 2-fold increased risk for LOAD (OR, 2.23; 95% CI, 1.75-2.83). Adjustment
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for APOE e4 did not alter results. The genetic risk score was associated with LOAD (OR, 2.85;
95% ClI, 2.05-3.97) but did not change the independent association of LOAD with hypertension or
stroke. In the WHICAP sample, hypertension was not associated with LOAD (OR, 0.99; 95% ClI,
0.88-1.11), whereas history of stroke increased the risk for LOAD (OR, 1.96; 95% Cl, 1.56-2.46).
The effect of hypertension on LOAD risk was also mediated by stroke in the NIA-LOAD and the
WHICAP samples.

Conclusions and Relevance—In familial and sporadic LOAD, a history of stroke was
significantly associated with increased disease risk and mediated the association between selected
CV risk factors and LOAD, which appears to be independent of the LOAD-related genetic
background.

Late-onset Alzheimer disease (LOAD) can be considered one of the largest unmet medical
needs in the world, and available treatments show only small effects in slowing the disease
progression. Prevention is of primary importance, and epidemiologic studies have aimed to
identify modifiable risk factors. Numerous investigations have shown that LOAD risk is
increased in the presence of antecedent cardiovascular (CV) risk factors, such as history of
type 2 diabetes (T2D),23 hypertension, smoking,? lipid disorders,® and cerebrovascular
factors, alone or in aggregate.6 Some studies suggest that CV disease (CVD) may affect
dementia through multiple mechanisms, including reduction in cerebral blood flow’ and
breakdown of the blood-brain barrier.8

Most of these findings come from cross-sectional clinical studies, whereas observational and
neuropathologic investigations have not revealed consistent associations between T2D,
hypertension, or intracranial atherosclerosis and incident LOAD or neuropathologic
hallmarks (plagues or tangles).? Thus, causal associations and the timing of CVD and
cerebrovascular events with regard to LOAD remain unknown.

The largest attempt to study the contribution of CVD antecedents in LOAD was performed
by the National Alzheimer Co-ordinating Center, capitalizing on a large collection of brain
autopsies.10 First, brains with LOAD were found to harbor significantly more vascular
abnormalities compared with other common neurodegenerative diseases (consistent with
previous reportstl). Second, the brains of people with comorbid LOAD and CVD showed a
lower burden of amyloid and tau abnormalities. These observations suggest that CVD may
lower the threshold for detection of clinical dementia.12 Studies also reported that
concomitant CV abnormalities in patients with LOAD correlate with a faster decline in
cognitive performance. However, other observations suggested that AD pathologic changes
may be solely responsible for dementia manifestations, and neither macroscopic nor
microscopic infarcts influence the overall state and progression of cognitive decline.13

The aim of this study was to assess the association among CV risk factors, a history of
stroke, and LOAD among families with multiple members affected by the disease. Such
familial aggregation of LOAD provides a unique scenario for exploring the association. A
family history of LOAD is, after age, the most important predictor for developing LOAD
among unaffected individuals.1* Densely affected families with LOAD have been
successfully used in genetic studies because they are expected to carry higher frequencies of
risk alleles. Probands with a family history of LOAD more frequently have well-established
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disease hallmarks (ie, a higher frequency of the apolipoprotein E [APOE] ¢4 allele or lower
cerebrospinal fluid levels of p-amyloid 42) compared with individuals without a family
history. Taken together, these features provide a powerful scenario in which to investigate
the interaction between complex diseases and multiple risk factors.

Patients and Setting

The National Institute on Aging Late-Onset Alzheimer Disease/National Cell Repository for
Alzheimer Disease family study (hereinafter referred to as NIA-LOAD study) is a
collaboration among 23 participating AD centers in the United States with recruitment
criteria that included families with multiple members affected by LOAD who could provide
clinical information and a biological sample for DNA extraction. The proband was required
to have a diagnosis of definite or probable LOAD with onset after 60 years of age and a full
sibling with definite, probable, or possible LOAD with onset after 60 years of age. A third
biologically related family member was required who could have been a first-, second-, or
third-degree relative of the affected sibling pair and who was 60 years or older if unaffected
or 50 years or older if diagnosed as having LOAD or mild cognitive impairment. Clinical
diagnosis of probable or possible AD was made according to the criteria of the National
Institute of Neurological and Communicative Diseases and Stroke and the Alzheimer's
Disease and Related Disorders Association (NINCDS-ADRDA).15 Unaffected persons were
required to have documented results of cognitive testing and clinical examination verifying
the clinical designation. For those participants with advanced disease or who were living in a
remote location and could not complete a detailed in-person evaluation, the site investigator
conducted a detailed review of medical records to document the presence or absence of
LOAD. Collection of data for the NIA-LOAD study has been ongoing since 2003. Each AD
center received approval by their institutional review board. All participants were recruited
after providing written informed consent.

The Washington Heights—Inwood Columbia Aging Project (WHICAP) is a prospective,
population-based study of aging and dementia in Medicare recipients 65 years and older
residing in northern Manhattan (Washington Heights, Hamilton Heights, and Inwood). The
study has been described in detail elsewhere.16 Collection of data for the WHICAP has been
ongoing since 1992; these data were used as a replication sample for the present study. The
WHICAP was approved by the institutional review board of Columbia University, New York
City, and all participants provided written informed consent.

For this study, family members from the NIA-LOAD study and other participants were
required to (1) be 60 years or older at the time of enrollment; (2) have a diagnosis of
probable or possible LOAD according to NINCDS-ADRDA criteria; (3) have an assessment
of all CV risk factors listed as study variables (see below); and (4) have available pedigree
information.
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Outcome
Primary outcomes of the study were clinically diagnosed probable or possible LOAD based
on NINDS-ADRDA criteria as previously reported.1® A list of AD centers and their
contribution to the study can be found in eFigure 1 in the Supplement.

Study Variables

The CV risk factors included as primary study variables were hypertension, T2D, and heart
disease. These conditions were assessed at the time of enrollment in the study as binary
variables (ie, present or absent). Hypertension was defined according to National Heart Lung
and Blood Institute criterial” as systolic blood pressure of 140 mm Hg or higher, diastolic
blood pressure of 90 mm Hg or higher, or use of antihypertensives. Type 2 diabetes and
corresponding disease-specific medications were ascertained by self-report and medication
review. Type 2 diabetes was defined by a history of T2D or high blood glucose levels or
treatment of T2D or high blood glucose levels reported by the participant. Heart disease
included a history of myocardial infarction, congestive heart failure, or any other type of
heart disease reported by the participant. As a secondary predictor we considered a history
of stroke, defined according to the World Health Organization collaborative study® (rapidly
developing clinical symptoms and/or signs of focal and at times global loss of cerebral
function—applied to patients in deep coma and to those with subarachnoid hemorrhage-with
symptoms lasting >24 hours or leading to death, and with no apparent cause other than
vascular). Transient ischemic attacks were excluded from this definition.

Genetic Risk for LOAD

We computed a genetic risk score (GRS) for LOAD based on the genome-wide significant
single-nucleotide polymorphisms (SNPs) other than APOE e4 (NCBI Entrez Gene 348),
published from a large genome-wide association meta-analysis of LOAD.1? Genotypes for
these SNPs were obtained for those NIA-LOAD individuals with available genome-wide
association study data (a full description of genotype array, quality control, and imputation
methods is found in Wijsman et al2%). For each individual, we multiplied the imputed
probability of the risk allele (ranging from O to 2) by the reported corresponding B
coefficient, derived from the cited meta-analysis, and ultimately summed the product of each
locus. In this way, we weighted each SNP by the expected effects on LOAD. Full description
of SNPs and odds ratio (OR) used to derive the GRS is given in the eTable 1 in the
Supplement.

Statistical Analysis

Data were analyzed from 2003 to 2015. The association of each CV risk factor with LOAD
was studied in separate age-, sex-, and educational level-adjusted generalized mixed logistic
regression models that included the different AD centers and the family as random effects to
adjust for possible center variability and intercorrelation within each family cluster (model
1). Secondary models included the presence of at least 1 APOE e4 allele as an additional
covariate (model 2). We applied the Nelder-Mead method of optimization to the mixed
models.?1
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The same statistical approach was performed for the history of stroke. First, it was treated an
independent variable for LOAD (ie, regardless of the presence or absence of hypertension,
T2D, and heart disease) by using the generalized mixed logistic regression approach
described above. Second, we tested the potential mediating effect of stroke on the
association between the primary CV risk factors and LOAD. A mediator affects the
influence of a given independent variable (in our case, hypertension, T2D, and heart
diseases) on a given dependent variable (in our case, LOAD).22 We used the Sobel test23
with the B coefficients and SEs derived from the generalized mixed models. The test reports
the Pvalues from the unit normal distribution under the assumption of a 2-tailed ztest of the
hypothesis that the mediated effect equals zero in the population. The analyses for the
WHICAP sample, which consists of unrelated individuals recruited by a single study center,
used a standard logistic regression approach.

We also explored the association between CVD risk factors and the genetic risk profile
associated with LOAD by running generalized logistic regression mixed models where the
APOE e4 allele and the GRS were entered separately as main variables and each CV risk
factor was entered as a designated outcome. Additional generalized mixed-effects models
(model 3) tested separately those CV risk factors found to be significant in models 1 and 2,
with the GRS as an additional covariate, to account for the genetic risk profile beyond the
APOE e4allele. All analyses were conducted in R software (version 3.0; http://
WWW.Cran.org).

Demographics

Clinical characteristics for the NIA-LOAD sample are reported in Table 1 and eFigure 1 in
the Supplement. A total of 6553 participants were included in the analyses (4044 women
[61.7%]; 2509 men [38.3%]; mean [SD] age, 77.0 [9.0] years), of whom 3468 (52.9%) were
diagnosed as having LOAD. In addition, 2567 participants (39.2%) also had genome-wide
association study data available. A total of 5972 participants from the WHICAP study were
included in the replication sample (4072 women [68.2%]; 1900 men [31.8%]; mean [SD]
age, 76.5 [7.0] years), of whom 2684 (45.2%) were diagnosed as having LOAD. Full clinical
characteristics for the WHICAP study are reported in eTable 2 in the Supplement.

CV Risk Factors and LOAD

In the generalized mixed logistic regression model (model 1), hypertension was associated
with a lower risk for LOAD (OR, 0.63; 95% Cl, 0.55-0.72), whereas neither T2D nor heart
disease was associated with LOAD. In contrast, a history of stroke conferred a 2-fold
increased risk for LOAD (OR, 2.23; 95% ClI, 1.75-2.83). A subsequent model adjusting for
the APOE e4 allele (model 2) did not change these findings (Table 2).

For the WHICAP sample, hypertension was not associated with the risk for LOAD (OR,
0.99; 95% Cl, 0.88-1.11), nor was T2D (OR, 1.09; 95% CI, 0.95-1.25) or heart disease (OR,
1.09; 95% ClI, 0.95-1.25). In contrast, a history of stroke again conferred approximately a 2-
fold increased risk for LOAD (OR, 1.96; 95% ClI, 1.56-2.46).
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GRS, CV Risk Factors, and LOAD

The frequency of the APOE e4 allele is reported in Table 1, and the distribution of the GRS
is shown in eFigure 2 in the Supplement. A strong association with LOAD was found for the
APOE e4allele (OR, 4.47; 95% ClI, 3.86-5.17) and the GRS (OR, 2.85; 95% ClI, 2.05-3.97).

Hypertension was inversely associated with the presence of the APOE 4 allele (OR, 0.76;
95% ClI, 0.64-0.90) and the GRS (OR, 0.75; 95% ClI, 0.57-0.98); no associations were found
with the other CV risk factors or a history of stroke. The association among hypertension, a
history of stroke (ie, variables that were significant in models 1 and 2), and LOAD was
tested again with GRS as an additional covariate; their associations with LOAD were further
confirmed (model 3 in Table 2).

Mediation Analyses

As expected, a history of stroke was significantly associated with hypertension (OR, 2.08;
95% Cl, 1.69-2.57), T2D (OR, 2.06; 95% Cl, 1.62-2.61), and heart disease (OR, 2.06; 95%
Cl, 1.66-2.54). Stroke was significantly associated with the development of LOAD. The
Sobel test showed that a history of stroke was a significant mediator of hypertension (P= 6.7
x 1076), T2D (P= 2.5 x 1079), and heart disease (P = 4.0 x 107°) in determining LOAD risk
(eFigure 3 in the Supplement). In the WHICAP sample, the Sobel test also confirmed that a
history of stroke was a significant mediator of hypertension (P= 1.3 x 1076), T2D (P= 2.3 x
1074, and heart disease (P= 5.8 x 1077) in determining LOAD risk.

Discussion

The contribution of CV risk factors to the risk for developing dementia, and more
specifically LOAD, remains controversial. Until recently, CV burden has been agreed to
increase the risk for LOAD. More recently, leveraging on large sample sizes and accessible
clinical and genetic data has shown that the association between CVD and LOAD is clearly
more complex than expected.

We found an inverse association between hypertension and the risk for LOAD. This
association was also observed using LOAD as defined by its genetic risk profile. The
frequency of the APOE e4 allele and mean GRS were also lower in participants with a
history of hypertension, whereas no association was found for the other CV risk factors. This
inverse association has already been observed for APOE;2* whereas, to our knowledge, the
data for the GRS have never been reported. This finding is, to some extent, consistent with
that recently reported in a large study on non-Hispanic white patients?® among whom
genetically predicted higher systolic blood pressure was associated with a lower LOAD risk.
That investigation used a mendelian randomization approach in which hypertension and
other CVD risk factors were defined by associated SNPs from published large genome-wide
association studies. In addition, none of the other established CVD risk factors, such as lipid
levels, body mass index, and T2D, was significantly associated with LOAD.

The potential explanations for these results are multiple. First, as suggested by other studies,
high blood pressure in late life may protect against LOAD.26:27 Second, a protective effect
of antihypertensive treatment might explain the inverse association with hypertension.
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Extensive reporting shows that many compounds have beneficial effects toward the
development of dementia, and cognitive impairment in general, including diuretics,28 -
blockers,2? calcium channel blockers,30 angiotensin 11 receptor blockers,3! and angiotensin-
converting enzyme inhibitors,32:33

More important, this finding was not replicated in the WHICAP sample, although the study
design for the WHICAP relies on community-based enrollment of older adults who were
dementia free at baseline and derived from 3 ethnic groups. Therefore, inclusion criteria for
the 2 studies are deeply different.

Among all conditions, a history of stroke was found to be associated with a LOAD
diagnosis. This finding is consistent with prior observations'2 in which hazards ratios for
LOAD were increased among individuals with a history of stroke, compared with those
without stroke. In the present study, stroke was weakly associated with LOAD in the absence
of other CV risk factors; on the contrary, risk increased with the addition of hypertension,
T2D, or heart disease. This finding was replicated in the WHICAP sample. These
independent conclusions suggest a mediation effect that we consistently demonstrate in our
analyses.

Attesting a causal association is difficult, especially without a prospective longitudinal
assessment; nevertheless, several recent observations support the hypothesis that stroke
precedes the diagnosis of LOAD and not vice versa.3* Our results in the subsample with
available GRS also suggest that stroke is not correlated with a specific genetic background
but independently increases the risk for LOAD. Although the indirect pathway follows a risk
series of associations (hypertension leading to increased stroke risk leading to increased
LOAD risk), the direct pathway that shows the opposite direction (hypertension leading to
decreased LOAD risk) is still plausible. This latter pathway is commonly referred to in the
literature as /n-consistent mediation. The assumption of mediation analysis is that the direct
and indirect pathways operate simultaneously on the outcome (). Thus, although a change
in the predictor (X [hypertension in this case]) might increase Y (LOAD in this case)
through the mediator (M [stroke in this case]), the change in X could still yield a net
decrease in Y, if the direct effect of X is (1) in the opposite direction and (2) large enough to
compensate for the indirect effect3® (eFigure 3 in the Supplement). Thus, hypertension could
be associated with a lower risk for LOAD, but, where hypertension leads to a stroke, a
higher risk for LOAD is inevitable.

These result simply that CV risk factors are associated with LOAD, although the direction of
this effect might vary. This association might also depend on several conditions that we
could not completely disentangle (ie, age at onset of risk factors, coexistence of multiple CV
risk factors, and ultimately their associated treatments), and further investigations are
needed. In contrast, stroke emerges with a solid association with increased LOAD risk and a
mediator of the primary CVD risk factors. Thus, regardless of the CVD risk factor profile, in
the presence of a cerebrovascular event, the risk for LOAD is increased.

Consistent with this hypothesis, Tosto et al36 previously demonstrated that white matter
hyper intensities, a well-established marker of cerebrovascular changes, are significantly
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associated with incident LOAD and faster progression of disease. In addition, another study
by Tosto et al3” demonstrated that white matter hyperintensities promote tau accumulation
and not vice versa, further proving that cerebrovascular changes precede LOAD-related
neurodegenerative processes. The protective effect of hypertension on LOAD and its
association with stroke, which in turn increases the risk for LOAD, depicts a complex
scenario of multiple intercorrelated causal effects that cannot be reduced to a single variable-
outcome association.

Another major conclusion of the present study is the lack of association between T2D and
LOAD. Such an association appears to be somewhat more consistent in the literature, with
rate ratios ranging from 1.3 to 4.4 in several large cohort studies.38 Nevertheless, this
association is again questioned when more proximal LOAD endophenotypes or
neuropathologic indexes are used effectively. Most of the studies providing longitudinal
clinical follow-up paired with neuropathologic assessment concluded that, although T2D
increases the risk for dementia significantly during the life course, at autopsy this condition
is associated with vascular abnormalities but not with plaques or tangles.3%-41 Type 2
diabetes does not show an association with carbon 11-labeled Pittsburgh Compound B or
cerebrospinal fluid levels of B-amyloid 42, whereas increases in cerebrospinal fluid levels of
tau, a nonspecific marker of neurodegeneration, are associated with T2D.42 This association
suggests that T2D as an independent factor of degeneration with little effect on LOAD-
related mechanisms and pathways. The lack of significant results in our analyses is
consistent with these mechanistic models; the mediation model further proves that only
through cerebrovascular disease is a significant effect of T2D on the LOAD risk found.

This study has several limitations. First, important con-founders (ie, smoking, physical
activity, and body mass index, to list a few) are currently missing in the proposed analyses
because they were not part of the shared set of variables among the participating study
centers, or because they showed high rates of missing data. Second, predictors such as heart
disease or medications rely on self-reported information and, thus, are pruned to obvious
biases. Third, history of stoke did not account for multiple stroke events, and the lag
between the clinical event and the study enrollment was not considered. Ultimately, because
of the nature of the collected data (a large complex family pedigree with only cross-sectional
data), we did not provide an estimate of the mediation effect, but only reported if this was
statistically significant between study variables and the outcome.

Conclusions

The present study underlines the importance of vascular risk factors in the context of
familiar LOAD. By leveraging on genetically loaded multiplex families, we further
demonstrated the importance of the vascular component in high-risk individuals. This result
suggests (1) the critical importance of interventions targeting modifiable risk factors in
LOAD and (2) the complex relationships between hypertension (and potentially the
beneficial use of antihypertensive treatments) and LOAD as previously showed by other
investigations. Further studies with longitudinal assessment and a larger set of variables (eg,
different classes of treatments) are currently needed.
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Key Points

Question What is the contribution of cardiovascular risk factors and stroke to the risk for
late-onset Alzheimer disease (LOAD)?

Findings In this assessment of data from 2 longitudinal studies, in families multiply
affected with LOAD, hypertension was associated with decreased disease risk, whereas a
history of stroke was associated with a 2-fold increased risk for developing the disease in
familial and sporadic forms.

Meaning A history of stroke increases the risk for LOAD and by mediating the effect of
cardiovascular risk factors.
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Table 1
Demogr aphic Char acteristics of the NIA-L OAD Data Set
No. (%) of Participants®
Characteristic Clinical Sample (n =6553) Genetic Sample (n = 2567)
No. of participating study centers 23 23
Female sex 4044 (61.7) 1543 (60.1)
Age, mean (SD), y 77.0 (9.0) 76.6 (9.0)
Educational level, mean (SD), y 11.6 (5.0) 13.8(3.0)
APOE e4allele 3059 (52.6) 1336 (52.0)
LOAD 3468 (52.9) 1243 (48.4)
Hypertension 3086 (52.6) 1209 (47.1)
T2D 826 (14.1) 278 (10.8)
Heart disease 1280 (22.1) 621 (24.2)
Stroke 566 (9.6) 220 (8.6)

Page 14

Abbreviations: APOE, apolipoprotein E; LOAD, late-onset Alzheimer disease; NIA-LOAD, National Institute on Aging Late-Onset Alzheimer

Disease family study; T2D, type 2 diabetes.

aPercentages have been weighted.
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Generalized Mixed-Effects Model Using the Vascular Risk Factorsand Main Variables

Tosto et al.
Table 2
With LOAD asthe Selected Outcome
Variables No. of Participants OR (95% CI) P Value?
Model 12
Hypertension 5627 0.63 (0.55-0.72) <.001
T2D 5621 0.87 (0.80-1.17) .74
Heart disease 5544 0.87 (0.74-1.02) .09
Stroke 5641 2.23(1.75-2.83) <.001
Model 2¢
Hypertension 5308 0.63 (0.54-0.72) <.001
T2D 5303 0.98 (0.80-1.20) .83
Heart disease 5228 0.85(0.71-1.02) .08
Stroke 5320 2.29(1.75-2.99) <.001
Model 39
Hypertension 2442 0.67 (0.55-0.84) <.001
Stroke 2484 2.23(1.50-3.32) <.001

Abbreviations: LOAD, late-onset Alzheimer disease; OR, odds ratio; T2D, type 2 diabetes.

a. .. . ’ .
Significance was tested after multiple testing adjustment.

b . . .
Sex, age at baseline, and educational level were entered as covariates.

CAdditionaIIy adjusted for the apolipoprotein E &4 allele.

dAdditionaIIy adjusted for the genetic risk score.
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