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Abstract

INTRODUCTION: In observational studies, the association between alcohol consump-

tion and dementia is mixed.

METHODS: We performed two-sample Mendelian randomization (MR) using sum-

mary statistics from genome-wide association studies of weekly alcohol consumption

and late-onset Alzheimer’s disease and one-sample MR in the Health and Retirement

Study (HRS), wave 2012. Inverse variance weighted two-stage regression provided

odds ratios of association between alcohol exposure and dementia or cognitively

impaired, non-dementia relative to cognitively normal.

RESULTS: Alcohol consumption was not associated with late-onset Alzheimer’s dis-

ease using two-sampleMR (odds ratio [OR]= 1.15, 95% confidence interval [CI]: [0.78,

1.72]). In HRS, doubling weekly alcohol consumption was not associated with demen-

tia (African ancestries, n= 1,322, OR= 1.00, 95%CI [0.45, 2.25]; European ancestries,

n = 7,160, OR = 1.37, 95% CI [0.53, 3.51]) or cognitively impaired, non-dementia

(African ancestries, n = 1,322, OR = 1.17, 95% CI [0.69, 1.98]; European ancestries,

n= 7,160, OR= 0.75, 95%CI [0.47, 1.22]).

DISCUSSION:Alcohol consumptionwasnot associatedwith cognitively impaired, non-

dementia or dementia status.
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Highlights

∙ Cross-sectionally in a large, diverse sample, alcohol appears protective for dementia.

∙ We apply two- and one-sampleMendelian randomization to test inferred causality.

∙ Mendelian randomization approaches show no associationwith alcohol and demen-

tia.

∙ We conclude that alcohol consumption should not be considered protective.
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1 INTRODUCTION

Alzheimer’s disease and related dementias pose an increasing public

health burden. The global prevalence of dementia in 2019 was 57.4

million and is projected to increase to 152.8million by 2050.1 Identify-

ing modifiable risk factors is critical. Alcohol consumption is a common

exposure in the United States,2 and prior evidence is mixed regard-

ing alcohol consumption as a risk factor for dementia. The recent

Lancet Commission review on dementia prevention, intervention, and

care concluded that evaluating previously published evidence examin-

ing alcohol consumption and dementia was “particularly challenging,”

given alcohol’s complex relationship with other cultural and health

factors.3 Further research is needed to clarify the relationship between

alcohol consumption andAlzheimer’s disease and related dementias to

inform public health practices and reduce their incidence.

Low to moderate levels of alcohol consumption have been incon-

sistently associated with a reduced risk of dementias in systematic

reviews and meta-analyses.4–7 Several noted that publication bias of

positive results should be considered.5,7 Operational definitions of

alcohol consumption have varied.5,7,8 A large dose-dependent meta-

analysis found low alcohol consumption (≤12.5 g/day) was protective

against dementia risk.4 Conversely, another dose–response meta-

analysis of six prospective cohorts identified a linear association

betweenalcohol consumptionand riskof cognitive impairment,with an

increased risk of progression to dementia with alcohol intake greater

than 16 drinks per week (27.5 g/day).9 The Lancet Commission review

found in an updatedmeta-analysis of three studies that excessive alco-

hol consumption (>168 g/week) in midlife was associated an 18%

increase in dementia risk compared to lighter consumption.3 A 2019

systematic scoping review on alcohol use and dementia concluded that

a lack of control for confounding remains a challenge in the field.8

Additional robust investigations are needed to better understand the

relationship between alcohol consumption and dementia risk.

Genetic causal inference techniques such as Mendelian randomiza-

tion may provide clearer evidence of a potential causal relationship

between alcohol consumption and dementia. Mendelian randomiza-

tion is a statistical method used to infer causality between a risk factor

and outcome; it uses measured variation in genes as an instrumen-

tal variable for the risk factor of interest.10 Mendelian randomization

can overcome residual confounding and reverse causation typically

associated with observational studies.10 Prior Mendelian random-

ization investigations have largely found null associations between

alcohol use and cognitive impairment or dementia.11–15 Several of

those studies only assessed cognitive impairment and relied on individ-

ual single nucleotide polymorphisms (SNPs) in the alcohol metabolism

genes ALDH2 and ADH1B as genetic instruments.11–13 Only one

such study of 235 rural Chinese individuals found an increased risk

of cognitive impairment with increased alcohol consumption.12 All

studies were conducted in predominately Asian or European ances-

tries populations.11–15 Further research in additional populations and

genetic loci leveraging Mendelian randomization approaches may

clarify the relationship between alcohol consumption and dementia

risk.

RESEARCH INCONTEXT

1. Systematic review: We evaluated prior evidence from

systematic reviews and meta-analyses as well as primary

articles related to alcohol consumption and cognitive

outcomes including dementia and cognitive impairment,

non-dementia.

2. Interpretation: Our results indicate that increased alco-

hol consumption in midlife should not be considered

a protective factor against dementia or cognitive

impairment, non-dementia, contrary to previous

observational reports. We achieve this using robust,

genome-wide Mendelian randomization-based methods

in a well-characterized, diverse aging cohort.

3. Future directions: Future studies may build upon this

work by generating additional genetic data for African

ancestries populations to better meet Mendelian ran-

domization assumptions, replicating these findings in

other populations and genetic ancestries, and investi-

gating the potential for other forms of bias in aging

populations such as competing risks.

In this study, we test the hypothesis that alcohol consumption is a

risk factor for cognitively impaired non-dementia or a risk factor for

dementia using three approaches. First, with two-sample Mendelian

randomization, we use summary statistics from large genome-wide

association studies to test the relationship between weekly alcohol

consumption and late onset Alzheimer’s disease. Second, we perform

a conventional cross-sectional analysis in the Health and Retirement

Study (HRS), a large, multi-ethnic US cohort, to test the association

between weekly alcohol consumption and dementia or cognitively

impaired non-dementia. Third, we apply one-sample Mendelian ran-

domization in the HRS using the same summary statistics to create

genome-wide or instrument-based polygenic risk scores to test the

association between weekly alcohol consumption and dementia or

cognitively impaired non-dementia. We also perform robust SNP-

wiseMendelian randomization analyses.We therefore address critical

limitations of previous observational and Mendelian randomization

investigations by addressing the potential for residual confounding,

reverse causation, and exposure assessment with Mendelian random-

ization methods alongside strong outcome assessment and sample

diversity.

2 METHODS

2.1 Summary statistics for alcohol consumption
and late onset Alzheimer’s disease

To create a genetic instrument for alcohol consumption exposure,

we use summary statistics from a large (n = 941,280) publicly
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available genome-wide association meta-analysis of weekly alcohol

consumption.16 Briefly, effect sizes between individual SNPs and

alcohol consumption as well as corresponding standard errors were

generated within 34 individual cohorts with a standardized analy-

sis plan, adjusted for age, age-squared, sex, and genetic ancestry

principal components. Cohort characteristics were similar and of pre-

dominately European ancestries; non-European ancestry individuals

were excluded from genetic analyses. The alcohol consumption pheno-

type was defined as log-transformed drinks per week among current

drinkers as a continuous variable. If a study recorded binned response

ranges, the midpoint of that range was used. SNPs present in only two

or fewer studies or variantswithminor allele frequency less than0.001

were excluded. Association summary statistics were meta-analyzed

with genomic controls using a novel fixed effects approach to account

for study heterogeneity.

To create a genetic instrument for late onset Alzheimer’s disease,

we use summary statistics from a large publicly available meta-

analysis of late onset Alzheimer’s disease (n = 21,982 cases, 41,944

controls).17 Briefly, the International Genomics of Alzheimer’s Project

consortium meta-analyzed summary statistics from 46 case-controls

studies from the following consortia: Alzheimer’s Disease Genetics

Consortium, Cohorts for Heart and Aging Research in Genomic Epi-

demiology, European Alzheimer’s Disease Initiative, and Genetic and

Environmental Risk in Alzheimer’s Disease/Defining Genetic, Poly-

genic and Environmental Risk for Alzheimer’s Disease Consortium.

The outcome of interest was clinically diagnosed Alzheimer’s disease.

Non-European ancestry individuals were excluded from analysis. Sin-

gle variant additive genotypemodels adjusting for age, sex, and genetic

ancestry principal components were used to identify SNPs associ-

ated with Alzheimer’s disease. Association summary statistics were

meta-analyzed with inverse variance weighting and genomic control.

Data for the outcome genome-wide association study were accessed

through the Integrative Epidemiology Unit Open GenomeWide Asso-

ciation Study Project database (accession number ieu-b-2).18

2.2 Health and retirement study sample

The Health and Retirement Study (HRS) is an ongoing longitudi-

nal, nationally representative panel cohort of aging Americans over

50 years old and their partners that aims to capture health and

demographic data surrounding retirement.19 Since 1992, HRS has

biennially collected data related to aging, including health and eco-

nomic metrics at both the household and individual level from over

43,000 participants through mail-in surveys, telephone calls, leave-

behind questionnaires, and face-to-face interviews. New participants

are recruited every 6 years. Specifically, for each wave half of the par-

ticipants are randomly assigned to the face-to-face method of data

collection,which also includes collection of biomarkers,while the other

half completes the core interview only through telephone interviews.

For the subsequent wave collection 2 years later, the groups alter-

nate between face-to-face and telephone interviews, ensuring that

biomarker data is available at the individual level for all participants

every 4 years. This study utilizes the 2012 cross-sectional wave of the

HRS. Compared to other waves (with available genetic data for par-

ticipants), the 2012 wave had the smallest number of missing values

for cognitive status. HRS is administered by the Institute for Social

Research at the University of Michigan and is funded by the National

Institute onAging (U01AG009740) and Social SecurityAdministration.

Informed consent was obtained from all participants. This secondary

data analysis was approved by the University of Michigan Institutional

Review Board (HUM00128220).

2.3 Genetic data

HRS face-to-face interviews between 2006 and 2012 included saliva

collection for genotyping on the Illumina HumanOmni2.5 microarray

platform by the Center for Inherited Disease Research. Genotype data

were then analyzedby theQualityAssurance andQualityControl anal-

ysis team at the University of Washington and imputed to the 1000

Genomes Project reference panel.20 The HRS uses principal compo-

nent analysis on genome-wide SNPs to determine genetic ancestry.21

The HRS released genetic data only on participants assigned European

genetic ancestry and self-identified race/ethnicity as non-Hispanic

White as well as assigned African genetic ancestry and self-identified

race/ethnicity as non-Hispanic Black/African American.21 To control

for confounding due to population stratification, all analyses were con-

ducted separately by ancestries and adjusted for five ancestry-specific

principal components.21

Polygenic risk scores are cumulative measurements of genome-

wide genetic risk for a particular phenotype created by aggregating

the effect of individual SNPs weighted according to effect size and

allele dosage.22 We used a publicly available polygenic risk score for

weekly alcohol consumption computed in the HRS cohort.23 The HRS

polygenic risk score for an individual is calculated by summing the

product of the weight (effect size from external meta-analysis16) and

the allele dosage (0, 1, or 2) across all 1,399,824 SNPs overlapping

the HRS and Liu et al., 201916 weekly alcohol consumption genome-

wide association studies (GWAS) meta-analysis (n = 403,931). Due to

data sharing limitations, the score was calculated without 23andMe

data. We also created a polygenic risk score using the same approach

among only SNPs that met instrument selection criteria (see Section

2.8) using summary statistics from the exposure GWAS of weekly alco-

hol consumption (n = 941,280).16 Polygenic risk scores were z-score

standardized within ancestries for analysis.

2.4 Cognitive status outcome

Cognitive status of HRS participants was categorized as cognitively

normal, cognitively impaired non-dementia, or dementia based on an

additive 27-point score across multiple cognitive tests: an immediate

and delayed 10-noun recall test, a backward count from 20 test, and a

serial 7 subtraction test. Cut points corresponding to the three levels

of cognitive status were based on the Langa-Weir classification, which

has been clinically validated and has a sensitivity of 78%.24
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2.5 Alcohol consumption exposure

Alcohol consumption status was assessed through self-reported

responses in the 2012 HRS wave. Participants were asked to provide

the number of days perweek that they consumed alcohol and the num-

ber of alcoholic drinks they consumed per day when they did drink

alcohol. We calculated a continuous measure of weekly alcohol con-

sumption by multiplying the number of days per week they reported

drinking alcohol and thenumberof drinks consumedperday.Weadded

one to this weekly alcohol consumption measure and applied a log2

transformation to reduce the effect of outliers and harmonize the

exposure with the weekly alcohol consumption genome-wide associa-

tion study.16 When used as an exposure in a logistic regression model,

the effect size for the resulting alcohol measure is interpreted as the

odds ratio associated with a doubling in weekly alcohol consumption.

2.6 Covariates

We included potential confounders as covariates, including age (con-

tinuous: years), sex (categorical: male or female), educational attain-

ment (categorical: no degree, high school diploma/GED/some college,

or 2 year college degree or greater), ever smoking status (categorical:

never smoking or ever smoking), current depressive symptoms (con-

tinuous: Center for Epidemiologic Studies Depression Scale), a health

problems index corresponding to the number of comorbid conditions

as communicated to the respondent by a doctor (continuous: 0-8 scale,

1 point each for any of: high blood pressure, diabetes, cancer, lung

disease, heart disease, stroke, psychiatric problems, or stroke), mari-

tal status (categorical: married, separated/divorced, widowed, or never

married), and retirement status (categorical: not retired, completely

retired, partly retired, or irrelevant). Ever smoking status, depressive

symptoms, the health index score,marital status, and retirement status

variables were adapted from RAND HRS Longitudinal File 2020 (V1)

produced by the RAND Center for the Study of Aging, with funding

from the National Institute on Aging and the Social Security Adminis-

tration. SantaMonica, CA (March 2023). The APOE gene is a risk factor

for dementia.25 There are three common APOE isoforms: ε2, ε3, and
ε4.26 HRS participants were categorized by their APOE gene carrier

status as ε2/ε2, ε2/ε3, ε2/ε4, ε3/ε3, ε3/ε4, and ε4/ε4 using genetic data

imputed to the 1000 Genomes Project reference panel.20 We there-

fore also included APOE ε4 allele status (categorical: 0, 1, or 2) as a

precision variable.

2.7 Two-sample Mendelian randomization
instrument selection and assessment

There was no sample overlap between the two meta-analyses from

which we derived instrument-exposure and instrument-outcome sum-

mary statistics.16,17 Both meta-analyses defined genome-wide signif-

icance at p-value < 5 × 10−8. Data preprocessing, harmonization,

and analysis steps were performed using the TwoSampleMR R pack-

age (version 0.5.6).27,28 Default settings were used unless otherwise

noted. To ensure independence between SNPs, all potential index and

secondary dependent SNPs (r2 > 0.001) were clumped at 10,000 kb

resolution using the European (EUR) super population reference panel

from 1000Genomes.20 We excluded SNPs that were not available in

the reference EUR reference panel, which only contains biallelic SNPs

with population minor allele frequency greater than 1% and excludes

insertion-deletion mutations. If a particular exposure-linked SNP was

not available in the outcome data, we substituted a secondary SNP in

linkage disequilibrium (minimum r2 > 0.8) with the index SNP. Palin-

dromic SNPswere inferred ifminor allele frequencywas less than 42%.

We aligned alleles from the tagged SNP and inferred palindromic SNPs

with minor allele frequency < 30%. Finally, we harmonized exposure

and outcome summary statistics according to the forward strand ori-

entation; ambiguous strandedness or non-inferable palindromic SNPs

were excluded. We assessed SNP instrument strength by its associ-

ation with weekly alcohol consumption by calculating the proportion

of variance explained and its corresponding F-statistic.29 We assessed

the potential for weak instrument bias by measuring SNP associa-

tion strength using the proportion of variance explained30 and the

F-statistic.31

2.8 One-sample Mendelian randomization
instrument selection and assessment

Candidate alcohol consumption exposure instrument data prepro-

cessing was performed using the TwoSampleMR R package (version

0.5.6).27,28 Default settings were used unless otherwise noted. To

ensure independence between SNPs, all potential index and secondary

dependent SNPs (r2 > 0.001) were clumped at 10,000 kb resolution

using the EUR super population reference panel from 1000Genomes.

We excluded SNPs that were not available in the reference EUR ref-

erence panel. If a particular exposure SNP was not available in the

outcome data, we substituted a secondary SNP in linkage disequilib-

rium (minimum r2 > 0.8) with the index SNP. We included indepen-

dent (r2 < 0.001) and genome-wide significant (p-value < 5 × 10−8)

candidate exposure SNPs identified in the two-sample Mendelian ran-

domization analysis that overlapped with the HRS study sample. We

excluded SNPs with minor allele frequency less than 2%. We assessed

exposure instrument strength using the F-statistic31 derived from

linear models. We additionally tested exposure instrument strength

conditional on observational covariates with partial F-statistics in

nested general linearmodelswith orwithout the SNPpresent adjusted

for principal components of genetic ancestry, additionally adjusted

for demographic variables age, sex, and educational attainment, addi-

tionally adjusted for APOE ε4 allele status and potential confounders:

ever smoking status, depressive symptoms, the comorbidities health

index score, marital status, and retirement. As a sensitivity analysis,

we separately assessed alcohol consumption polygenic risk scores as

instrumental variables. To test the exclusion Mendelian randomiza-

tion assumption, we regressed cognitive outcomes on each instrument,

either individual SNPs or polygenic risk scores, using logistic models.
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Statistical significance indicating a potential violation of exclusion

was assessed with 95% confidence intervals. To test the exogeneity

assumption, we individually regressed each instrument, either SNPs or

polygenic risk scores, on each potentially confounding covariate with

general linearmodels and assessed themodel F-statistic. Statistical sig-

nificance indicating a potential violation of exogeneity was assessed at

alpha= 0.05.

2.9 Statistical analysis

Weused a variety of two-sampleMendelian randomization estimators

that are differentially robust to violations ofMendelian randomization

pleiotropy assumptions, including inverse variance weighted, Egger

regression,32 simple mode, and weighted modeMendelian randomiza-

tion estimates. To assess heterogeneity, we examined inverse variance

weighted and Egger regression Q statistic estimates. To identify and

assess outliers, we additionally performed pleiotropy residual sum

and outlier Mendelian randomization (MR-PRESSO) and leave-one-

out sensitivity analyses. To establish directionality between alcohol

consumption and cognition outcomes, we used the Steiger test of

directionality.27

To assess the cross-sectional association between alcohol consump-

tion and dementia or cognitively impaired non-dementia in the HRS

sample, we performed conventional logistic regression in analyses

using general linear models with a binomial link function in R (version

4.2.2). For the primary analysis, linear models were adjusted for all

covariates as potential confounders or precision variables as described

above. We also performed sensitivity analyses that tested unadjusted

models, models adjusted for the demographic characteristics alone,

and models adjusted for demographics and APOE ε4 allele status. All

analyses were stratified by genetic ancestries. We tested for a rel-

ative difference in the two-sample Mendelian randomization inverse

variance weighted estimator and the observational, cross-sectional

European ancestries, dementia with a test of interaction as termed in

themedical statistics literature, or, sometimes, effect heterogeneity.33

One-sample Mendelian randomization two-stage least squares

regression analyses in the HRS study sample were performed using

the MendelianRandomization R package (version 0.5.6).27,28 We used

a variety of one-sample Mendelian randomization estimators that

are differentially robust to violations of Mendelian randomization

pleiotropy assumptions, including inverse variance weighted, Egger

regression,32 and weighted median Mendelian randomization esti-

mates with two-stage least squares regression. For the primary anal-

ysis, as recommended in current best practices, Mendelian randomiza-

tion models were adjusted for age, sex, and five principal components

of genetic ancestry.34 We also performed sensitivity analyses that

tested unadjusted models, models adjusted for the demographic char-

acteristics age, sex, and educational attainment alone, models adjusted

for demographic characteristics and APOE ε4 allele status, and models

adjusted for all potential precision variable and confounding variables

as described above. All analyses were stratified by genetic ancestries

and all models were minimally adjusted for five principal components

F IGURE 1 Mendelian randomization framework. Mendelian
randomization framework presented as a directed acyclic graph. If a
genetic variant is associated with alcohol consumption (Relevance),
affects cognition outcomes only through its potential effect on alcohol
consumption (Exclusion), and is not confoundedwith cognition
outcomes (Exogeneity), we can estimate the causal effect of alcohol
consumption on cognition outcomes.

of genetic ancestry. The alternatives to the inverse variance weighted

approach are more robust to violations of the Mendelian random-

ization assumptions but come at the cost of statistical efficiency.35

To assess heterogeneity, we examined inverse variance weighted and

Egger regression Q statistic estimates. To identify and assess out-

liers, we additionally performed leave-one-out sensitivity analyses.

We also tested the whole genome alcohol consumption polygenic risk

score and the polygenic risk score constructed from only instrument-

qualified SNPs as individual instruments in separate analyses using the

two-stage least squares approach using the ivtools R package (version

2.3.0).36

3 RESULTS

3.1 Two-sample Mendelian randomization

The causal effect of alcohol consumption on cognition outcomes can

be estimated using Mendelian Randomization if a genetic variant is

associatedwith alcohol consumption (relevance), affects cognitionout-

comes only through its potential effect on alcohol consumption (exclu-

sion), and is not confounded with cognition outcomes (exogeneity)

(Figure 1).We first performed a two-sampleMendelian randomization

analysis using summary statistics for 59 harmonized, genome-wide

significant (p-value < 5 × 10−8), and independent (r2 < 0.001) SNPs

that met instrument selection criteria from large, publicly available

meta-analyses of genome-wide association studies of weekly alco-

hol consumption (n = 941,280)16 and clinically diagnosed late onset

Alzheimer’s disease (n= 21,982 cases, 41,944 controls)17 (Figure S1).

The 59 SNPs that met instrument selection criteria had a median F-

statistic of 37.80 (min = 29.80, max = 1,522.45, IQR = 11.65) for the

strength of the association between an individual genetic instrument

and alcohol consumption. Of those, seven SNPs were proxy SNPs from

the Alzheimer’s disease GWAS in linkage disequilibrium (minimum

r2 > 0.8) with SNP instruments from the alcohol consumption GWAS.

rs1229984, a variant that encodes an ADH1B gene polymorphism that

reduces liver alcohol clearance, had a particularly high F-statistic of
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TABLE 1 Two-sampleMendelian randomization estimates of
previously published genome-wide associationmeta-analysis
summary statistics of weekly alcohol consumption16 and late onset
Alzheimer’s disease17 by test method.

Estimator

Odds

ratio

Lower

95%CI

Upper

95%CI p-Value

Maximum likelihood 1.15 0.86 1.53 0.35

MR Egger 1.08 0.57 2.03 0.82

Weightedmedian 0.90 0.59 1.38 0.62

Inverse variance

weighted

1.14 0.77 1.70 0.51

Simplemode 0.67 0.18 2.52 0.56

Weightedmode 0.84 0.55 1.29 0.43

Abbreviation:MR,Mendelian randomization.

1522.46. The Steiger test of causal directionality suggested that the

hypothesis that alcohol consumption affects late onsetAlzheimer’s dis-

ease for these SNPswas correct (p=1.64×10−9). The inverse variance

weighted two-sampleMendelian randomization estimator revealed no

evidence of a causal association between alcohol consumption and

Alzheimer’s disease (odds ratio [OR] = 1.15, 95% confidence interval

[CI] [0.78, 1.72]) (Table 1). The rs1229984 SNP alone also revealed no

evidence of an association (OR= 0.90, 95%CI [0.57, 1.41]).

Wenext tested additionalMendelian randomization estimators that

are more robust to horizontal pleiotropy, a violation of the exclusion

assumption (Figure 2). Simple mode (OR = 0.67, 95% CI [0.17, 2.61]),

weightedmode (OR= 0.84, 95%CI: [0.54, 1.32]), andweightedmedian

(OR = 0.90, 95% CI [0.59, 1.36]) estimators also indicated no evidence

of an association. The Egger regression estimator similarly found no

evidence of a causal association between alcohol consumption and

Alzheimer’s disease (OR= 1.08, 95%CI [0.57, 2.03]). The Egger regres-

sion intercept was not significantly different from 0, suggesting our

results were not biased by directional horizontal pleiotropy (p= 0.81).

Heterogeneity of effect estimates can indicate potential violations

of Mendelian randomization or statistical model assumptions.37

Cochrane’s Q statistic generated from the Egger regression

(p= 1.54× 10−5) and inverse varianceweighted (p= 2.15× 10−5)mod-

els suggest the presence of heterogeneity. However, in the presence of

measurement error in the SNP-exposure association, the heterogene-

ity Q statistic is subject to type I error.37 In such cases, exact modified

weights should be used for global tests of heterogeneity.37 Fixed effect

(p = 0.35) or random effects (p = 0.57) exact weights indicated no

evidence of heterogeneity.

To identify and assess outliers, we performed pleiotropy resid-

ual sum and (MR-PRESSO) Mendelian randomization and performed

leave-one-out sensitivity analyses (Figure S2). rs56030824 was con-

sistently identified as an outlier across these approaches and was

algorithmically determined to be an outlier in the MR-PRESSO model.

TheMR-PRESSO estimator before (p = 0.51) or after (p = 0.82) outlier

removal provided no evidence of a casual association between alco-

hol consumption and Alzheimer’s disease. In summary, our two-sample

Mendelian randomization analyses found no evidence of a poten-

tial causal association between alcohol consumption and Alzheimer’s

disease.

3.2 Health and Retirement Study sample
description

We included participants of African genetic ancestries (n = 1842) or

European genetic ancestries (n = 8328) who were interviewed in the

2012 wave of the HRS. We excluded individuals who were missing

genetic data, cognitive outcome, alcohol consumption, or covariate

data (Figure S3). All analyses were stratified by genetic ancestries.

Cognitive status was associated with the exposure and confounders

but not with genome-wide or instrument-based polygenic risk scores

for alcohol consumption (Table 2). Among African ancestries partici-

pants, themeanweekly alcohol consumptionwas 1.61 drinks perweek

(min = 0, 25th% = 0, median = 0, 75th% = 1, max = 78). Among Euro-

pean ancestries participants, the mean weekly alcohol consumption

was 2.72 drinks per week (min = 0, 25th% = 0, median = 0, 75th% = 3,

max= 84).

3.3 Conventional logistic regression in the health
and retirement study

There was no evidence of an association between weekly alcohol

consumption and dementia (OR = 0.98, 95% CI [0.82, 1.17]) or cogni-

tively impaired non-dementia (OR = 0.96, 95% CI [0.82, 1.06]) in the

African ancestries sample, in models adjusted for demographic vari-

ables age, sex, and educational attainment, APOE ε4 allele status, and

potential confounders: ever smoking status, depressive symptoms, the

comorbidities health index score, marital status, and retirement sta-

tus (Table 3). In simpler models adjusted for only age, sex, educational

attainment, and APOE ε4 allele status, we observed an apparent pro-

tective association between a doubling in alcoholic drink consumption

and dementia (OR = 0.60, 95% CI [0.50, 0.71]) as well as cognitively

impaired non-dementia status (OR = 0.87, 95% CI [0.83, 0.92]) (Table

S1); similar results were observed with even fewer covariates. A dou-

bling in weekly alcohol consumption was inversely associated with

dementia (OR = 0.62, 95% CI [0.51, 0.73]) and cognitively impaired

non-dementia (n = 8,072, OR = 0.89, 95% CI [0.84, 0.94]) in the

European ancestries sample, in models adjusted for demographic vari-

ables age, sex, and educational attainment, APOE ε4 allele status, and

additionally adjusted for potential confounders: ever smoking status,

depressive symptoms, the comorbidities health index score, marital

status, and retirement status (Table 4). This inverse association per-

sisted in simpler models adjusted for fewer covariates (Table S2).

Comparing effect estimates from independent Mendelian random-

ization and observational studies can provide context for evaluating

evidence of confounding or reverse causation in the observational

setting,10 such as by testing for a difference in effect estimates.33 We

therefore compared the dementia observational odds ratio observed

in the European ancestries sample of HRS with the inverse variance
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F IGURE 2 Primary two-sampleMendelian randomization test estimates for each individual single nucleotide polymorphism genetic
instrument. The presented effect sizes are on the odds ratio (OR) scale. Grey lines represent the standard error for each single nucleotide
polymorphism (SNP). Colored lines correspond to the relevantMendelian randomization (MR) estimator.

weighted two-sample Mendelian randomization estimate since this

comparison was most similar in study population and outcome. The

Mendelian randomization odds ratio was 1.3 times higher (95% CI

[1.08, 1.57], p= 0.006) than the observational odds ratio.

3.4 One-sample Mendelian randomization in the
Health and Retirement Study

Of 99 candidate drinks per week-associated SNPs, 70 harmonized,

genome-wide significant, and independent SNPs with minor allele fre-

quency greater than 2%were included for analysis (Figure S4). Among

African ancestries participants (n = 1,842), the 70 SNPs that met

instrument inclusion criteria had a mean partial F-statistic of 0.86

(SD: 1.07, min < 0.01, 25th% = 0.05, median = 0.51, 75th% = 1.24,

max=5.23), indicating a potential violation of the relevanceMendelian

randomization assumption, inmodels adjusted for age, sex, and genetic

ancestry principal components. The whole genome (n = 1,399,824

SNPs) and instrument-based (n = 70 SNPs) polygenic risk scores had

F-statistics of 2.26 and 1.12, respectively. Among European ancestries

participants (n = 8328), the 70 SNPs that met instrument inclusion

criteria had a mean partial F-statistic of 1.18 (SD: 2.06, min < 0.01,

25th% = 0.09, median = 0.41, 75th% = 1.32, max = 20.98) in age and

sex-adjusted models (Figure S5). The whole genome (n = 1,399,824

SNPs) and instrument-based (n = 70 SNPs) polygenic risk scores

had F-statistics of 69.55 and 18.71, respectively. Results were gen-

erally robust to other model specifications. Exclusion assumption

testing revealed that instruments were not associated with cognitive

outcomes after false discovery adjustment. The whole genome alco-

hol consumption polygenic risk score was nominally associated with

dementia in the African ancestries samples, whereas rs1229984 was

nominally associated with cognitively impaired non-dementia within

the European ancestries sample (Figure S6). As expected, exogeneity

assumption testing revealed consistent associations between princi-

pal components of genetic ancestry and genetic instruments. After

false discovery p-value adjustment, we observed associations between

two instruments (rs2854334, rs4548913) and educational attainment

and rs10236149 and ever smoking status within the African ances-

tries sample (Figure S7).Wealso observed associations betweenwhole

genome alcohol consumption polygenic risk score and ever smoking
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TABLE 3 Table of effect estimates assessing the role of weekly alcoholic drinks consumption on cognitively impaired non-dementia or
dementia status with conventional logistic regression orMendelian randomization tests in the African ancestries sample (n= 1,842) in the 2012
wave of the Health and Retirement Study.

Associations between alcohol consumption and cognitive outcomes

Health and Retirement Study, 2012wave, African genetic ancestries

Method Estimate

Lower

95%CI

Upper

95%CI p-Value

Dementia

Conventional logistic regression 0.98 0.82 1.17 0.86

Whole-genome polygenic risk score (n= 1,399,824 SNPs) for alcohol consumption 0.05 0.00 20.58 0.32

Candidate instrumental variable (n= 70 SNPs) polygenic risk score for alcohol consumption 1.5× 103 0.00 2.0 × 109 0.31

rs1229984 alone 47.96 0.14 1.6 × 104 0.19

Inverse varianceweighted 1.00 0.45 2.25 1.00

MR-Egger 1.15 0.32 4.11 0.83

MR-Egger intercept 0.99 0.93 1.05 0.78

Simplemedian 2.08 0.61 7.03 0.24

Weightedmedian 0.59 0.16 2.19 0.43

Cognitively impaired, non-dementia

Conventional logistic regression 0.96 0.86 1.06 0.41

Whole-genome polygenic risk score (n= 1,399,824 SNPs) for alcohol consumption 2.12 0.12 37.53 0.61

Candidate instrumental variable (n= 70 SNPs) polygenic risk score for alcohol consumption 0.05 0.00 30.33 0.36

rs1229984 alone 0.22 0.01 3.64 0.29

Inverse varianceweighted 1.17 0.69 1.98 0.55

MR-Egger 1.19 0.52 2.70 0.68

MR-Egger intercept 1.00 0.96 1.04 0.96

Simplemedian 0.96 0.45 2.02 0.90

Weightedmedian 1.59 0.71 3.58 0.26

Abbreviations: CI, confidence interval; MR,Mendelian randomization; SNPs, single nucleotide polymorphisms.

status, rs10506274 andmarital status, rs1123285 andAPOE-ε4 status,
and three instruments (rs1229984, rs28680958, and our alcohol con-

sumption PGS) and educational attainment in the European ancestries

sample (Figure S8).

The age and sex-adjusted inverse variance weighted one-sample

Mendelian randomization estimator revealed no evidence of a causal

association between alcohol consumption and dementia among the

African ancestries (n = 1,322, OR = 1.00, 95% CI [0.45, 2.25]) (Table 3)

or European ancestries (n = 7,160, OR = 1.37, 95% CI [0.53, 3.51])

samples (Table 4). The age- and sex-adjusted inverse varianceweighted

one-sample Mendelian randomization estimator also revealed no evi-

dence of a causal association between alcohol consumption and cog-

nitively impaired non-dementia among African ancestries (n = 1,673,

OR = 1.17, 95% CI [0.69, 1.98]) or European ancestries (n = 8,072,

OR = 0.75, 95% CI [0.47, 1.22]) samples. Heterogeneity of effect esti-

mates can indicate potential violations of Mendelian randomization or

statistical model assumptions.37 Egger regression intercept estimates

revealed no evidence of directional horizontal pleiotropy. Cochrane’s

Q statistic generated from the Egger regression and inverse variance

weighted models revealed no evidence of heterogeneity. Sensitivity

analysis estimators were similar to the inverse variance weighted

analysis. Several model estimates exhibited excessively high standard

errors should be interpreted with caution considering the wide confi-

dence interval and a lack of replication among alternative estimators.

Our results were also robust to different model covariate specifica-

tions in both African ancestries (Table S1) and European ancestries

samples (Table S2). Examination of leave-one-out sensitivity analyses

revealed rs1229984 as an outlier, though this did not change the result

of the hypothesis test using the inverse variance weighted approach

(Figure S9, S10, S11, S12).

Because rs1229984 was an outlier in the SNP-level instrument

analysis and has a known biological connection to alcohol consump-

tion, we tested rs1229984 as an individual instrument alongside

the polygenic risk scores. Neither the whole genome polygenic risk

score, instrument-based polygenic risk score, nor rs1229984 revealed

evidence of a causal association between alcohol consumption and

dementia or cognitively impaired non-dementia in either ancestries

sample (Table 3, Table 4). Likely due to a rare minor allele frequency

of 4.7%, standard error model estimates for rs1229984 were high. A

poor instrument relevance criterion for the African ancestries sample

led to excessively high model standard errors, likely due to poor corre-

spondencewith the genetic background of the discovery genome-wide
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TABLE 4 Table of effect estimates assessing the role of weekly alcoholic drinks consumption on cognitively impaired non-dementia or
dementia status with conventional logistic regression orMendelian randomization tests in the European ancestries sample (n= 8,328) in the 2012
wave of the Health and Retirement Study.

Associations between alcohol consumption and cognitive outcomes

Health and Retirement Study, 2012wave, European genetic ancestries

Method Estimate

Lower

95%CI

Upper

95%CI p-Value

Dementia

Conventional logistic regression 0.62 0.51 0.73 0.00

Whole-genome polygenic risk score (n= 1,399,824 SNPs) for alcohol consumption 0.44 0.16 1.20 0.11

Candidate instrumental variable (n= 70 SNPs) polygenic risk score for alcohol consumption 0.44 0.06 3.49 0.44

rs1229984 alone 2.50 0.14 45.59 0.54

Inverse varianceweighted 1.37 0.53 3.51 0.52

MR-Egger 2.29 0.56 9.37 0.25

MR-Egger intercept 0.98 0.95 1.02 0.33

Simplemedian 0.45 0.11 1.88 0.27

Weightedmedian 1.89 0.44 8.20 0.40

Cognitively impaired, non-dementia

Conventional logistic regression 0.89 0.84 0.94 0.00

Whole-genome polygenic risk score (n= 1,399,824 SNPs) for alcohol consumption 0.69 0.41 1.15 0.16

Candidate instrumental variable (n= 70 SNPs) polygenic risk score for alcohol consumption 1.44 0.51 4.07 0.50

rs1229984 alone 3.31 0.87 12.54 0.08

Inverse varianceweighted 0.75 0.47 1.22 0.25

MR-Egger 1.10 0.54 2.22 0.80

MR-Egger intercept 0.99 0.97 1.01 0.16

Simplemedian 0.58 0.28 1.20 0.14

Weightedmedian 0.90 0.44 1.84 0.77

Abbreviations: CI, confidence interval; MR,Mendelian randomization; SNPs, single nucleotide polymorphisms.

association study. Consequently, these results should be interpreted

with caution.

4 DISCUSSION

In this study, we tested the hypothesis that alcohol consumption is

associated with dementia or cognitively impaired non-dementia using

three complementary approaches. We first conducted a two-sample

summary data-basedMendelian randomization analysis of large meta-

analyses of genome-wide association studies of alcohol consump-

tion (n = 941,280) and late onset Alzheimer’s disease (n = 21,982

cases, 41,944 controls). Second, we performed an empirical genetic

ancestries-stratified (African ancestries or European ancestries) one-

sample summary data-based Mendelian randomization analysis in the

HRS. Third,we completeda conventional cross-sectional analysis in the

same HRS samples. In the cross-sectional European HRS sample, we

observed a strong protective association between a doubling inweekly

alcohol consumption and decreased odds of dementia (n = 8,072,

OR= 0.62, 95%CI [0.51, 0.73]) and cognitively impaired non-dementia

(n=7,160,OR=0.89, 95%CI [0.84, 0.94]) compared to cognitively nor-

mal individuals. In contrast, both Mendelian randomization analyses,

which are more robust to residual confounding and reverse causation,

almost uniformly revealed no evidence of a causal association between

alcohol consumption and dementia or cognitively impaired non-

dementia. The inverse variance weighted estimator in the two-sample

Mendelian randomization analysis revealed no evidence of an associa-

tion between alcohol consumption and late onset Alzheimer’s disease

(OR = 1.15, 95% CI [0.78, 1.72]). Similarly, the one-sample inverse

variance weighted Mendelian randomization estimator revealed no

evidence of a causal association between alcohol consumption and

dementia or cognitively impaired non-dementia in either ancestries

sample. Our results leverage robust causal inference-informed genetic

techniques in diverse populations to add to the emerging evidence

that observational protective associations between alcohol consump-

tion and dementia or cognitively impaired non-dementia risk are likely

biased by residual confounding and reverse causation.

Our cross-sectional European ancestries sample observational

results were consistent with previous reports of a protective associa-

tion between increased alcohol consumption and a decreased risk of

cognitive impairment and dementia. A systematic review in 2008 of 23

studies found that low to moderate alcohol use was associated with
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a 32-38% reduced risk of dementia compared to non-drinkers.5 We

observed a similar result in theEuropean ancestries sample (OR=0.62,

95% CI[0.51, 0.73]). Our study addresses several key limitations in

investigating the relationship between alcohol consumption and cog-

nitive impairment or dementia. First, our Mendelian randomization

satisfied required assumptions and should therefore be less vulnerable

to confounding and reverse causation.10 Second, Mendelian random-

ization results might better capture lifetime alcohol consumption

exposure than midlife observational cohorts typically used to study

this research question, including the HRS data we analyzed.38 Third,

the well-characterized HRS contains validated cognitive outcomes.24

Finally, we report stratified analyses in both African and European

genetic ancestries samples. However, the external weekly alcohol

consumption GWAS we used to identify candidate instruments and

construct polygenic risk scores16 was a predominately European

genetic ancestries sample, potentially explaining the poor satisfac-

tion of the Mendelian randomization relevance assumption observed

in our African genetic ancestries sample analysis. The execution of

a simultaneous conventional cross-sectional analysis and Mendelian

randomization analysis in the same European and African ancestries

samples highlights the potential limitations of observational studies of

alcohol and cognitive impairment or dementia risk.

Contrary to prior observational research,Mendelian randomization

studies have predominately found null and sometimes harmful asso-

ciations between alcohol consumption and cognitive impairment or

dementia. A large biobank-based Mendelian randomization analysis

of ALDH2 at the SNP rs671 conducted among southern Chinese men

above the age of 50 found no association between alcohol consump-

tion and cognition.11 A large cohort study Mendelian randomization

analysis of ADH1B single nucleotide polymorphism rs1229984 con-

ducted among community-dwelling Australian men above the age of

65 found no association between alcohol consumption and mild cogni-

tive impairment.13 However, in contrast to our results, a recent small,

cross-sectional Mendelian randomization analysis of ALDH2 rs671 in

rural China revealed an association between alcohol consumption and

mild cognitive impairment.12 There are several differences in gener-

alizability, exposure, and outcome differences that may explain this

discrepancy. Notably, the average weekly ethanol consumption in that

study was 120 g of ethanol per week with a mean of 2.4 drinks/week

(SD:4.2), not dissimilar to our HRS sample, although in this study we

only had information about the number of drinks per week and not

ethanol content. Differences in drink type preferences may result in

markedly different levels of ethanol exposure and previous research

suggests a dose-dependent relationship between dementia-related

outcomes andalcohol consumption.4,9 Because theALDH2 rs671 study

was conducted in a rural Chinese population, our results may not be

generalizable to this population; additionally, our more comprehen-

sive cognitive screening testmay have a higher specificity in classifying

participants as cognitively impaired compared to the MiniCog screen-

ing test.39 A two-sample Mendelian randomization study found no

evidence of a causal relationship between alcohol consumption and

late-onset Alzheimer’s disease; they did, however, find evidence of an

association between alcohol consumption and earlier Alzheimer’s age

of onset.14 A polygenic risk score based two-sample Mendelian ran-

domization analysis of many putative modifiable Alzheimer’s disease

risk factors and Alzheimer’s disease phenotypes found no association

between alcohol consumption and Alzheimer’s disease.15 Generally

consistent with these findings, our Mendelian randomization anal-

yses were also predominantly null. The simple median estimator

identified an association between a doubling in weekly alcohol con-

sumption and dementia in the African ancestries sample (OR = 3.56,

95% CI [1.05, 12.04]) Though, these results should be interpreted

with caution because of likely violation of the relevance assumption

for the African ancestries sample. Notably, weak instrument bias in

one-sample Mendelian randomization tends to bias effect estimates

toward the biased observational association,31 which, in our anal-

ysis, and elsewhere has predominately been an inverse association

between alcohol consumption and dementia. Additionally, horizontal

pleiotropy tends to bias Mendelian randomization analyses away from

the null.34 Despite these factors, we consistently identified null associ-

ations in our Mendelian randomization analyses. Finally, we identified

a relative difference in the odds ratios we calculated from the two-

sample Mendelian randomization inverse variance weighted estimate

and the observational odds ratio in the European ancestries samples

for dementia. Given the two-sample estimate overlapped the null,

a statistically significant odds ratio relative difference suggests evi-

dence of confounding or reverse causation bias in the observational

estimate.10 Taken together, our results indicate alcohol consumption is

not a protective risk factor in the incidence of cognitive impairment or

dementia.

There were several strengths to our study. We leveraged large,

publicly available meta-analyses of genome-wide association stud-

ies of alcohol consumption and Alzheimer’s disease to perform a

two-sample Mendelian randomization study with a variety of robust

sensitivity analyses. We similarly conducted a robust one-sample

Mendelian randomization and simultaneous cross-sectional analysis

in large, diverse samples in the HRS with validated outcome assess-

ments and detailed covariate data. We also selected instruments in

the one-sample Mendelian randomization from the large, indepen-

dent genome-wide association study of alcohol consumption. The use

of Mendelian randomization approaches specifically address several

sources of potential bias outlined as key limitations of the evidence

base for this research question, including residual confounding, expo-

sure assessment, and reverse causation.8 A Mendelian randomization

analysis of alcohol consumption may better represent lifetime expo-

sure compared to self-reported drinking.40,41

Therewere also several limitations to our study. The cross-sectional

analysis in our empirical samples in the HRS is subject to several

sources of potential bias, including self-reported exposure assess-

ment measurement bias, reverse causation, and selection bias issues

related to competing risks of death for alcohol and dementia-related

mortality. Future investigationsmay prioritize longitudinal approaches

alongside advanced methods to account for sources of selection bias.

Nonetheless, we would expect such bias to induce an inverse rela-

tionship between unmeasured mortality risk factors that also affect

dementia risk and alcohol consumption, producing a genetic-dementia
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association biased downward toward or beyond the null.42 Despite

the validation of HRS cognitive outcomes,24 we acknowledge that this

outcome is not unified across our analyses as a necessary limitation

of the data sources used. Additionally, we did not have information

about the kinds of drinks participants self-reported drinking, which

vary in ethanol content. Nonetheless, this phenotype definition is

consistent with the exposure genome-wide association study used to

identify candidate instrumental SNPs.16 Furthermore, our observed

effect estimates of ethanol exposure may be biased toward the null if

exposure misclassification is non-differential with respect to outcome

status.43 Several one-sample Mendelian randomization models in

the African ancestries sample had excessively high standard errors

in parameter estimates. These high standard errors were likely from

low minor allele frequency in certain genetic variants and the lack of

generalizability of alcohol-instrument associations generated in non-

African ancestries samples resulting in low relevance. More diverse

genetic association studies in individuals of African descent should

be prioritized to increase the feasibility of Mendelian randomization

analyses in African and other non-European ancestries populations.

In summary, we tested the potential causal relationship between

alcohol consumption and cognitive impairment or dementia using a

conventional cross-sectional analysis in the 2012 wave of the HRS,

stratified by European and African ancestries. We conducted two

types of Mendelian randomization analyses: one in the same HRS

samples and another independent two-sample Mendelian random-

ization analysis in large, publicly available genome-wide association

study meta-analyses of weekly alcohol consumption and late onset

Alzheimer’s disease. The HRS cross-sectional analysis replicated

previously observed protective, if paradoxical, associations between

a doubling in weekly alcohol consumption in a retirement age United

States population of European ancestries and a decreased odds of cog-

nitively impaired non-dementia (n = 8,072, OR = 0.89, 95% CI [0.84,

0.94]) or dementia (OR=0.62, 95%CI [0.51, 0.73]).Wedid not observe

an association between a doubling in weekly alcohol consumption in

a retirement age United States population of African ancestries and

cognitively impaired non-dementia (OR = 0.96, 95% CI [0.82, 1.06]) or

dementia (OR = 0.98, 95% CI [0.82, 1.17]). A one-sample Mendelian

randomization analysis in the HRS found no association between

alcohol consumption and cognitive outcomes investigated. We did not

observe evidence of a relationship between alcohol consumption and

dementia using the inverse variance weighted two-sample Mendelian

randomization estimator (OR = 1.15, 95% confidence interval (CI):

[0.78, 1.72]), nor with complementary sensitivity analysis estimators.

Two-sample and one-sample Mendelian randomization approaches

have complementary strengths and weaknesses.34 Our study rein-

forces emerging causal-inference informed evidence by replicating

important findings that alcohol, a common exposure associated with

morbidity44 and mortality,45 may not have protective effects against

cognitive impairment or dementia as reported in previous obser-

vational studies. Taken together, our results suggest observational

studies investigating the relationship between alcohol consumption

and cognitive impairment or dementia may be affected by sources of

systematic bias that may be at least partially addressed by Mendelian

randomization approaches, including issues of residual confounding,

reverse causation, and exposure assessment.We conclude that alcohol

consumption should not be considered a protective exposure against

cognitive impairment or dementia.
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