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Abstract

Objectives To investigate the relationship
between alcohol consumption and dementia.
Design Prospective cohort and case-control
analyses combined with linear and non-linear
Mendelian randomisation.

Setting Two large-scale population-based
cohorts: the US Million Veteran Programme and
the UK Biobank. Genetic analyses used summary
statistics from genome-wide association studies
(GWAS).

Participants 559 559 adults aged 56-72 years at
baseline were included in observational analyses
(mean follow-up: 4 years in the US cohort;

12 years in the UK cohort). Genetic analyses
used summary data from multiple large GWAS
consortia (2.4 million participants).

Main outcome measures Incident all-cause
dementia, determined through health record
linkage, and genetic proxies.

Results During follow-up, 14 540 participants
developed dementia and 48 034 died.
Observational phenotype-only analyses revealed
U-shaped associations between alcohol and
dementia risk: higher risk was observed among
non-drinkers, heavy drinkers (>40 drinks per
week; HR 1.41, 95% CI 1.15 to 1.74), and those
with alcohol use disorder (AUD) (HR 1.51, 95%
CI 1.42 to 1.60) compared with light drinkers.

In contrast, Mendelian randomisation genetic
analysis identified a monotonic increase in
dementia risk with greater alcohol consumption.
A 1 SD increase in log-transformed drinks per
week was associated with a 15% dementia
increase (inverse-variance weighted (IVW) OR
1.15, 95% CI 1.03 to 1.27). A twofold increase

in AUD prevalence was associated with a 16%
increase in dementia risk (IVW OR 1.16, 95% CI
1.03 to 1.30). Alcohol intake increased dementia,
but individuals who developed dementia also
experienced a decline in alcohol intake over
time, suggesting reverse causation—where early
cognitive decline leads to reduced alcohol
consumption—underlies the supposed protective
alcohol effects in observational studies.
Conclusions These findings provide evidence for
a relationship between all types of alcohol use
and increased dementia risk. While correlational
observational data suggested a protective effect of

WHAT IS ALREADY KNOWN ON THIS
TOPIC

= Previous observational studies have
reported a J-shaped association
between alcohol consumption and
dementia, suggesting that light-to-
moderate drinking may be protective.
However, these findings may reflect
ascertainment of state rather than
trait alcohol use phenotypes, residual
confounding or reverse causation,
rather than a causal effect.

WHAT THIS STUDY ADDS

= In the largest combined observational
and genetic study to date, light
alcohol consumption was associated
with the lowest dementia risk
observationally, but genetic analyses
showed a monotonic increasing
dementia risk with increased alcohol
intake. Mendelian randomisation
suggests a causal role of alcohol
consumption in increasing dementia
risk, with no evidence supporting a
protective effect at any consumption
level.

HOW MIGHT THIS STUDY AFFECT
RESEARCH, PRACTICE OR POLICY

= These findings challenge the
notion that low levels of alcohol are
neuroprotective and suggest that
public health efforts to reduce alcohol
use disorder could significantly lower
dementia incidence. Halving the
population prevalence of alcohol use
disorder may reduce dementia cases
by up to 16%, highlighting alcohol
reduction as a potential strategy in
dementia prevention policies.

light drinking, this could be in part attributable to
reduced drinking seen in early dementia; genetic
analyses did not support any protective effect,
suggesting that any level of alcohol consumption
may contribute to dementia risk. Public health
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strategies that reduce the prevalence of alcohol use disorder could
potentially lower the incidence of dementia by up to 16%.

Introduction

Alcohol consumption is widespread, modifiable and associ-
ated with many medical harms, but its causal relationship with
dementia remains contentious. While heavy drinking has been
associated with increased dementia risk in some cohorts, find-
ings are inconsistent across different studies and designs.' The
situation is even more ambiguous among moderate drinkers, with
some research purporting protective effects of moderate alcohol
consumption.” However, recent neuroimaging studies have
uncovered adverse associations with dementia endophenotypes,
even at low levels of alcohol consumption.’ These findings high-
light the complexity of alcohol’s impact on cognitive health and
underscore the urgent need to clarify the true effects of alcohol
on dementia risk. This is of critical importance for public health,
as it can guide risk awareness, inform preventative strategies and
influence health guidelines for individuals.

It has been proposed that the effects of alcohol on brain health
may be non-linear, with an ‘optimal’ dose for health greater than
zero. However, methodological differences across studies may
explain the contradictory findings in the existing literature.* Most
studies have had limited inclusion of heavy or dependent drinkers,
which restricts their power to detect the full range of alcohol’s
effects.* Additionally, many studies have involved elderly partic-
ipants, where cognitive decline may influence drinking patterns
rather than the opposite—that is, reverse causation.” The inclusion
of non-drinking reference groups likely consisted of former heavy
drinkers who are now abstinent,® which introduces confounding
(because such subjects are susceptible to long-term health effects
of alcohol from prior heavy use), complicating efforts to draw
definitive conclusions about causality. Additionally, phenotypic
assessment has often focused on current rather than lifetime
drinking, counting recovering dependent individuals in the same
category as lifetime never-drinkers, leaving analyses unable to
account for the effects of prior use. As a result, we are currently
unable to infer confidently a causal relationship between alcohol
consumption and cognitive decline.” Practical and ethical
issues preclude randomised controlled trials on alcohol use and
dementia risk. However, Mendelian randomisation (MR), a quasi-
experimental approach leveraging genetic data, offers an oppor-
tunity to estimate causal effects.® In this design, genomic risk for
a trait essentially stands in analytically for the trait itself. Five MR
studies have investigated the linear relationship between alcohol
consumption and late-onset Alzheimer’s disease in European
ancestry-only populations, all reporting null findings.” '° These
studies were limited by statistical power, and in the context of
alcohol’s broader impact on dementia, non-Alzheimer dementia
aetiologies may be more relevant.”" Moreover, previous studies,
with one lower powered exception in white British individuals,'
did not examine the crucial question of non-linear relationships
with alcohol, precluded by relying on summary data from existing
Alzheimer’s genome-wide association studies (GWAS). The absence
of large-scale data on both alcohol use and diverse dementia
phenotypes has hindered progress in answering a key question: Is
there an optimal non-zero weekly alcohol intake for brain health?
Additionally, if it is the case that even low or moderate alcohol
intake is harmful to brain health, earlier research suggesting
the contrary may have led individuals to intentionally increase

alcohol intake to take advantage of its purported health benefits.
More and better data are needed to optimise public health advice.

In this study, we employed observational phenotypic-only
and then genetic methods to estimate the role of alcohol use
in dementia risk across the entire dose range, including in the
moderate drinking range. To achieve this, we used two large and
diverse biobanks: the Million Veteran Programme (MVP)" in
the USA and the UK Biobank (UKB)."* Given the current uncer-
tainty about which specific subtypes of dementia alcohol could
impact, we included a broad range of dementia phenotypes, rather
than restricting our focus to Alzheimer’s disease, as has been
done in prior studies. The primary data for the genetic analyses
were generated through a novel bi-ancestry GWAS of all-cause
dementia in MVP, allowing for a crucial examination of non-
linear relationships between alcohol consumption and dementia
risk at the largest scale to date. Our study also benefited from
extensive longitudinal phenotype data, capturing how alcohol
consumption patterns evolve in ageing individuals, allowing us to
explore the potential role of reverse causation between alcohol and
dementia. To strengthen causal inference, we triangulated tradi-
tional observational methods with genetic analyses, exploring a
range of alcohol-related traits across different genetic ancestries
and examining how these factors interact with the ageing process.

Methods

Study populations
The observational study utilised data from two large, diverse
cohorts (figure 1): MVP and UKB. MVP includes US veterans who
were recruited from 2011 to the present.”” UKB recruited volun-
teers aged 40-69 years from 2006 to 2010."* Participants were
followed up from recruitment until either their first dementia
diagnosis, death or the date of last follow-up (December 2019 for
MVP and January 2022 for UKB). Participants in both cohorts
provided written informed consent, and the studies had approval
from their respective institutional and ethics review boards. All
individuals in analyses were unrelated and stratified by genetic
ancestry to allow for analyses across diverse populations.

The genetic analyses included a total of 2.4 million partic-
ipants from 45 GWAS cohorts (online supplemental table S18).
These genetic cohorts facilitated the MR analyses.

Alcohol measurement

Alcohol intake was assessed using self-reported drinks per week
(DPW), which were derived from participant questionnaires in
MVP and UKB, and additionally the AUDIT-C clinical screening
tool in MVP. The AUDIT-C is a widely used three-item version of
the Alcohol Use Disorders Identification Test (AUDIT) that screens
for hazardous drinking patterns. The AUDIT-C score ranges from 0
to 12, with the items assessing the frequency of alcohol consump-
tion, the number of standard drinks consumed on a typical
drinking day, and the frequency of binge drinking (>6 drinks on
one occasion). In the MVP, DPW was calculated by multiplying
the midpoints of drinking frequency and the number of drinks
consumed per day. One standard drink is defined as approx-
imately ~14 g of ethanol. In UKB, participants reported their
average weekly or monthly alcohol intake in glasses, which were
converted to DPW. To limit potential reverse causation, the earliest
recorded alcohol intake was prioritised for analyses, whenever
possible, except where explicitly testing for the impact of expo-
sure measurement timing on association with dementia. For the
latter, we compared alcohol use as assessed at enrolment surveys.
For clinical identification, the AUDIT-C scores can be categorised
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Observational analyses

Cohorts (N) Million Veteran Program (247,136)

UK Biobank (312,423)

Exposures Self-reported:

1. Alcoholic drinks per week

2. AUDIT-C scores

3. Alcohol Use Disorder
Outcome Incident all-cause dementia
Analyses Cox proportional hazards regression

Genetic analyses
2. Nonlinear

1. Linear

Multiple GWAS studies
(2.4 million)

Million Veteran Program
(204,356)

Genetically predicted:

1. Alcoholic drinks per week
2. Problematic Alcohol Use
3. Alcohol Use Disorder

Genetically predicted
Alcoholic drinks per week

Genetically predicted
All-cause dementia

Genetically predicted
All-cause dementia

Two sample linear MR One sample nonlinear MR

Figure 1  Analyses overview. GWAS, genome-wide association studies; MR, Mendelian randomisation.

into three risk groups: non- or occasional drinker (0, 1), low risk
(2-3), high risk (>4)."* '® Never and former drinkers were distin-
guished where possible. However, this phenotype usually reflects
current, that is, state use of alcohol, rather than lifetime, that is
trait, use. Alcohol use disorder (AUD) cases were identified using
diagnostic codes in the linked electronic health record (EHR).

For the genetic analyses, we looked at both how much people
drink (quantity-frequency traits) and problematic alcohol use
(PAU), which reflect somewhat different underlying genetic risks
and biology."” For example, PAU, but not the amount people drink,
is linked to several psychiatric disorders.'® "> PAU was defined
through a meta-analysis that combined data from alcohol use
disorder and the AUDIT-P (Alcohol Use Disorders Identification
Test - Problem Consumption).'® AUDIT-P is a subset of the AUDIT
tool that focuses on alcohol-related problems and behaviours.

Outcome measurement

Given the uncertainty regarding whether specific dementia
subtypes are differentially impacted by alcohol consumption, our
primary outcome was all-cause dementia. Dementia cases were
identified using EHR data and International Classification of
Diseases (ICD) codes (online supplemental table S19). To mini-
mise the risk of reverse causation, prevalent cases (those diag-
nosed with dementia at the time of enrolment) were excluded
from observational analyses. However, for genetic analyses, both
incident (new cases) and prevalent cases were included, as reverse
causation is less of a concern in this context.

Covariates

Potential confounders were identified based on the existing liter-
ature. Baseline information on demographic factors, lifestyle
behaviours, and physical and psychiatric health was collected
using self-administered questionnaires. Educational qualifica-
tions and household income were treated as categorical variables.
Smoking was classified as daily, occasionally or non-smoker. Body
mass index was calculated using self-reported height and weight
at enrolment. A history of head injury and post-traumatic stress

disorder was recorded as binary variables. Substance use disorders
were defined by a lifetime history of opioid or cannabis depend-
ence as indicated by ICD codes in the EHR. Diabetes mellitus was
recorded at enrolment survey or in EHR. Mean systolic and dias-
tolic blood pressure was calculated across multiple measurements
recorded in the EHR. Higher order age terms (age’ and age’ and
age-by-sex interactions) were included in the models to account
for the non-linear, exponential increase in dementia risk with age
and to allow for potential sex-specific age effects.

Genotyping in MVP

Genotyping and imputation for MVP participants has been
described previously.”” We used genetic data from release 4.
Briefly, participants were genotyped using a custom Affym-
etrix Axiom Array. Missing genotype data were imputed using
Minimac4, along with a reference panel from the African Genome
Resources panel by the Sanger Institute. Insertions, deletions and
more complex genetic changes were imputed independently using
data from the 1000 Genomes Project and combined in an approach
similar to that employed by the UK Biobank. Participants’ broad
ancestry groups were determined using their genetic data to refer-
ence panels from the 1000 Genomes Project.

Genetic variants

Genetic variants linked to three separate alcohol use traits—DPW,
PAU and AUD—were selected from the largest available GWAS
studies. A critical difference from phenotype (state) data is that
genetic instruments reflect lifetime risk or exposure, that is, trait
rather than state. Only variants with strong evidence (p<5x107%)
were chosen (online supplemental table S7-S10 and S18). When
possible, variants were identified from analyses that included
multiple ancestries, but ancestry-specific betas and standard
errors were used for accuracy. As a result, some instruments had
higher p values and lower F statistics. Post hoc choice of instru-
ments, genetic models or data based on measured F-statistics can
introduce bias. Notably, the widely cited rule that F>10 avoids
bias in instrumental variable analysis is misleading.?’ We included
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variants with multiple alleles since all datasets clearly reported
them, facilitating comparison across studies. All studies were
adjusted for the same covariate set (age, sex and ancestry prin-
cipal components). Where the availability of strong variants was
limited, a less stringent p value threshold (p<5x107°) was used. To
ensure variants were independent, ancestry-specific linkage dise-
quilibrium (LD) clumping was conducted using PLINK v2.0, using
data from the 1000 Genomes Project (10 000 kb window and LD
’=0.001).

Dementia phenotype definition determines interpretation
of MR estimates.”’ We used genetic associations with all-cause
dementia calculated de novo in our primary genetic anal-
yses, given uncertainty about which dementia subtypes alcohol
impacts. When outcome data were unavailable, we sought proxies.

Statistical analyses
Analyses were performed in R (v4.1.2), unless otherwise stated.

Observational associations between alcohol and dementia

To estimate the associations between alcohol and incident dementia,
Cox proportional hazards models were used. The time at risk was
calculated from baseline (wWhen covariates were measured) to either
the date of dementia diagnosis or censoring. Influential observa-
tions were identified by plotting deviance residuals. The proportional
hazards assumption was visually assessed using Schoenfeld residuals
and formally with time interactions. For covariates not of primary
interest (eg, age and body mass index), which violated the propor-
tional hazards assumption, stratified models were fitted without the
constraint of non-proportionality. Separate baseline hazard functions
were fitted for each stratum. The Aalen-Johansen estimator* was used
to assess if death was a competing risk. Competing risk of death was
accounted for using the subdistribution method.?* The reference group
for alcohol intake was light drinkers, as some current non-drinkers had
reduced alcohol intake due to health concerns (‘sick quitters’). Random
effects meta-analysis was performed to generate pooled effect sizes
across MVP and UKB cohorts (with comparable ancestries).

Longitudinal trajectories of alcohol preceding dementia

In MVP, participants had multiple available AUDIT-C scores, which
allowed for the examination of changes in drinking behaviours before
dementia diagnosis, relevant to reverse causation. Binomial regression
models were used, including the following fixed effects: time (from
diagnosis/study-end to date of alcohol measurement), dementia status
(case/control), enrolment age, sex, education and income, a two-way
interaction term between time and dementia status, and a three-way
interaction term between time, dementia status and AUDIT-C category
(non-drinker, low-risk, high-risk). Wald tests were conducted to esti-
mate the overall effect of interactions between dementia status and
time. These tests evaluated whether AUDIT-C trajectory differed by
dementia diagnosis. Random effects for participant identification were
included. The resulting models were visualised with graphs showing
predicted longitudinal trends in AUDIT-C scores for a typical partic-
ipant.

Genome-wide association study of all-cause dementia

Dementia cases were defined by the presence of a relevant ICD 9/10
code in their linked EHRs. Controls were individuals without such
codes. To avoid relatedness bias, closely related individuals were
excluded (>0.088 Kinship coefficient). Ancestry-specific logistic
regression was performed in PLINK 2.0 with adjustment for age, sex
and genetic background (measured by 10 principal components).
To assign ancestry groups, we compared each participant’s genetic

data to five reference groups from the 1000 Genomes Project and
assigned to the nearest reference ancestry. A second round of prin-
cipal component analysis within each assigned ancestral group was
performed, and outliers with principal component scores >6 SD from
the mean were identified. We also excluded genetic variants that were
missing data in more than 20% of participants or if they were very
rare (<0.1%). After filtering, the final sample included 25 473 cases
and 425 844 controls of European ancestry, and 5706 cases and 108
532 controls of African ancestry. The Latin American ancestry group
did not have sufficient power for analysis. Heritability for common
variants mapped to HapMap3 was calculated using LD score regres-
sion. Additionally, genetic correlation between alcohol and dementia
phenotypes was estimated.

Mendelian randomisation

Both linear and non-linear MR analyses were conducted. The primary
analyses used to evaluate if alcohol use traits affect dementia was the
inverse variance weighted (IVW) method, with several other methods
employed as sensitivity analyses. To test whether dementia affects
alcohol use, reverse MR was also conducted. Additionally, other factors
that might influence the relationship between alcohol and dementia
were adjusted for using multivariable MR.

For the non-linear analysis, European participants from the
MVP—-313 873 individuals including 16 932 with dementia—were
divided into five groups created using individual-level data from
these subjects (n=313 873, including 16 932 dementia cases), which
provided greater power than UKB for non-linear analyses. To identify
how dementia risk varies with quantity of alcohol drinks, a genetic risk
score for DPW was calculated for each individual by multiplying the
number of alcohol-increasing alleles the individual carries by the effect
size of the allele, adding up 641 such variants at p<5x 10, A statistical
method called fractional polynomials was used to explore how geneti-
cally predicted alcohol intake relates to dementia in a non-linear way.
The five groups were made using a method that ranks participants by
genetic risk—the doubly-ranked method.** Five groups were chosen
to balance assessment of the relationship shape and statistical power.
For each group, the localised average causal effect (LACE) was calcu-
lated—which reflects the strength of the association between alcohol
and dementia—by comparing how strongly the genetic score relates to
dementia versus how it relates to alcohol use. These associations were
adjusted for age, age” sex and ancestry differences (top 10 ancestry
principal components). Analysing how these effects varied across the
five groups provided insight into whether the relationship between
alcohol and dementia is linear or non-linear. Non-linearity was tested
by comparing the non-linear model to a linear model and assessing
the trend in LACE estimates. All statistical analyses were conducted
using the SUMnlmr package. Negative control analyses of age and sex
were performed to rule out bias from confounding."

Patient and public involvement statement

Patients and the public were involved in the wider design of our
research through a specially convened focus group to identify impor-
tant priorities for our research. No patients or public were asked to
advise on interpretation or writing up of results. There are no plans
to disseminate the results of the research to study participants or the
patient community.

Results

Observational analyses

Population characteristics

Across the two cohorts, 559 559 participants were included in observa-
tional analyses (figure 1), of whom 10 564 developed incident all-cause
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dementia over follow-up in MVP (mean=4.3 years, median=4.4
years, maximum=9.0 years), and 3976 in UKB (mean=12.4 years,
median=12.7 years, maximum=15.0 years) (total=14,540), consistent
with a lower mean age in UKB (table 1); 28 738 died during follow-up
in MVP and 19 296 in UKB (total=48,034). Over 90% of participants
in both cohorts reported consuming alcohol at first measurement.
Compared with drinkers, current non-drinker groups were older, with
a higher proportion of females and lower educational qualifications.
Similar patterns were observed in African (AFR) and Latin American
(AMR) ancestry groups (online supplemental table S1).

Observational associations between alcohol use and dementia risk
Conventional observational analyses—that is, using no genetic
data—found a U-shaped relationship between self-reported alcohol
intake and incident dementia in both MVP and UKB participants of
European (EUR) ancestry (figure 2)—that is, lowest dementia risk in
low-moderate drinkers, rather than non-drinkers. Non-drinkers (irre-
spective of subdivision into never and former drinkers), heavy (>40
DPW) and dependent drinkers (HR 1.51, 95% CI 1.42 to 1.60) had a
higher incidence of all-cause dementia compared with light drinkers
(<7 DPW). In UKB, but not MVP, moderate drinkers (7-14 DPW) had a
significantly lower dementia incidence than light drinkers. Accounting
for the competing risk of death had little impact on the associations
(online supplemental table S2 and S3).

A key strength of the MVP cohort is its ancestral diversity, allowing
analyses of non-European ancestry populations, previously neglected
in alcohol research. Individuals with a history of AUD had elevated
dementia incidence across both AFR (HR 1.44, 95% CI 1.25 to 1.67)
and AMR (HR 1.58, 95% CI 1.24 to 2.01]) ancestries (online supple-
mental table S4).

Alcohol drinking trajectories before dementia diagnosis
Observational associations between alcohol intake and dementia
could be explained by a causal impact of alcohol—alcohol causing
dementia—or changes in drinking pattern in prodromal disease—
altered, generally decreased, alcohol intake as part of the dementia
prodrome (reverse causation). To explore this, we leveraged the longi-
tudinal EHR in MVP to explore how alcohol consumption behaviours
(using AUDIT-C)** changed the preceding diagnosis of dementia.
Non-drinkers were consistent in their abstinence (figure 3). Among
all drinkers, consumption declined over time. However, this decline
was faster among those who went on to develop dementia than for
controls (dementia*time P=0.05, SE=0.02, p=0.0003). Furthermore,
the accelerated drop in drinking was magnified for those with higher
historical drinking (first recorded AUDIT-C >4 dementia status*time
B=0.09, SE=0.02, p<0.001) (figure 3). Relatedly, associations of alcohol
with dementia diagnosis varied with the temporal proximity of the
two (online supplemental figure S1). We compared associations with
dementia according to when alcohol intake was measured: (1) the
first recorded alcohol record (an average of 9 years before dementia
diagnosis), and (2) at study enrolment (an average of 4 years before
dementia diagnosis). When alcohol was measured closer to diag-
nosis, observed harmful risks of heavy drinking were attenuated, and
moderate drinking was associated with an apparent protective effect
(7-14 DPW HR 0.87, 95% CI 0.78 to 0.97).

Genetic analyses

Bi-ancestry GWAS of all-cause dementia

For the genetic analyses, we required powerful GWAS data for all traits
studied. To increase power for all-cause dementia in older adults, we
conducted a de novo GWAS in MVP to generate necessary data for
our analyses. We found four genetic variants linked to dementia in

individuals of EUR ancestry— these are in PICALM, APOE, BCAM/
NECTIN2, BIN1/NIFKP9 (online supplemental table S5 and figure S2).
In individuals of AFR ancestry, only one variant (in the APOE gene)
showed a strong link (online supplemental figure S3). The strongest
association in EUR was with a variant called rs429358 (p=1.14x107""),
in the APOE gene. The overall genetic contribution to dementia risk
was low (heritability=0.01 on the liability scale). There were signif-
icant genetic correlations between three examined alcohol pheno-
types and all-cause dementia (online supplemental table S6). These
were strongest for AUD (Rg=0.45 (0.10-0.80)) and weakest for DPW
(Rg=0.19 (0.01-0.36)).

Genetic associations between alcohol use and dementia

Three genetic measures related to alcohol use were used as exposures,
to study the impact of both alcohol drinking quantity, as well as prob-
lematic and dependent drinking, on dementia risk. These exposures
were: (1) DPW, instrumented using 641 independent genetic variants;
(2) PAU, with 80 genetic variants; and (3) AUD, with 66 genetic vari-
ants (online supplemental table S7-10). Higher genetic risk for alcohol
consumption, as well as problematic and dependent drinking, was
associated with an increased risk of all-cause dementia in European
ancestry participants (figure 4). For example, an increase from one to
three DPW (or five to 16 DPW) was associated with a 15% increased
risk of dementia risk VW OR 1.15, 95% CI 1.03 to 1.27). Additionally,
a twofold increase in genetic risk for AUD was associated with a 16%
increase in dementia risk (IVW OR 1.16, 95% CI 1.03 to 1.30).”° To
assess the strength of causal evidence, we conducted several sensi-
tivity analyses (online supplemental table S11-14). These included:
correcting for data from overlapping samples, removing outliers and
testing if dementia might cause alcohol use instead, which did not
undermine the key findings. In contrast, some heterogeneity across
SNP estimates and pleiotropy (for DPW) was observed. We also
adjusted for other factors such as socioeconomic status, smoking
and post-traumatic stress disorder. After adjusting for post-traumatic
stress disorder, the link between alcohol use disorder and dementia
was attenuated, but still significant when controlling for smoking or
cannabis use. For individuals of African ancestry, the link was weaker,
probably due to lower statistical power of analyses (online supple-
mental table S11).

Next, we tested whether the relationship between alcohol and
dementia changes at different drinking levels (non-linear analyses),
which cannot be examined using linear MR. Non-linear MR necessi-
tates individual level genetic data and was performed in MVP, which
had a large number of dementia cases and thus power to detect effects.
Unlike in the observational analyses, no U-shaped association was
found between alcohol intake and dementia, and no protective effects
of low levels of alcohol intake were observed (figure 4, online supple-
mental table S15). Instead, dementia risk steadily increased with more
genetically predicted drinking. For example, people averaging 12 DPW
showed an increased risk of dementia (OR 1.09, 95% CI 1.04 to 1.15)
(online supplemental table S15). To validate the genetic instruments
used for alcohol, we tested whether they were related to age and sex
(which should not be affected by alcohol) in a negative control anal-
ysis.” No significant associations were found, supporting that our
results reflect effects rather than confounding (online supplemental
tables S16, S17).

Discussion

Conventional observational analyses showed a U-shaped association
between alcohol consumption and dementia (as has been seen in
previous studies), seeming to support the proposal that low or moderate
alcohol use is associated with lower dementia risk than no alcohol
at all. However, less-confounded genetic analyses provided evidence
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Figure 2 Observational associations between alcohol intake and incident dementia. HRs (dots or diamonds) and 95% Cl (lines) of all-cause incident
dementia according to current alcohol intake, as compared to reference group (solid black line) of individuals consuming <7 drinks per week (DPW).
Choice of light drinkers as a reference group is motivated by concerns about current non-drinkers including individuals who previously drank heavily
but have reduced their alcohol intake in response to a health concern. Dementia cases were identified by relevant codes in the electronic health record
(online supplemental table S19). Alcohol intake was ascertained at first recording, from the AUDIT-C (Alcohol Use Disorders Identification Test) screening
questionnaire in the Million Veteran Program, and the baseline questionnaire in the UK Biobank. Individuals classed as current non-drinkers in the
Million Veteran Program were those with an AUDIT-C score of zero. Never and former drinkers could not be distinguished within this group based on the
AUDIT-C questions, whereas in UK Biobank, never and former drinkers were identifiable from questionnaire answers. Estimates were generated from
Cox proportional hazards models, using unrelated European individuals, and adjusted for age, sex, income, education, smoking, body mass index;

and additionally in the Million Veteran Program: head injury, post-traumatic stress disorder and substance use. Estimates for other ancestry groups are
given in online supplemental table S4. Pooled estimates across the two cohorts (black diamonds) were generated using random effects meta-analysis.

that alcohol consumption in general, as well as problematic drinking,
increases dementia risk. A monotonically increasing risk of alcohol
consumption on all-cause dementia was observed, contradicting the
interpretation that one can drink alcohol to decrease dementia risk.
Furthermore, drinkers who went on to develop dementia typically
reduced their alcohol consumption in the years preceding diagnosis,
suggesting that the apparent protective effects of moderate drinking
may be a consequence of reverse causation. The observational analysis
was also susceptible to being influenced by the current, as opposed
to lifetime, nature of the trait as ascertained. The genetics analyses,
in contrast, considered lifetime genetically predicted risk, a prediction
that is quite stable especially in large samples such as those we studied.

The reduction in alcohol use before dementia onset aligns with
findings from studies of other putative dementia risk factors, including
body mass index.”® This has important general implications for study
design and for the interpretation of prior studies. Reverse causation
is further supported by our finding of a higher incidence of dementia
among non-drinkers, in line with previous studies.” These groups may
include ‘sick quitters'—individuals with prior heavy use'® —often with

earlier deaths, which may explain their higher dementia risk. Addi-
tionally, non-drinkers tended to have lower socioeconomic status and
education levels, both of which are associated with poorer pre-morbid
cognitive function and increased vulnerability to dementia. Imper-
fect control means that even though these factors were accounted for
statistically, measurement errors mean residual confounding could still
underlie apparent observational associations with dementia. In line
with many,' * but not all,” prior studies, heavy alcohol use was asso-
ciated with an increased dementia risk. Variability in alcohol pheno-
types, timing of alcohol self-report (especially between mid-life and
late-life),” and differing methods for adjusting for confounding factors
are likely to contribute to these discrepancies. Ethnic diversity in
alcohol use and dementia risk has been understudied, but our analyses
across European, African and Latin American ancestry populations
observed similar risks associated with alcohol use disorder.”
Importantly, MR, which has a lower risk of both residual
confounding and reverse causation, supported a potential causal
role of alcohol use, including DWP, and problematic and depen-
dent use, in increasing dementia risk. We suggest two explanations
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Figure 3 Trends in longitudinal alcohol use in people without dementia (black) and those who developed dementia (red), stratified by risk of alcohol
abuse. Alcohol use is defined using the AUDIT-C (Alcohol Use Disorders Identification Test) screening questionnaire which was administered and
documented at multiple time points in the electronic health record. Dementia status was ascertained by the presence of a relevant clinical code in

the electronic health record. The plots show predictions of how drinking behaviour changes over time for individuals who develop dementia (cases)

and those who remain dementia-free (controls) for: (A) individuals who were non- or occasional drinkers at first record (AUDIT-C <1, n=108 544); (B)
individuals who were low-risk drinkers at first record (AUDIT-C 2—<4, n=51 443); (C) individuals who were high-risk drinkers at first record (AUDIT-C >4,
n=16 881). Time 0 is the time of diagnosis for cases or last follow-up for controls. Predictions are based on mixed effects models adjusted for age, sex,
body mass index, smoking, educational qualification and household income. Graphs show predictions for a male participant of average age, body mass
index, education and income.
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Figure 4 Linear and non-linear genetic associations between alcohol use and dementia. (A) Forest plot shows causal odds ratios for all-cause dementia
for either a 1 SD increase in log-drinks per week or a twofold increase in prevalence of problematic alcohol use or alcohol use disorder. A stringent
(p<5x1078) threshold was used to select genetic instruments from genome-wide association analyses. Alcohol use is characterised by three phenotypes:
a clinical diagnosis of alcohol use disorder in the electronic health record, problematic use (meta-analysing alcohol use disorder and AUDIT-P, a
screening tool for problematic drinking), and number of drinks per week. All-cause dementia was determined by any clinical dementia diagnosis in the
electronic health record. Estimates were generated from one- and two-sample inverse variance weighted Mendelian randomisation from a combined
sample size across source genome-wide association studies of over 2.4 million individuals (online supplemental table S18). (B) Non-linear Mendelian
randomisation was performed using the doubly-ranked method, in unrelated European ancestry Million Veteran Program participants (n=313 873, 16
932 dementia cases). The x-axis shows the alcohol intake in drinks per week at enrolment. The y-axis shows the odds ratio for the respective all-cause
dementia risk. The gradient at each point of the curve is the localised average causal effect. Values are based on mean intake in five strata of exposure
(quintiles). Grey lines represent the 95% Cl. The reference value (in red) for alcohol intake was taken as one drink per week. P value for linearity: 0.8

(a non-significant result indicates that the best fitting quadratic model is not strongly preferred over the linear model); p value for trend: 0.5 (a non-
significant result indicates no strong evidence for trend in the estimates calculated in different strata).
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for discrepancies between our MR results and previous null result
studies.'* Earlier studies considered a narrow range of alcohol
phenotypes and focused on late-onset Alzheimer’s disease, with one
exception,”” whereas we included a broader range of alcohol and
neurodegenerative pathologies. Second, our study had greater statis-
tical power. Furthermore, our non-linear analyses did not support the
previously hypothesised protective effects of low alcohol consumption
on dementia and instead showed a monotonically increasing risk with
alcohol dose. These results are consistent with a lower powered one-
sample MR study in current drinkers of white British ancestry,'? as well
as neuroimaging findings.’ ***!

This finding has key public health implications, as it challenges
the longstanding notion that moderate alcohol intake might have a
protective effect on the brain. Several important sensitivity analyses
strengthened our findings, including use of age and sex as negative
controls to rule out potential biases. Additionally, the consistency
of these findings across multiple alcohol phenotypes enhances the
robustness of our conclusions.

Despite the strengths of our study—a large sample size, cross-
ancestry analyses and triangulation of observational and genetically
informed approaches using both quantity-frequency and use disorder
alcohol phenotypes—there are limitations. Most notably, analyses
had the greatest power to detect effects in EUR groups, and dementia
diagnoses from EHR may be subject to ascertainment bias, though
this would likely bias associations toward the null. MR methods rely
on unverifiable assumptions, and the estimates we derived reflect
the accumulated effect of alcohol over a lifetime and do not neces-
sarily translate into potential consequences resulting from an adult
life intervention. Heterogeneity in estimates between genetic variants
may plausibly be due to alcohol acting via different pathways and
organs to damage the brain, or failure of the homogeneity or linearity
assumptions.’” The latter were tested and held. Non-linear MR esti-
mates at the lower alcohol doses have less precision than those at
higher doses, with potential implications for detecting J-shaped rela-
tionships; however, negative controls for age and sex did not indicate
bias across strata.”’

In summary, our study findings support a detrimental effect of
all types of alcohol consumption on dementia risk, with no evidence
supporting the previously suggested protective effect of moderate
drinking. The pattern of reduced alcohol use before dementia diag-
nosis observed in our study underscores the complexity of inferring
causality from observational data, especially in ageing populations.
Our findings highlight the importance of considering reverse causation
and residual confounding in studies of alcohol and dementia, and
they suggest that reducing alcohol consumption may be an important
strategy for dementia prevention.
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