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It is unclear to what extent genetic risk offsets the protective effects of better premorbid cognitive
health on the risk of Alzheimer’s disease (AD). We tested for associations between measures of
premorbid cognitive health, apolipoprotein (APOE) e4 ‘risk’ genotype, and their interaction, with risk of
incident AD and age of diagnosis, in UK Biobank participants aged >55 years at baseline, adjusted for
potential confounders. During follow-up, 3,505/252,340 (1.39%) participants received an incident
diagnosis of AD. There were significant associations between better performance on each cognitive
test with lower risk of incident AD, and later age at diagnosis. However, the benefit of better baseline
cognitive scores on AD risk was significantly attenuated in APOE e4 carriers. These data demonstrate
that the association between premorbid cognitive health and subsequent risk of AD is influenced by
APOE e4 genotype. This has implications for risk stratification and targeted intervention.

Alzheimer’s disease (AD) is a neurodegenerative disorder with a significant
public health impact'. To date, strategies to identify effective therapies for
AD have been largely inffective™. As such, there is an increasing focus on
identifying measures to prevent and delay the onset of disease to reduce the
overall burden. There is a necessity in that context for targeted intervention
and stratification, and thus a need to identify populations at heightened risk.
While multiple individual risk factors are recognised for AD*’, their inter-
actions are less well-understood.

The largest single risk factor for AD after increasing age is possession of
an e4 allele in the apolipoprotein e (APOE) gene, where one copy (hetero-
zygous) increases risk around three-fold and two copies (homozygous)

increases risk around twelve-fold (versus neutral e3e3 genotype), and each
associated with earlier age at onset’. APOE e4 may interact with known risk
factors for cognitive impairment in ageing, although evidence for this is
inconsistent™. Poorer non-demented cognitive abilities (generally) are a
consistent predictor of worse later-life outcomes’, including mortality and AD
risk'. This observation might be due to some of the following: worse cognitive
scores reflecting prodromal decline (towards dementia)’; lower cognitive
reserve'” (where people appear to show poor structural/functional brain
health but are cognitively healthy); cognitive faculties that influence
lifestyle"—which secondarily increase AD risk"—and/or that cognitive
health reflects a broad ‘system integrity’ indicative of general physical health".
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Despite the known contribution of both premorbid cognitive health
and APOE e4 genotype to AD risk, there is a significant gap in the literature
regarding their interaction. The present study will test the hypothesis that,
among people who possess an APOE e4 allele, there will be a weaker asso-
ciation between healthier baseline cognition (memory, reasoning and
information processing speed) and risk of AD (in terms of incidence and age
of onset) than among non-carriers. Specifically, we hypothesise that the
association between better premorbid cognitive health with better AD
outcomes—lower incidence and later age of diagnosis—will be significantly
attenuated in e4 carriers (e3e4; e4e4) versus non-carriers (e3e3; e2e2; e2e3).

Results

Descriptive statistics

After described genetic quality-controlled (QC) exclusions, 252,340 parti-
cipants aged 255 were included in this study, of whom 117,869 were male
(46.7%), with an average baseline age of 62.13 (SD =4.06). Following
baseline assessment, 3505 participants were diagnosed with AD by end of
follow-up, a median 11.45 years after baseline (range = 0.6-16.6; median
11.48 after excluding 20 participants with onset within 2 years of baseline)
with an average age at diagnosis of 75.94 (SD =4.44) In terms of APOE
genotype, 61,325 participants (24.3%) had one e4 allele while 6178 (2.5%)
were homozygous. Allele frequencies were similar when stratified by sex.
Detailed demographics are shown in Supplementary Table 2.

Association of APOE e4 with incident Alzheimer’s disease

In fully adjusted models, APOE e4 allele presence was associated with
increased risk of incident AD (HR=4.70, 95% confidence interval
(CI) = 4.38-5.04, P < 0.001). More specifically, this was dose-dependent: it
was higher among those with homozygous e4e4 genotype (HR = 13.16, 95%
CI=11.85-14.61, P <0.001; versus no e4 allele) than among those with a
single copy of e4 (HR =3.93,95% CI = 3.65-4.23, P < 0.001; versus no e4).

The relationship between the APOE e4 genotype and risk of AD
diagnosis appeared sex-dependent. There was evidence of sex/APOE e4
genotype interaction (P <0.001) where the magnitude of additional risk
conferred by e4 presence was larger in females (HR=5.64, 95%
CI=5.11-6.23; P<0.001) compared with males (HR=3.88, 95% CI=

3.51—4.29; P < 0.001). Female e4 carriers had the highest risk of all groups
(see Fig. 1).

An overall APOE e4 present (versus absent) effect on age of diagnosis
was non-significant (unstandardised beta years = —0.20, 95% CI = —0.40 to
0.01, P =0.062). There was a significant association between e4e4 genotype
and earlier age at onset (unstandardised beta = —0.56 years, 95% CI = —0.87

to —0.26, P <0.001; versus no e4). The average age of onset for a non-e4
carrier was 76.07 years (standard error [SE] =0.08), and for e4e4 homo-
zygotes, the average age of onset was 75.51 years (SE = 0.13).

Association of premorbid cognition with incident Alzheimer’s
disease

There were consistent associations between premorbid cognitive scores and
risk of incident AD (see Table 1). There were significant adjusted associa-
tions between cognitive test scores and age at diagnosis for log RT
(unstandardised beta = —0.37 years, 95% CI = —0.47 to —0.28, P < 0.001)
and verbal-numerical reasoning (0.58 years, 95% CI = 0.38-0.78, P < 0.001),
but not memory scores (see Table 2). Higher RT scores reflect worse per-
formance, while higher reasoning scores reflect better performance. This
means that for each SD, better RT and reasoning scores, the age of diagnosis
is on average ~0.4 and 0.6 years later, respectively. There was no e4 allele/sex
interaction nor any e4 allele/cognitive score interactions (all P >0.10),
whether analysed as e4 present/absent or homozygous versus not.

APOE e4 attenuates the influence of premorbid cognition on the
risk of incident AD diagnosis

There was significant interaction between e4 presence and verbal-numerical
reasoning scores (P = 0.005) on risk of AD. This was such that the HRs for
cognitive scores versus risk of AD were closer to 1 in participants who
possessed an e4 allele: i.e. the association of better premorbid cognitive score,
with lower likelihood of a subsequent AD diagnosis, was attenuated in e4
carriers. The beneficial association between better verbal-numerical rea-
soning with lower AD risk, was stronger in non-e4 carriers (HR = 0.64)
compared with e4 carriers (HR = 0.79) (see Fig. 2). There was no interaction
between memory scores and e4 genotype on AD incidence (P> 0.05), and
only marginally with log RT (P = 0.048; above our P> 0.01 threshold).

Sensitivity analyses

Results were unchanged when we removed n =20 participants diagnosed
within 2 years of assessment; controlled for participants with a baseline
neurological condition; and/or tested for cognitive/AD associations
uncorrected for sociodemographic and lifestyle factors. The e4/AD asso-
ciations were very similar univariately (i.e. controlling for only 10 PCs and
array) as per fully adjusted. Fully adjusted models gave very similar results
when self-reported conditions (e.g. diabetes) were supplemented with
ICD9/10 data. Results were similar when we tested for interaction between
APOE e4 allele dosage (0/1/2), baseline cognitive scores, and incident AD.
This analysis was not possible for the reasoning task because no participant

Fig. 1 | Covariate-adjusted Cox proportional
hazards regression survival function, by apolipo- 14

Cox proportional hazards regression

protein e4 dosage and sex, with incidence of Alz-
heimer’s disease. Adjusted for age at time of
assessment, Townsend deprivation index, 10 genetic
principal components for stratification, university/
college degree, ever-smoking history, genotypic
array and history of coronary heart disease, hyper-
tension and diabetes. The Y-axis represents the
relative probability of remaining disease-free.
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Table 1 | Cox regressions showing associations between risk factors and incident Alzheimer’s disease

Hazard ratios Lower 95% CI Upper 95% CI P value N

Overall

Verbal-numerical reasoning score 0.73 0.68 0.79 <0.001 81,228

Log reaction time 1.17 1.13 1.20 <0.001 245,758

Log visual memory errors 1.06 1.03 1.10 <0.001 247,368
In non-APOE e4 carriers

Verbal-numerical reasoning score 0.64 0.56 0.72 <0.001 59,660

Log reaction time 1.24 1.17 1.30 <0.001 180,060
In APOE e4 carriers

Verbal-numerical reasoning score 0.79 0.72 0.87 <0.001 21,568

Log reaction time 1.13 1.08 1.18 <0.001 65,698

Associations are Cox regressions adjusted for age at time of assessment, sex, Townsend deprivation index, 10 genetic principal components, diagnosis of historic coronary heart disease, hypertension,

diabetes, ever-smoking, college/university degree and genotypic array.

Table 2| Linear regressions showing associations between premorbid non-demented cognitive scores and age at Alzheimer’s

disease diagnosis

Unstandardised beta Standardised beta Lower 95% CI Upper 95% CI P value N
Verbal-numerical 0.58 0.13 0.38 0.78 <0.001 839
reasoning score
Log reaction time —0.37 —0.09 —0.47 —0.28 <0.001 3302
Log visual memory errors 0.09 0.02 —0.04 0.18 0.060 3369

Continuous variables reflect a one standard deviation increase. Associations are linear regressions corrected for age at time of baseline assessment, sex, APOE e4 allele presence, 10 genetic principal

components, genetic array and Townsend deprivation index.

Fig. 2 | Covariate-adjusted Cox proportional
hazards regression survival function, by verbal- 14

Cox proportional hazards regression

numerical reasoning ‘poor/average/good’ status,
apolipoprotein e4 genotype and incidence of
Alzheimer’s disease. Adjusted for age at time of
assessment, sex, Townsend deprivation index, 10
genetic principal components for stratification,
university/college degree versus not, ever-smoking
history, genotypic array and history of coronary
heart disease, hypertension and diabetes. ‘Good’ is
>1 SD above the mean; ‘poor’ is <1 SD below the
mean, and ‘average’ is intermediate. The Y-axis
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with the relatively rarer e4e4 genotype had baseline reasoning data, and
subsequently developed AD. When we repeated analyses removing APOE
e2e2 and e2e3 carriers (n = 33,892), i.e. specifically comparing e3e3 versus e4
carriers, all above findings were virtually identical. The only difference was
that the previously marginal interaction between log RT and APOE e4
genotype on log RT scores (above), attenuated from P = 0.048 to P = 0.077.

Discussion

Premorbid cognitive health predicts the likelihood of subsequent AD, and
APOE e4 is the largest AD risk factor after increasing age"'*. The utility of
cognitive scores may reflect better baseline system integrity, healthier
average lifestyles, cognitive reserve and/or lower current test scores due to

some prodromal decline towards dementia'*'*'°. Around 42% of AD can be
statistically attributed to APOE e4 genotype'” (via population attributable
fraction), potentially due to its highly pleiotropic effects across multiple
biological pathways' (e.g. amyloid beta clearance').

Here, we show that, firstly, better baseline premorbid cognitive ability
lowers the risk of subsequent AD incidence. Secondly, better cognitive
health is associated with later diagnosis in those who were ultimately
diagnosed with AD. Finally, we show that APOE e4 genotype presence
attenuates the association between better baseline cognition and AD inci-
dence: risk reduction goes from 36% (e4 absent) to 21% (e4 present) per one
SD of better reasoning scores. We therefore provide evidence of APOE
genotype impacting disease trajectories”’. These findings have relevance for
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stratification of high-risk populations in whom targeted intervention (e.g.
brain health clinics) may be more appropriate”. In particular, our findings
show that the e4 genotype is a more important predictor than premorbid
cognitive health. Participants with ‘good’ reasoning scores but who possess
an e4 allele are at a higher average risk for AD than participants with ‘poor’
scores with no e4 allele.

The association between APOE e4 genotype and poorer later-life brain
health appears primarily via accelerated longitudinal decline rather than
cross-sectional abilities™*’. We have previously shown modest association
between the APOE e4 genotype and cross-sectional cognitive abilities in the
UK Biobank (UKB)®. This phenomenon—predominantly longitudinal
rather than cross-sectional influence—aligns with the observation in this
report that while better cognitive scores were associated with lower disease
risk, this was partly mitigated in e4 carriers. We report additive individual
significant associations between worse cognitive scores and separately
APOE e4 with earlier onset (i.e. no interaction). Delayed onset of 6 months,
for example, at the population level would have substantial public health
benefits’. The tractable aspects of these observations could include aspects of
APOE e4 genotypic modification”, including risk stratification, and/or
modification of lifestyle risk factors, which may be part of the cognition/
onset pathway'”.

It is unclear if dementia can be fundamentally prevented: this assertion
requires large-scale population data, including comprehensive data to the
point of death, to demonstrate that an intervention or modifiable factor
categorically prevents rather than delays dementia, and these data are
relatively scarce’. Binary yes/no diagnosis is a broad, potentially coarse
phenotype which may have misclassification biases and not capture detailed
individual differences—there is a need to move towards more fine-grained,
secondary dementia phenotyping™. There is some evidence of earlier onset
of AD in APOE e4 carriers, although these studies tend to be relatively
small” where the largest studies to date are N = 1262°° and N=1750". Age
of diagnosis in AD reflects a relatively more fine-grained phenotype than
outright diagnosis™, and later average age of diagnosis is a potential mani-
festation of preserved cognitive function. Here we show that better cognitive
ability appears to protect individuals from earlier diagnosis, on average.

Calvin et al.' previously demonstrated the cognitive health/risk of AD
association' and here we extend that beyond outright AD risk, to later onset
in people with better baseline cognitive health. This could reflect better
cognitive health/reserve, or it may reflect a degree of decline in people in the
AD prodrome”. Effects of APOE genotype on AD are well-observed", and
we reinforce prior observations that the e4 genotype has a deleterious effect
on age of diagnosis™, although only in homozygotic participants here on
average. There is potential distinction between the age of (symptom) ‘onset’
compared with the age at ‘diagnosis’ based on largely ICD-10 codes, where
diagnosis would be later but more conservative. The relative lack of asso-
ciation from e4 present versus absent, compared with other samples which
show stronger overall e4 effects, suggests differences between UKB versus
other cohorts, whether in terms of ascertainment or other characteristics. It
may reflect acknowledged ‘healthy bias’ in UKB, perhaps in a more age- or
sex-specific manner than has been considered to date”. Ascertainment
differs from some prior studies, which report age of earliest impairment, or
reported onset’, whereas we primarily report formal diagnoses based on
ICDY/10. There will be a degree of slight inaccuracy in our data because
birthdates were set to the 15th of the month. This is unlikely to be of a
magnitude to significantly affect estimates: participants can only be a
maximum of 2 weeks from their ‘true’ age of diagnosis. There will be other
variables influencing that phenotype, for example delays in seeking diag-
nosis and waiting times.

UKB has well-documented selection bias, which may influence
exposure/outcome estimates™’. Age of diagnosis was based on formal
codes (largely from secondary hospital records), and this may not
reflect the earliest sign of cognitive dysfunction. However, there is no
clear reason that this should differ systematically by predictor status,
and therefore average differences between predictors may at least be
reflective of ‘real’ differences.

The UKB cognitive tests have certain limitations: they are bespoke,
although they have shown reasonable validation with more traditional
cognitive assessments, and have been shown to correlate with aspects of
brain structure™. Some weaknesses include floor effects on the memory test,
relatively brief duration (e.g. the reasoning test has a 2-min time limit),
relatively few trials on the reaction time test, and that all tests have a ‘speed’
component where ideally a ‘pure’ isolated memory test would not™. While
UKB has a range of cognitive assessments, including subsequent online
assessments, we elected for the baseline cognitive data (memory errors;
reaction time; fluid intelligence), because these are mostly in the full cohort,
maximising sample size, duration of follow-up and consequent
statistical power.

These findings reflect average level differences in cognitive health
versus AD outcomes; there is likely to be significant inter-individual
explanations for poorer cognitive health. We are therefore not yet at the
point where an individual’s genetic and cognitive information combined
can reliably predict clinical aspects of AD onset™.

There is likely some degree of reverse causality where participants have
an amount of AD-caused reductions in cognitive scores at baseline, and
subsequently became diagnosed. We have attempted to minimise this by
looking at people aged 55 and over, i.e. a number of years before AD would
be typically expected, and sensitivity analyses removing the small number of
participants with AD less than 2 years after cognitive assessment. There is
likely some degree of residual confounding in our findings. Future studies,
particularly with additional follow-up and wider ascertainment of cases, e.g.
from general practice data, may be appropriately powered to adjust for
potential confounders such as historic stroke.

We have focussed on white British participants here because there is
complex interplay between both allele frequency differences in APOE e
genotypes’ as well as phenotypic exposure/outcome associations across
ethnicities”. Belloy et al. demonstrated in a diverse cohort (N = 67,656) that
AD risk conferred by APOE e genotypes varies by ethnicity. Our sample N
and cohort composition is not appropriately powered for such subdivisions,
and therefore we focussed on the more homogenous White British
population™. Future studies should seek to replicate these findings in more
diverse cohorts™, in terms of ethnicity, but also to a more representative
cohort relative to the general population. Future studies may investigate if
longitudinal cognitive change is a superior predictor of AD onset rather than
snapshot cross-sectional abilities. Future studies may investigate the role of
the protective e2 genotype (versus neutral e3e3), any modifying role of non-
AD polygenic risk for dementia™, and/or non-AD dementias like vascular.

APOE e4 genotype significantly modified associations between rea-
soning scores and AD, but less so for processing speed (i.e. nominally
significant at P <0.05 but not our more conservative threshold), and not
memory errors. This may reflect ‘true’ modification of the link between
specific cognitive faculties and AD (i.e. reasoning particularly), or rather that
the different tests vary in how well they measure differences in cognitive
health. We have previously reported aspects of these psychometric
properties”. The memory score has a recognised ‘floor effect’ (i.e. many
participants scored zero errors), and the RT task is averaged over only four
trials. In a subsample of ~20k UKB participants with repeated cognitive
data, the reasoning test showed the best reliability (Pearson r=0.7) com-
pared with RT (r = 0.5-0.6) and memory errors (r = 0.2). Fawns-Ritchie and
Deary’® demonstrated in a novel cohort (N =160) that the reasoning test
correlated consistently around r=0.2-0.4 with a battery of established
cognitive assessments, e.g. from the Wechsler Adult Intelligence Scale-IV.
By contrast, the memory/RT scores were less consistently correlated with
scores on established cognitive tests, and often were not significantly cor-
related. Alternatively, the reasoning test was completed in only around
~150k of the full 502k UKB participants because it was introduced mid-way
through the baseline assessment; it may be that there is non-random bias in
who completed this test, which influences the observation. Future study in
the expanded battery of cognitive tests, which were conducted several years
post-baseline, may be informative with regard to the specificity of APOE
genotype modifying only the reasoning/AD association.
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Non-demented cognitive health and APOE e genotype are established,
significant factors in terms of AD risk. Here we demonstrate largely inde-
pendent roles for the two on AD, as phenotyped in two ways: overall risk and
age of diagnosis in cases. Adjusted for a range of potential confounders, we
show that APOE e4 allele presence weakens some of the protective asso-
ciation between healthier cognition in early ageing, with a lower risk of AD.
This may reflect a variety of pathways but has potential routes to mitigation
strategies, e.g. via interventional brain health clinics in high-risk popula-
tions. Future studies may broaden this to wider genetic approaches, e.g.,
including non-APOE genetic variation.

Methods

Cohort

UKB is a prospective general population cohort, where ~502,000 partici-
pants attended one of 22 assessment centres in Scotland, England and
Wales, between 2006 and 2010”. Participants were aged 40-70 years at
baseline, and non-demented participants were intentionally recruited; we
excluded the minority of participants with a pre-baseline diagnosis (n = 11).
This project was completed using UKB project 17689.

Demographics

Age, sex, ethnicity and educational attainment were self-reported. The
Townsend deprivation index was derived from the postcode of residence™.
This provides an area-based measure of socioeconomic deprivation derived
from aggregated data on car ownership, household overcrowding, owner
occupation, and unemployment. Higher Townsend scores equate to higher
levels of area-based socioeconomic deprivation.

Cognitive test variables

We examined tests that were included as part of the bespoke UKB baseline
cognitive assessment”’. One of these was a task with thirteen logic/reason-
ing-type questions and a 2-min time limit labelled ‘fluid intelligence’ in the
UKB protocol, but hereafter (commonly) referred to as verbal-numerical
reasoning‘? The maximum score was 13, where higher scores indicate better
performance. ‘Pairs matching’ was a visuospatial memory test, where par-
ticipants were asked to memorise the positions of six card pairs, and then
match the pairs from memory while making as few errors as possible. We
refer to pairs matching as the memory test from here on. Scores on the
memory test are for the number of errors that each participant made, and
higher scores are therefore worse. Participants completed a timed test of
symbol matching similar to the common card game Snap, referred to
hereafter as the reaction time task; scores are measured in milliseconds, with
higher values indicating worse performance. The verbal-numerical rea-
soning task was added partway through the baseline assessments; this was
completed in around one-third of baseline participants. These tests have
been described and their reliability and validity reported previously’***. We
did not use the baseline cognitive tests of Prospective memory or Numeric
memory, because the former had relatively little variation and the latter was
in a relatively small subsample of participants.

Lifestyle

Participants self-reported their smoking history: current, past or never. We
collated past and current smokers into ‘ever’ (vs. never). Using self-report,
participants responded to the touch-screen question ‘Has a doctor ever told
you that you have had any of the following conditions?” (high blood pres-
sure, hereafter ‘hypertension’; stroke; angina; heart attack), where each was
coded as binary absent/present. We collated self-reported heart attack and
angina into coronary heart disease (CHD). Participants were also asked ‘Has
a doctor ever told you that you have diabetes? via a touch-screen
questionnaire®.

Alzheimer’s disease ascertainment

AD was ascertained based on the ‘first occurrences’ UKB field, which col-
lates diagnoses from self-report, hospital primary/secondary, death con-
tributory/primary and death-only records. The majority of cases are

ascertained from hospital primary/secondary data rather than death data
(https://biobank.ndph.ox.ac.uk/ukb/field.cgi?id=42021). Cases were only
analysed if they occurred after baseline (the vast majority of instances). The
definitions are described in detail in an open-access document including
classification codes (https://biobank.ndph.ox.ac.uk/ukb/refer.cgi?id=460).

Age of diagnosis was calculated from the date of diagnosis minus
(the 15th of) month and the year of birth. The 15th was used because
exact date of birth is a (UKB) protected phenotype, and the 15th is
such that a participant’s birthday could only be a maximum of
~2 weeks away. Follow-up for all incidence analyses was censored at
31st October for England, 31st May for Wales, or 31st August 2022 for
Scotland  (https://biobank.ndph.ox.ac.uk/ukb/exinfo.cgi?src=Data_
providers_and_dates), individual date of loss-to-follow-up (<1%) or
all-cause death—whichever occurred earlier.

Genotyping

UKB genotyping was conducted by Affymetrix using a bespoke BiLEVE
Axiom array for ~50,000 participants, and the remaining ~450,000 on the
Affymetrix Axiom array”. All genetic data were QC and imputed centrally
by UKB, e.g. principal components for stratification, genotypic batch/array,
etc. The APOE e locus is directly genotyped based on two single-nucleotide
polymorphisms: rs429358 and rs7412. Further information on the geno-
typing process is available on the UKB website (http://www.ukbiobank.ac.
uk/scientists-3/genetic-data), which includes detailed technical doc-
umentation for QC and imputation.

Analyses

We used regressions models adjusting for age at time of assessment, sex,
Townsend deprivation score, education (college or university degree; yes/
no), 10 genetic principal components (PCs) for stratification, genotypic
array, history of CHD, diabetes, hypertension, and history of ever-smoking
because each of these are potential confounders or risk factors.

We report uncorrected P values throughout, and conservatively con-
sider P<0.01 nominally significant. We report Cox regressions for AD
incidence (hazard ratios/HR, including 95% Cls), and linear regressions for
predictors versus age at diagnosis (unstandardised and standardised betas,
then translated into per-month differences where significant). Proportional
hazard assumptions were checked with the post-estimate phtest Stata
function. Stata version 18 was used for all analyses*'. Variables with non-
normal distributions were natural-log transformed: namely, reaction time
and memory test errors (+1).

Exclusions

We excluded participants with a baseline age <55 years because this study
aimed to investigate the role of premorbid, non-AD affected cognition in
people who have a realistic possibility of late-onset AD by the end of study
follow-up. We excluded participants with self-reported non-white British
ancestry, self-report vs. genetic sex mismatch, putative sex chromosomal
aneuploidy, excess heterozygosity, and allelic missingness rate >0.1. We
focussed on white British participants (87% of the cohort) specifically
because there is evidence that the APOE e genotypic effect on AD risk varies
by ethnicity”, and the cohort was not appropriately powered to test for such
granular interactions. We removed one random participant in cases where
two individuals were 2nd cousins or closer, based on relatedness quotient.
We removed participants with the relatively rare e2e4 genotype, which
includes protective/deleterious variants, respectively. Neurological condi-
tions in 5% of participants were controlled for as a sensitivity analysis, and
these are listed in Supplementary Table 1.

Data availability
UKB is an open-access resource available to verified researchers upon
application, at https://www.ukbiobank.ac.uk/.

Code availability

Analysis syntax is available upon request.
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