
ARTICLE

Assessing for interaction between APOE «4,
sex, and lifestyle on cognitive abilities
Donald M. Lyall, PhD, Carlos Celis-Morales, PhD, Laura M. Lyall, PhD, Christopher Graham,

Nicholas Graham, MBChB, Daniel F. Mackay, PhD, Rona J. Strawbridge, PhD, Joey Ward, BSc,

Jason M.R. Gill, PhD, Naveed Sattar, MD, Jonathan Cavanagh, MD, Daniel J. Smith, MD, and Jill P. Pell, MD

Neurology® 2019;92:e2691-e2698. doi:10.1212/WNL.0000000000007551

Correspondence

Dr. Lyall

Donald.Lyall@Glasgow.ac.uk

Abstract
Objective
To test for interactions between APOE e4 genotype and lifestyle factors on worse cognitive
abilities in UK Biobank.

Methods
Using UK Biobank cohort data, we tested for interactions between APOE e4 allele presence,
lifestyle factors of alcohol intake, smoking, total physical activity and obesity, and sex, on
cognitive tests of reasoning, information processing speed, and executive function (n range =
70,988–324,725 depending on the test). We statistically adjusted for potential confounders of
age, sex, deprivation, cardiometabolic conditions, and educational attainment.

Results
There were significant associations between APOE e4 and worse cognitive abilities, in-
dependent of potential confounders, and between lifestyle risk factors and worse cognitive
abilities; however, there were no interactions at multiple correction-adjusted p < 0.05, against
our hypotheses.

Conclusions
Our results do not provide support for the idea that e4 genotype increases vulnerability to the
negative effects of lifestyle risk factors on cognitive ability, but rather support a primarily
outright association between APOE e4 genotype and worse cognitive ability.
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There is some evidence that associations between known
lifestyle-based risk factors for worse cognitive abilities—for
example, diabetes,1 stress,2 traumatic brain injury,3 lower exer-
cise,4 air pollution,5 and in some conditions female sex6,7—are
larger in terms of effect size in people who possess an APOE e4
allele (vs possessing nonrisk e2 or e3 alleles). With regards
dementia as an outcome, there are similar findings for physical
activity, dietary fat, alcohol intake, and smoking.8 Essentially,
people with the e4 allele may be more vulnerable to the effects
of lifestyle risk factors on cognitive faculties. The potential
biological rationale for this is that the APOE locus moderates
lipid metabolism, which influences brain-relevant factors like
white matter myelination and neuronal repair, meaning e4
carriers may be more frail and vulnerable to the negative
effects of suboptimal lifestyle risk factors.9,10 There have been
instances of null results, however.11 It is also possible that
there is a degree of file-drawer where null results are less likely
to be published.12 There have been few large-scale systematic
investigations into whether APOE e4 interacts with lifestyle
risk factors associated with worse cognitive abilities in a single
cohort with a standard methodologic procedure.

UK Biobank is a large general population cohort with ap-
proximately 502,000 participants.13 All participants have
baseline medical, cognitive, and sociodemographic data, and
genetic data. We hypothesized that there would be a signifi-
cant statistical interaction where known lifestyle factors would
have larger associations with cognitive abilities in people who
possessed APOE e4 genotype (vs non-e4).

Methodology
Study design and participants
The UK Biobank cohort is a large prospective general pop-
ulation cohort where baseline assessment took place between
2006 and 2010 in 22 assessment centres.13 In total, 502,628
participants aged 40–70 years were recruited from the general
population. Invitation letters were sent to eligible adults reg-
istered with the NHS and living within 25 miles of a study
assessment center. Participants completed a comprehensive
touchscreen questionnaire including sociodemographic char-
acteristics, physical and mental health, and a brief battery of
cognitive tests. Across 2014–2015, participants who had pro-
vided an email address were invited to complete a remote, web-
based questionnaire including cognitive tests. The project was
completed using application number 17689 (PI: Dr. Lyall).

Cognitive assessment
At baseline assessment, participants completed 5 tests of cog-
nitive ability, which were novel and computerized. We have

described these in detail in an open-access report.14 For the
current study, we focused on the 2 tests that showed acceptable
intraparticipant stability across on average 4 years (intraclass r
range = 0.54–0.65). In the first test, most participants com-
pleted a timed test of symbol matching, like the common card
game Snap, hereafter referred to as reaction time (RT). The
second test was a task with 13 logic/reasoning-type questions
and a 2-minute time limit, labeled as fluid intelligence and
referred to here simply as reasoning.15 The maximum score is
13. The reasoning task was only added to the battery part-
way through the baseline assessment phase and so around
;150,000 participants completed it.

We did not examine the baseline tests of pairs matching, pro-
spective memory, or numeric memory. The pairs-matching
task was markedly zero-inflated (indicating floor effect) and did
not show good longitudinal stability in ;20,000 with repeat
data (r < 0.2 across 4 years on average); prospective memory
had around 94% overall success rate and thus had a degree of
ceiling effect, and numeric memory was only completed by
around 48,000 overall and did not have longitudinal data to
suggest good reliability. These considerations have been de-
scribed previously.14

After baseline assessment (2006–2010), between 2014 and
2015 participants were invited to complete a web-based
questionnaire, where responders completed, among other
things, web-based versions of 2 well-known cognitive tasks:
Trail-Making Test A/B (TMT-A and TMT-B; processing
speed and speed/executive function, respectively) and Digit
Symbol Substitution Test (DSST) (executive function), each
sensitive to the effects of cognitive ageing.16,17 Independent
studies have shown good correlation between computerized
vs paper-and-pen versions of the tests.18,19

Sociodemographic and medical data
Participants were asked during the baseline assessment about
any previous or current cardiometabolic conditions that had
been diagnosed by their doctor. Specifically, participants were
asked whether their doctor had diagnosed myocardial in-
farction, angina, stroke, hypertension, or diabetes. We defined
coronary heart disease (CHD) as either myocardial infarction
or angina. We excluded participants who stated only “prefer
not to answer.”

Participants reported their highest educational attainment and
this was recoded into a simpler college/university degree vs no
degree variable. Townsend20 deprivation indices were derived
from postcode of residence. This provides an area-based mea-
sure of socioeconomic deprivation derived from aggregated data

Glossary
AD = Alzheimer disease; BMI = body mass index; CHD = coronary heart disease; CI = confidence interval; DSST = Digit
Symbol Substitution Test; FDR = False Discovery Rate; RT = reaction time; TMT = Trail-Making Test.
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on car ownership, household overcrowding, owner occupation,
and unemployment. Higher Townsend scores equate to higher
levels of area-based socioeconomic deprivation.

Physical activity was self-reported andweighted for intensity: self-
reported minutes of walking (×3.3), moderate exercise (×4.0),
and vigorous exercise (×8.0; this is a common calculation21).
These were then summated to create an overall physical activity
score, which was then split into quintiles to simplify analysis.

Participants whose body mass index (BMI) was 40 or over
were considered very severely obese as per WHO guidelines;
we chose a cutoff of 40 rather than say 30 (moderately obese)
because there is evidence of reverse causality where moder-
ately high BMI can show a protective effect under some cir-
cumstances.22 (Note that final results were virtually identical
when we used a BMI of 30 as a cutoff.)

In terms of smoking, we compared never vs current smokers.
Frequency of alcohol intake was recorded as never, special
occasions only, 1–3 times per month, 1–2 times per week, 3–4
times per week, daily/almost daily. Because our interest is in
high vs low alcohol intake, we split this into a binary variable:
participants who reported “daily or almost daily” (i.e., high) vs
“1–3 times a month”; “special occasions only” and “never”
(i.e., low). Participants were asked if there was a reason they
had stopped drinking, for example, due to doctor’s advice,
health precaution: participants who reported this were re-
moved from analysis, to help reduce confounding where low
alcohol intake was due to poor health.

Genetic data
UK Biobank genotyping was conducted by Affymetrix using
a bespoke BiLEVE Axiom array for ;50,000 participants and
the remaining;450,000 on the Affymetrix UKBiobank Axiom
array. All genetic data were quality controlled byUKBiobank as
described in the protocol paper.23 The APOE e genotype is
directly genotyped. Further information on the genotyping
process is available (ukbiobank.ac.uk/scientists-3/genetic-
data), including detailed technical documentation (biobank.
ctsu.ox.ac.uk/crystal/docs/genotyping_sample_workflow.
pdf). The 2 APOE e single nucleotide polymorphisms—
rs7412 and rs429358—were both in Hardy-Weinberg equi-
librium (p > 0.05) assessed with PLINK V1.90.24

Standard protocol approvals, registrations,
and patient consents
This secondary data analysis study was conducted under ge-
neric approval from the NHS National Research Ethics Ser-
vice (approval letter dated 17 June 2011, ref 11/NW/0382).
Written informed consent was obtained from all participants
in the study (consent for research, by UK Biobank).

Data availability statement
UK Biobank is an open access resource available to verified
researchers upon application (ukbiobank.ac.uk/). Analysis
syntax is available upon request.

Statistical analysis
We used 2 models: partially adjusted and fully adjusted. The
partially adjusted model was statistically corrected for the
potential confounders of age, sex, genotypic array, assessment
center, and 8 genetic principal components (to correct for
potential stratification). The fully adjusted model was addi-
tionally corrected for Townsend deprivation scores, self-
reported diabetes, CHD, hypertension, and university/
college degree (yes vs no).1 We report descriptive statistics
according to EQUATOR guidelines. The dependent variables
in the linear regression were the cognitive scores for reason-
ing, log RT, log TMT-A and -B, and DSST scores.

We first tested for associations between APOE e4 and lifestyle
factors on cognitive abilities, using linear regression and
reporting standardized β (i.e., on a per-SD scale of effect). We
then tested for 2-way interactions betweenAPOE e4 genotype
with male vs female sex, and e4 with lifestyle factors. Finally,
we tested for additional 3-way interactions (APOE, sex, life-
style). TMT and reaction time scores were log-transformed
due to a positive skew. We removed outliers above 3.30 SDs
from the mean (<0.1%). We corrected for multiple testing
using the False Discovery Rate (FDR).25,26 Power calcu-
lations were performed using G*Power 3.27 Stata V.14 was
used for statistical analyses. For additional comparison with
previous meta-analyses, we have provided Cohen d effect size
estimates for unadjusted APOE e4/cognitive associations
(supplementary material, doi.org/10.5061/dryad.k66n2g2).

Results
There were 487,377 participants with APOE e genotype data.
We excluded participants with non-white British ancestry,
self-report vs genetic sex mismatch, putative sex chromosomal
aneuploidy, excess heterozygosity, and missingness rate >0.1.
This left n = 408,228. We removed participants who reported
a neurologic condition (;5%; see reference 14), the inclusion
of which could drive type 1 errors due to skewed results
(results were unchanged when we included these partic-
ipants). This left 389,778 participants. Finally, we accounted
for relatedness between participants by removing one random
participant in cases where 2 individuals were first cousins or
closer. This left 326,535 participants for whom genotype
frequencies of APOE were e2/e2 n = 2,133 (1%), e2/e3 n =
40,460 (12%), e2/e4 = 8,348 (3%), e3/e3 = 189,728 (58.0%),
e3/e4 n = 77,963 (24%), and e4/e4 n = 7,923 (2%). De-
scriptive statistics for cognitive scores and cardiometabolic
conditions are shown in tables 1 and 2, and demographic
factors are shown in table e-1 (doi.org/10.5061/dryad.
k66n2g2).

The mean age at baseline was 56.79 years (SD 8.00), and
150,071 (46%) participants were male. The mean age at time
of completing the Internet tests was 61.8 years (SD 7.60).
Using an APOE e4 present vs absent model excluding e2/e4
(protective/risk alleles) genotype carriers results in sample
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sizes per group of e4+ n = 85,886 (e3/e4; e4e4) vs e4− n =
232,301 (e2/e2; e2/e3; e3/e3), total n = 318,187. In terms of
cognitive data, reasoning data were available in n = 105,913,
reaction time in n = 324,725, TMT-A (processing speed) in n
= 70,988 and TMT-B (speed plus executive function) in n =
71,055, with DSST (executive function) in n = 79,840. All
significant phenotypic/genetic associations with cognitive
abilities reported hereafter remained significant after correc-
tion for type 1 error.

A power calculation showed that based on a Cohen d of 0.1 (a
small effect size being 0.2) and group difference ratio of 2:1

(based arbitrarily on never vs current smoker ratio), 95%
power to detect an effect would be achieved at n = 4,872,
suggesting the current analyses have generally good power.

APOE «4 and lifestyle associations with
cognitive abilities
Table 3 shows standardized β associations between APOE e4
genotype, lifestyle factors, and cognitive abilities: there were
significant associations between e4 genotype and worse log
TMT-A times (fully adjusted model standardized β 0.032,
95% confidence interval [CI] 0.016–0.048, p < 0.001), TMT-
B times (fully adjusted standardized β 0.047, 95% CI
0.032–0.062, p < 0.001), and DSST scores (fully adjusted
standardized β −0.054, 95% CI −0.068 to −0.040, p < 0.001).

Unadjusted APOE e4/cognitive score associations were of
very small magnitude (i.e., under 0.2) for each of log RT
(Cohen d = 0.003), reasoning (d = −0.003), log TMT-A (d =
−0.014), log TMT-B (−0.023), and DSST coding (d = 0.035).
Effect sizes were similar for untransformed RT and TMT-A/B
values.

In terms of lifestyle factors, there were significant associations
for smoking with reasoning, TMT-A and -B times, and DSST
scores (all p < 0.001; table 1). There were significant associ-
ations for alcohol intake and obesity, but the sign of these
associations changed for alcohol and obesity, where they
appeared protective in the fully adjusted models for various
tests. Physical activity did not significantly associate with any
cognitive outcomes.When all analyses were corrected for type
1 error with FDR, all significant associations remained sta-
tistically significant (FDR-adjusted p values all < 0.05).

Table 1 Demographic descriptive statistics

APOE «4 absent
(n = 232,301; 73%)

APOE «4 present
(n = 85,886; 27%)

Age, y, mean (SD) 56.82 (8.00) 56.71 (8.00)

Male sex, n (%) 106,694 (46) 49,491 (46)

Townsend deprivation
score, mean (SD)

−1.59 (2.92) −1.60 (2.92)

Alcohol intake, n (%)

≤3 Times per month 56,819 (53.08) 20,792 (52.94)

Daily 50,219 (46.92) 18,484 (47.06)

Missing 2,054 1,848

Current smoker, n (%)

Current 23,366 (15.52) 8,237 (14.88)

Never 127,185 (84.48) 47,134 (85.12)

Missing

Total physical activity
quintile

1st 1,634 (20) 610 (21)

2nd 1,590 (20) 560 (20)

3rd 1,651 (20) 547 (19)

4th 1,648 (20) 587 (20)

5th 1,596 (20) 559 (20)

Missing 224,209 83,023

Severely obese (BMI ≥40), n (%)

No 227,454 (97.91) 84,127 (97.95)

Yes 4,847 (2.09) 1,759 (2.05)

Missing 8,185 163

Degree, n (%)

Yes 73,820 (32) 27,616 (32)

No 156,602 (68) 57,567 (68)

Missing 1,879 703

Abbreviation: BMI = body mass index.

Table 2 Cognitive score descriptive statistics

APOE «4
absent

APOE «4
present

Reasoning scores, mean
(SD)

6.20 (2.10) 6.21 (2.10)

Log-transformed reaction
time score, mean (SD)

6.30 (0.18) 6.30 (0.18)

Untransformed median
(IQR)

535 (477–606) 535 (477–605)

DSST score, mean (SD) 19.87 (5.14) 19.69 (5.26)

Log-transformed Trail-
Making Test A times,
mean (SD)

3.60 (0.30) 3.60 (0.31)

Untransformed median
(IQR)

35.33 (29.03–44.29) 35.51 (29.10–44.59)

Log-transformed Trail-
Making Test B times,
mean (SD)

4.12 (0.32) 4.12 (0.32)

Untransformed median
(IQR)

60.32 (49.07–75.48) 60.80 (49.33–76.17)

Abbreviation: DSST = Digit Symbol Substitution Test; IQR = interquartile
range.
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Two-way interactions:APOE «4 and sex;APOE «4
and lifestyle
We tested for APOE e4 by sex interactions, with the results
shown in table e-2 (doi.org/10.5061/dryad.k66n2g2). There
were 2 significant interactions: for log RT (fully-adjusted
model p = 0.045) and fluid reasoning (p = 0.034). Stratifying

by sex using the fully adjusted models showed that the e4
effect was stronger in male vs female participants for log RT
(p = 0.068 vs 0.375, respectively) although still nonsignificant
and not appreciably different for fluid reasoning scores (p =
0.155 vs 0.136). For DSST, there was a significant interac-
tion between e4 and obesity (final model p value < 0.001).

Table 3 Individual associations between APOE e4, lifestyle, and cognitive phenotypes

Partially adjusted
standardized β

95% CI

p
Fully adjusted
standardized β

95% CI

pLower Upper Lower Upper

Log reaction time

APOE «4 0.002 −0.006 0.009 0.678 0.002 −0.005 0.010 0.555

Smoking 0.118 0.106 0.129 <0.001 0.070 0.058 0.082 <0.001

Alcohol −0.108 −0.118 −0.098 <0.001 −0.075 −0.085 −0.065 <0.001

Obesity 0.082 0.060 0.105 <0.001 0.022 −0.001 0.045 0.064

Physical activity −0.004 −0.016 0.008 0.557 −0.005 −0.017 0.007 0.438

Fluid reasoning scores

APOE «4 0.003 −0.011 0.017 0.673 <0.001 −0.013 0.013 0.964

Smoking −0.236 −0.257 −0.214 <0.001 −0.084 −0.104 −0.063 <0.001

Alcohol 0.289 0.271 0.307 <0.001 0.169 0.152 0.187 <0.001

Obesity −0.137 −0.178 −0.095 <0.001 −0.019 −0.058 0.021 0.355

Physical activity 0.004 −0.019 0.027 0.741 0.011 −0.011 0.033 0.311

Log TMT-A times

APOE «4 0.031 0.015 0.047 <0.001 0.032 0.016 0.048 <0.001

Smoking 0.084 0.056 0.113 <0.001 0.043 0.014 0.072 0.003

Alcohol −0.081 −0.102 −0.059 <0.001 −0.051 −0.072 −0.029 <0.001

Obesity 0.020 −0.036 0.076 0.487 −0.033 −0.089 0.023 0.249

Physical activity −0.009 −0.032 0.014 0.453 −0.012 −0.035 0.012 0.323

Log TMT-B times

APOE «4 0.044 0.028 0.059 <0.001 0.047 0.032 0.062 <0.001

Smoking 0.197 0.170 0.225 <0.001 0.133 0.106 0.161 <0.001

Alcohol −0.093 −0.114 −0.072 <0.001 −0.039 −0.060 −0.018 <0.001

Obesity 0.081 0.027 0.136 0.003 −0.005 −0.059 0.049 0.857

Physical activity −0.005 −0.028 0.018 0.672 −0.007 −0.030 0.015 0.524

DSST scores

APOE «4 −0.054 −0.068 −0.040 <0.001 −0.054 −0.068 −0.040 <0.001

Smoking −0.151 −0.177 −0.126 <0.001 −0.091 −0.117 −0.066 <0.001

Alcohol 0.115 0.095 0.134 <0.001 0.069 0.049 0.088 <0.001

Obesity −0.117 −0.167 −0.067 <0.001 −0.044 −0.094 0.006 0.085

Physical activity 0.011 −0.010 0.032 0.302 0.013 −0.008 0.033 0.222

Abbreviations: CI = confidence interval; DSST = Digit Symbol Substitution Test; TMT = Trail-Making Test.
Partially adjusted: age, sex, assessment center, genotypic array. Fully adjusted: (also) Townsend deprivation scores, degree yes vs no, self-report diabetes,
hypertension, and coronary heart disease.
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Stratified, this appeared to be due to a significantly deleterious
effect of e4 genotype in nonobese participants (fully adjusted
standardized β −0.058, 95% CI −0.072 to −0.044, p < 0.001),
but protective in obese participants (fully adjusted standard-
ized β 0.176, 95% CI 0.058–0.295, p = 0.004). All other tested
2-way interactions were not significant (p > 0.05).

Three-way interactions: APOE «4, sex,
and lifestyle
We tested for significant APOE e4/sex/lifestyle interactions,
with the results shown in table e-3 (doi.org/10.5061/dryad.
k66n2g2). All interactions were nonsignificant except one.
The significant interaction was for e4 presence, sex, and high
alcohol intake (i.e., daily or almost daily) vs not on reason-
ing scores (p = 0.020). Figure e-1 (doi.org/10.5061/dryad.
k66n2g2) shows that the interaction was principally driven by
male participants having a larger association between high al-
cohol intake and better reasoning (compared with female
participants).While visually an e4 effect becomes slightly larger
in the context of high alcohol intake, pairwise comparisons did
not show this to be statistically significant (p > 0.05). When all
analyses were corrected for type 1 error with FDR, all signifi-
cant interactions attenuated to nonsignificance (FDR-adjusted
p values all >0.05). The total model adjusted r2 values ranged
from 0.02 to 0.22 (i.e., 2%–22% of total variance explained).

Additional analyses
As post hoc analyses, we additionally repeated all tests for
collated (potentially protective) APOE e2/e2 plus e2/e3
genotypes, vs neutral e3/e3. We also repeated the analyses
with log-transformed (+1) pairs-matching error scores as an
outcome. There were no significant associations or inter-
actions once adjusted for FDR (all q values p > 0.100; results
are available upon request).

It is possible that e4 genotype and lifestyle are not independent.
Logistic regressions showed that participants who possessed
the e4 allele were significantly less likely to smoke (odds ratio
[OR] 0.95, 95% CI 0.93–0.98, p < 0.001) and more likely to
have a degree (OR 1.02, 95% CI 1.00–1.03, p = 0.043), al-
though the effect sizes were small, and carriers showed no
differences in other lifestyle factors (see table e-4, doi.org/10.
5061/dryad.k66n2g2, which shows all intercorrelations).

The protective effect of alcohol intake on cognitive ability is
counterintuitive, having removed people who reported stop-
ping due to ill health. Descriptive statistics of alcohol intake by
APOE e4 genotype status are shown in table e-5 (doi.org/10.
5061/dryad.k66n2g2).

Discussion
This study hypothesized that based on previous studies in
smaller cohorts, together with biological rationale, risk factors
for worse cognitive ability such as smoking history, (high)
alcohol intake, obesity, and lower physical activity would in-
teract with APOE e4 genotype, such that each risk factor’s

association with worse cognitive scores would be larger in e4
carriers (vs noncarriers). We also investigated the moderating
role of sex.28 We found that associations between APOE e4
and cognitive scores were of relatively small effect size, and
only suggestive interactions with sex, where e4 men scored
worse than women (which did not survive correction for
multiple testing and in any case the within-sex e4 effects were
not nominally significant). We also found some small, coun-
terintuitive suggestive results; for example, that severe obesity
and daily drinking could be protective. These findings could
reflect test imprecision, the generally preserved and healthy
sample (i.e., selection or attrition biases), underestimation of
e4’s true effect (due to attrition), or that previous studies
perhaps overstated the true effect. Our findings generally
support a direct route of APOE e4 genotype to cognitive
decline rather than increasing vulnerability to other factors.

In this study we report negative associations between smoking
and worse cognitive ability, which fits the established litera-
ture,29 although surprisingly protective associations from high
alcohol intake (i.e., daily) and obesity, defined here as BMI of
40 and above (severely obese), even after adjusting for
prevalent diseases and accounting as much as possible for
people whose alcohol intake had significantly changed in re-
cent years due to ill health (i.e., factors that might cause re-
verse causality). This is more likely to reflect selection or
collider bias in some way30; for example, where the partic-
ipants who drink more/are highly obese and respond posi-
tively to the invitation for assessment are selected for,31 rather
than the association being causal. This is also the most likely
explanation for e4 carriers having better scores (vs non-
carriers) in the context of severe obesity in this study. In any
case, the interactions were null after correction for type 1 error
with FDR. There was no association from weighted physical
activity, although the sample size for that variable was much
smaller than others. There were significant associations be-
tween APOE e4 genotype and worse TMT-A, TMT-B, and
DSST scores, which fits previous literature that e4 genotype is
deleterious for processing speed and executive function.32

There were mostly no statistically significant interactions be-
tween lifestyle factors and APOE e4 genotype. The e4/
cognitive associations were of small magnitude, compared to
previousmeta-analyses.33 Power analysis estimates showed that
we had relatively good power to detect an association, although
it is still possible that the lack of association reflects a lack of
power. Alternative interpretations include that the UKBiobank
participants have perhaps not deteriorated markedly with age
or are in generally good health, or are slightly too young (mean
age 56 at baseline) to show significant effects of APOE e4
genotype, which can show a larger association with cognitive
function with increasing age34 or longitudinally.32 Further to
this, there may be sex effects that vary by age window: for
example, Neu et al.35 found that APOE e3/e4 genotype was
associated with earlier age at onset of Alzheimer disease (AD)
(vs men; total n = 57,979), and Hohman et al.36 reported
significant interaction between e4 presence (vs absence) and
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female (vs male) sex on higher total CSF total and phos-
phorylated tau (a neuropathologic marker of AD). Additional
interactions that we did not assess are also possible, for ex-
ample, between APOE e4, sex, and deprivation level, and this
will be an interesting area of future research.

It is possible that the lack of interaction reflects a degree of
selection bias where the sample includes healthier carriers of
the e4 genotype (generally reported as deleterious), and its
effect in this cohort is therefore underestimated to an extent.

Our results slightly contrast with our previous findings in
around 110,000 UK Biobank participants, where we reported
a significant deleterious interaction between e4 genotype and
reasoning scores (p < 0.001); however, this (and all other
tests) did not survive correction for additional covariates; for
example, depression, Townsend scores, and cardiometabolic
conditions in that study.

We have reported previously on potential limitations of the
novel baseline tests: namely that the reasoning test includes
some “crystallized” (i.e., accumulated knowledge) items that
are not strictly reasoning, and the reliabilities are poorer across
time compared with more standard, validated cognitive tests.14

We did not report on UK Biobank memory scores because our
previous analysis has shown that (1) the test was not reliable
across time14 and (2) e4 had no major association with scores
in 110,000 anyway.1 The web-based tests are more akin to
existing validated cognitive batteries, but their use over the
Internet in this instance has not been characterized and there
may be some inaccuracies due to Internet connection lag or
computer problems in people’s homes. It is possible that the
interaction between e4 genotype and lifestyle risk factors has
been overstated due to publication bias, particularly given that
many studies are small in terms of sample size.37 On the other
hand, the large sample size used here may increase risk of
statistically significant findings that are of such small magnitude
as to not be practically or clinically significant.

The UK Biobank does not have a metric of premorbid, life-
time cognitive ability in its participants. This could be an
important limitation, where brighter young adults are less
likely to engage in unhealthy behaviors, or in midlife, people
with better cognitive ability may be better able to manage
their health care and take medications reliably.38

Genetic modification of phenotypic risk factors on cognitive
ability has enormous potential implication for prevention of
cognitive impairment in an aging population. Future research
may seek to investigate this question in brain imaging phe-
notypes (available in UK Biobank, although in smaller num-
bers), as these factors are less downstream of the effects of
genetic variation compared with cognitive scores, which can
be affected by state-dependent factors like stress or anxiety.39

This study aimed to test for interactions between APOE e4,
lifestyle, and sex on cognitive abilities. We found suggestive

interaction test results where men were more vulnerable to e4
genotype (in terms of cognition). Caveats to this were that the
effect sizes were small, and there may be biases at play (e.g.,
where e4’s effects are underestimated in the data). Our results
therefore provide less support for the idea that e4 genotype
increases vulnerability to the negative effects of lifestyle risk
factors, but rather support a primarily outright association
between APOE e4 genotype and worse cognitive ability.

Author contributions
Study concept or design: D.M.L. Drafting/revising the man-
uscript for content: D.M.L., C.C.-M., L.M.L., N.G., D.F.M.,
R.J.S., J.W., J.M.G., NS., J.C., D.J.S., J.P.P. Analysis or in-
terpretation of data: D.M.L., C.C.-M., L.M.L., N.G., D.F.M.,
R.J.S., J.W., J.M.G., N.S., J.C., D.J.S., J.P.P.

Acknowledgment
This research has been conducted using the UK Biobank
resource (project code 17689). The authors thank the UK
Biobank participants and Dr. Breda Cullen for devising
exclusion criteria.

Study funding
UK Biobank was established by the Wellcome Trust medical
charity, Medical Research Council, Department of Health,
Scottish Government, and the Northwest Regional De-
velopment Agency. It has also had funding from the Welsh
Assembly Government and the British Heart Foundation. The
funders had no role in study design, data collection or manage-
ment, analyses or interpretation of the data, or preparation, re-
view or approval of the manuscript. Supported by MRCMental
Health Data Pathfinder Award (reference MC_PC_17,217).

Disclosure
D. Lyall, C. Graham, N. Graham, D. Mackay, R. Strawbridge,
J. Ward, and J. Gill report no disclosures relevant to the
manuscript. N. Sattar has consulted for Amgen, Inc., Sanofi,
AstraZeneca, and Eli Lilly, and has sat on the Medical UK
Biobank Scientific Advisory Board. J. Cavanagh is funded by
the Sackler Trust, Wellcome Trust, and Medical Research
Council, holds a Wellcome Trust strategic award, and has an
industrial–academic collaboration with Janssen & Janssen,
GlaxoSmithKline, and Lundbeck. D. Smith is partially funded
by the Lister institute. J. Pell has received funding from the
Medical Research Council and Chief Scientist Office and has
sat on the Medical Research Council Strategy Board and UK
Biobank Scientific Advisory Board. Go to Neurology.org/N
for full disclosures.

Publication history
Received byNeurologyApril 24, 2018. Accepted in final form February 4,
2019.

References
1. Lyall DM, Ward J, Ritchie SJ, et al. Alzheimer disease genetic risk factor APOE e4 and

cognitive abilities in 111,739 UK Biobank participants. Age Ageing 2016;45:511–577.
2. Lyons MJ, Genderson M, Grant MD, et al. Gene-environment interaction of ApoE

genotype and combat exposure on PTSD. Am J Med Genet B Neuropsychiatr Genet
2013;162:762–769.

Neurology.org/N Neurology | Volume 92, Number 23 | June 4, 2019 e2697

Copyright © 2019 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://n.neurology.org/lookup/doi/10.1212/WNL.0000000000007551
http://neurology.org/n


3. Li L, Bao Y, He S, et al. The association between apolipoprotein E and functional
outcome after traumatic brain injury. Medicine 2015;94:e2028.

4. Head D, Bugg JM, Goate AM, et al. Exercise engagement as a moderator of the effects
of APOE genotype on amyloid deposition. Arch Neurol 2012;69:636–643.

5. Cacciottolo M, Wang X, Driscoll I, et al. Particulate air pollutants, APOE alleles and
their contributions to cognitive impairment in older women and to amyloidogenesis
in experimental models. Transl Psychiatry 2017;7:e1022.

6. Davies G, Harris SE, Reynolds CA, et al. A genome-wide association study implicates
the APOE locus in nonpathological cognitive ageing. Mol Psychiatry 2014;19:76–87.

7. Moser VA, Pike CJ. Obesity and sex interact in the regulation of Alzheimer’s disease.
Neurosci Biobehav Rev 2016;67:102–118.

8. Kivipelto M, Rovio S, Ngandu T, et al. Apolipoprotein E epsilon4 magnifies lifestyle
risks for dementia: a population-based study. J Cell Mol Med 2008;12:2762–2771.

9. Liu CC, Liu CC, Kanekiyo T, Xu H, Bu G. Apolipoprotein E and Alzheimer disease:
risk, mechanisms and therapy. Nat Rev Neurol 2013;9:106–118.

10. Holtzman DM, Herz J, Bu G. Apolipoprotein E and apolipoprotein E receptors:
normal biology and roles in Alzheimer disease. Cold Spring Harb Perspect Med 2012;
2:a006312.
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