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Background At the APOE gene, encoding apolipoprotein E, genotypes of the "2/"3/
"4 alleles associated with higher LDL-cholesterol (LDL-C) levels are
also associated with higher coronary risk. However, the association of
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APOE genotype with other cardiovascular biomarkers and risk of is-
chaemic stroke is less clear. We evaluated the association of APOE
genotype with risk of ischaemic stroke and assessed whether the
observed effect was consistent with the effects of APOE genotype on
LDL-C or other lipids and biomarkers of cardiovascular risk.

Methods We conducted a systematic review of published and unpublished
studies reporting on APOE genotype and ischaemic stroke. We
pooled 41 studies (with a total of 9027 cases and 61 730 controls)
using a Bayesian meta-analysis to calculate the odds ratios (ORs)
for ischaemic stroke with APOE genotype. To better evaluate poten-
tial mechanisms for any observed effect, we also conducted a
pooled analysis of primary data using 16 studies (up to 60 883 in-
dividuals) of European ancestry. We evaluated the association of
APOE genotype with lipids, other circulating biomarkers of
cardiovascular risk and carotid intima-media thickness (C-IMT).

Results The ORs for association of APOE genotypes with ischaemic stroke
were: 1.09 (95% credible intervals (CrI): 0.84–1.43) for "2/"2; 0.85
(95% CrI: 0.78–0.92) for "2/"3; 1.05 (95% CrI: 0.89–1.24) for "2/"4;
1.05 (95% CrI: 0.99–1.12) for "3/"4; and 1.12 (95% CrI: 0.94–1.33)
for "4/"4 using the "3/"3 genotype as the reference group. A regres-
sion analysis that investigated the effect of LDL-C (using APOE as
the instrument) on ischaemic stroke showed a positive dose-
response association with an OR of 1.33 (95% CrI: 1.17, 1.52) per
1 mmol/l increase in LDL-C. In the separate pooled analysis, APOE
genotype was linearly and positively associated with levels of LDL-C
(P-trend: 2� 10�152), apolipoprotein B (P-trend: 8.7� 10�06) and
C-IMT (P-trend: 0.001), and negatively and linearly associated
with apolipoprotein E (P-trend: 6� 10�26) and HDL-C (P-trend:
1.6� 10�12). Associations with lipoprotein(a), C-reactive protein
and triglycerides were non-linear.

Conclusions In people of European ancestry, APOE genotype showed a positive
dose-response association with LDL-C, C-IMT and ischaemic stroke.
However, the association of APOE "2/"2 genotype with ischaemic
stroke requires further investigation. This cross-domain concord-
ance supports a causal role of LDL-C on ischaemic stroke.

Keywords Stroke, lipids, apolipoprotein E, cardiovascular disease, systematic
review, meta-analysis, biomarkers

Introduction
Worldwide, ischaemic stroke is the second leading
cause of death after coronary heart disease (CHD)
and is an important cause of disability, with a high
burden of disease in low- and middle-income coun-
tries.1,2 Ischaemic stroke and CHD share several risk
factors, including increasing age, high blood pressure,
smoking and diabetes. However, although low-density
lipoprotein cholesterol (LDL-C) is a known risk factor
for CHD, its association with ischaemic stroke is
uncertain,3 despite the fact that LDL-C-lowering
statin drugs have been found to reduce both ischae-
mic stroke and CHD risk.4 This has prompted

speculation that the beneficial effect of statins on is-
chaemic stroke risk might be mediated through alter-
native pathways.5

Numerous studies have examined associations of
common genetic variants of the apolipoprotein E
(APOE) gene and cardiovascular outcomes, including
ischaemic stroke and CHD. The APOE gene has two
common non-synonymous polymorphisms, rs429358
and rs7412, that together give rise to three distinct
APOE ‘alleles’ ("2, "3, "4); and these alleles in turn
form six possible APOE ‘genotypes’ ("2/"2, "2/"3,
"2/"4, "3/"3, "3/"4 and "4/"4).6

As confirmed by recent genome-wide association
studies (GWAS), variants at the APOE locus are one
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of the strongest signals for LDL-C,7–10and follow a
positive dose-response association (when ordered
"2/"2, "2/"3, "2/"4, "3/"3, "3/"4 and "4/"4).

In addition to LDL-C, APOE genotype has been
associated with high-density lipoprotein cholesterol
(HDL-C) and triglycerides, though the magnitude
and dose-response relationships appear to differ
from those described for LDL-C.11 In addition, APOE
genotype has been reported to be associated with
some inflammatory biomarker such as C-reactive pro-
tein (CRP), mainly through the "4 allele,12–16 but its
association with other inflammatory and coagulation
biomarkers is less clear.17,18 Evidence from a large
meta-analysis showed that APOE genotype follows a
positive dose-response association with CHD concord-
ant with that observed for LDL-C, supporting a causal
role of LDL-C in CHD.11 However, the association of
APOE genotype with risk of ischaemic stroke is less
clear and cannot be reliably extrapolated from the
association with CHD. The largest published system-
atic review on APOE genotype and ischaemic stroke
was inconclusive with only a tentative evidence for an
association of the "4 allele with high risk of ischaemic
stroke.19 Furthermore, this analysis was based on "2
and "4 carriers, whereas an analysis based on all six
APOE genotypes is needed to estimate the genotype
dose-response association. A similar limitation relates
to the APOE association with carotid intima-media
thickness (C-IMT), a non-invasive measure of athero-
sclerosis linked to both CHD and ischaemic stroke
risk, that is used as a surrogate outcome in rando-
mised trials.20,21

Genome wide-association studies of ischaemic stroke
and C-IMT have not identified any associations with
genetic variation at the APOE locus.22,23 However, cover-
age of the single nucleotide polymorphisms (SNPs) con-
tributing to or marking the APOE e2/e3/e4 genotype is
incomplete in arrays used in GWAS, leading to uncer-
tainty regarding the association of APOE genotype with
C-IMT and stroke risk. We therefore undertook a sys-
tematic review and meta-analysis to examine the asso-
ciation between APOE genotype and ischaemic stroke
risk, including twice as many cases as in the previous
largest meta-analysis.19 The large data set allowed
the evaluation of the risk of ischaemic stroke
conferred by each of the six APOE genotypes individu-
ally, as well as the trend in risk across the genotype
categories, which has not been possible in prior studies.
In addition, to evaluate the potential mechanisms for
any observed effect, we undertook a separate pooled
analysis of primary data on the relationship between
APOE genotype and a wide range of lipids and inflam-
mation and coagulation markers as well as C-IMT.

Methods
Two separate meta-analyses were performed to test (i)
the association of APOE genotype with cardiovascular
traits and C-IMT, and (ii) association of APOE with

ischaemic stroke using both published and unpub-
lished studies.

APOE genotype, cardiovascular traits and
C-IMT
We developed a collaboration of 13 studies of
European ancestry with information on the associ-
ation of APOE genotypes with a wide range of blood
lipids and apolipoproteins; inflammation, coagulation
and metabolic markers; and C-IMT. The studies
included were the English Longitudinal Study of
Ageing (ELSA),24 the Northwick Park Heart Study II
(NPHS II),25 the Whitehall II study (WHII),26 the
Edinburgh Artery Study (EAS),27 the British
Regional Heart Study (BRHS),28 the British
Women’s Heart and Health Study (BWHHS),29 the
Caerphilly and Speedwell studies (CaPS),30 the UCL
Diabetes and Cardiovascular disease Study (UDACS)
study,31 the Aspirin for Asymptomatic Atherosclerosis
trial (AAAT),32 the European Atherosclerosis Research
Study (EARS) I and II,33 the Czech sub-study from
the World Health Organization (WHO) Multinational
Monitoring of Trends and Determinants in
Cardiovascular Disease Study (Czech-MONICA)34

and the Uppsala Longitudinal Study of Adult Men
(ULSAM).35 These data were supplemented by pub-
lished data for the European Prospective Investigation
of Cancer Norfolk study (EPIC-N),36 Perth Carotid
Ultrasound Disease Assessment Study (CUDAS)37

and the Rotterdam Study.38 Data request forms were
based on a pre-specified analysis plan and did not
include adjustment for lipid-lowering treatment. In
a sub-sample of nine studies (11528 individuals),
adjustment for age and gender for the APOE-LDL-C
association was available. The complete data set com-
prised of 60 883 individuals (Table 1).

Collectively the studies included information on sev-
eral traits that were selected to interrogate the mech-
anisms by which variants at the APOE locus might
exert their effects on ischaemic stroke. These were
divided in two groups according to the level of evi-
dence for their associations with APOE genotype.
Traits with prior evidence for an association were
lipids and apolipoproteins [total cholesterol, LDL-C,
HDL-C, triglycerides (TG), apolipoprotein A1
(apoA1), apoB, apoE, and lipoprotein (a) (Lp(a)], in-
flammatory markers [CRP, fibrinogen, interleukin-6
(IL-6)] and C-IMT. Traits with unclear evidence for
an association were coagulation factors [Factor VII,
fibrinopeptide A, plasma viscosity, prothrombin frag-
ment 1þ 2, tissue plasminogen activator (tPA),
D-dimer, von Willebrand factor (vWF)), metabolic
traits (homocysteine, insulin, glycated haemoglobin
A1c (HbA1c), and creatinine], and some additional
inflammatory markers (E-selectin, ICAM, VCAM and
ferritin). In addition, we also included lifestyle factors
(alcohol and BMI) and established risk factors for
cardiovascular disease (blood pressure and glucose).
For these traits, we did not anticipate an association
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with APOE genotypes, but their assessment served to
confirm protection from confounding of the genetic
associations as a result of randomized inheritance of
parental alleles (Mendel’s second law).39 Further de-
tails of the studies and measures are in Table 1 and
Supplementary Table S1 (available as Supplementary
data at IJE online).

Statistical analysis: APOE, cardiovascular
traits and C-IMT
ApoB, apoE, plasma viscosity, Lp(a), homocysteine,
TG, IL-6 and CRP exhibited a skewed distribution
and were natural log transformed. In each study, we
calculated the mean and standard deviation for each
APOE genotype group, and used fixed effects
meta-analyses to obtain the standardized mean differ-
ence (SMD), weighted mean difference (WMD) and
their 95% confidence interval (CI), respectively, for
each trait by genotype using the common "3/"3 geno-
type as the reference. Random effect meta-analysis
was also conducted as a subsidiary analysis and is
reported in Supplementary Table S2, available as
Supplementary data at IJE online.40 Data are pre-
sented in the order "2/"2, "2/"3, "2/"4, "3/"3, "3/"4
and "4/"4. I2 (and its 95% CI) were calculated for
each comparison.41 Because of the multiple compari-
sons (5 genotype comparisons for 32 traits) we also
estimated corrected P-values for each estimate using
the Sidak method.42 In order to explore the potential
effect that age and gender may have on the associ-
ation of APOE genotypes with LDL-C, we used a
sub-sample of nine studies (11 708 participants) and
estimated the effect of the APOE genotypes with and
without adjustment for age and gender. Given that
studies included in the analysis span a long calendar
period (1990 to 2004), we also stratified the studies in
two equal time periods (before and after 1998) to
explore the potential effect that year of collection of
blood samples from which DNA was extracted may
have on the APOE genotype-LDL-C association.

To evaluate a linear trend, meta-regression analysis
was used on the summary estimated mean differences
for each genotype using an additive model.43,44 The
standard normal distribution was used to calculate
P-values. This analysis was conducted using Stata
software (version 11.2).

Meta-analysis of the of APOE genotype with
ischaemic stroke

Search strategy
Following the HuGE Review Guidelines update,45 we
searched EMBASE and MEDLINE via PubMed up to
March 2011 for articles in any language restricted to
‘humans’ using free text and MeSH expansion of the
following terms: apoe, apo e, apolipoprotein e, brain
infarction, cerebrovascular accident, cerebrovascular
disease, and stroke. Additional relevant studies were
identified through reference lists of published
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meta-analyses, review articles and the studies
included in the obtained papers.

Case-control and case-cohort studies of unrelated
individuals were eligible if ischaemic stroke was ver-
ified by computerised tomography (CT) or magnetic
resonance imaging (MRI), or if a physician confirmed
the diagnosis of stroke, but not if self-reported.
Studies reporting white-matter lesions and stroke in
children were excluded. We used the largest data set
for studies with serial publications and verified the
decision with the study authors. We used the control
group that most closely resembled the cases where
more than one control group was studied. Two re-
viewers (T.A.K. and J.P.C.) reviewed the papers and
consulted a third reviewer (A.D.H.) to resolve any
disagreement.

Authors of identified studies were contacted to clar-
ify information on genotype or stroke type where de-
tails were incomplete. We requested the following: (i)
updated tabular data on six APOE genotypes by
case-control status, (ii) blinding of lab staff, (iii) du-
plicate data in publications, (iv) type of stroke and (v)
for studies with multiple ethnic groups, genotype
counts were requested separately by ethnic group.
Additionally we directly approached 88 studies that
had reported on ischaemic stroke, to request informa-
tion on APOE genotype, of which 38 replied (35 stu-
dies with ischaemic stroke and 3 with haemorrhagic
stroke data).

Data were extracted into a pre-specified form and
entered in Microsoft Excel. Details entered for each
study were: study ID, author, year of publication,
study location, study name, ethnicity, number of
cases, source of cases and definition and exclusion
criteria, control numbers, source of control and exclu-
sion criteria, cases and controls matching variables
(age and sex), genotype data on cases and controls,
genotype frequencies, blinding of genotyping staff to
identity of cases and controls, genotyping method,
mean age of cases and controls and percentage of
males in cases and controls. Any study showing re-
sults separately for more than one ethnicity has been
counted as a different data set, so total studies repre-
sent total number of data sets.

A chi-square test on control group allele frequencies
or whole study allele frequencies in cohort studies
was used to assess departure from Hardy–Weinberg
(HW) equilibrium.

Statistical analysis
We performed a Bayesian meta-analysis to estimate the
unadjusted odds ratios (ORs) and 95% credible intervals
(CrI) of ischaemic stroke for each genotype ("2/"2, "2/
"3, "2/"4, "3/"4 and "4/"4) against the reference geno-
type "3/"3. This order was decided on the basis of asso-
ciation of APOE genotypes with LDL-C. A Bayesian
model was used to estimate the five ORs simultaneously
in one model using Markov Chain Monte Carlo tech-
niques46 (for details of the model see Supplementary

methods available at IJE online). The Bayesian ap-
proach has several advantages: It estimates simultan-
eously the five ORs mentioned above, taking into the
fact that they are not independent from each other. It
provides posterior credibility intervals that are more
naturally interpreted than frequentist confidence inter-
vals. It also allows for the use of the data coming from
small studies without having to add any extra numbers
to the situations when zero counts appear in an estima-
tion of an OR.47

To explore the trend of these ORs (if any) we esti-
mated a meta-logistic regression model with ischaemic
stroke as the outcome and the APOE genotypes as the
explanatory variable (for details of the model see
Supplementary methods available at IJE online).
APOE genotypes were coded numerically using the
mean difference in LDL-C between each genotype and
the "3/3 group, as follows: "2/2¼�0.756 mmol/l, "2/3¼
�0.481 mmol/l, "2/4¼�0.241 mmol/l, "3/3¼ 0 mmol/l
(reference), "3/4¼ 0.161 mmol/l, "4/4¼ 0.312 mmol/l.
This mean difference for LDL-C was derived from our
APOE-LDL-C analysis from studies in European ances-
try populations. The summary OR derived from the
trend analysis could be indirectly interpreted as the
effect of LDL-C on ischaemic stroke through the use of
APOE "2/"3/"4 loci as the genetic instrument. To allow
for a non-constant OR (equivalent to a non-linear trend
in the log scale) we included the square of the explana-
tory variable (i.e. LDL-C2) in the regression model. If the
posterior 95% CrI of the coefficient of the quadratic term
included the null value, we repeated the analysis sim-
plifying the model by removing the quadratic term and
estimating only a linear trend.

We undertook several sensitivity analyses by
re-estimating the logistic regression in different subsets
of studies considered to be at lower risk of bias. These
subsets were: studies with more than 100 cases, studies
with control samples in HW equilibrium, studies with
no zero cells for all APOE genotype categories, studies
with genotyping staff blinded to case-control status,
studies with imaging confirmed diagnosis of ischaemic
stroke and studies that used new techniques for APOE
genotyping (e.g. Taqman genotyping assay, One-tube
LightTyper assay, Heteroduplex method,
Pyrosequencing) that are less susceptible to genotyping
miscalls.48,49 In order to evaluate the potential for pub-
lication bias (small-study bias) we, as a sensitivity ana-
lysis, re-estimated the effect of the APOE genotype on
published versus unpublished studies, excluding small
studies and re-quantifying the APOE-effect.

For the above-mentioned analyses we used fixed-
effect models for the primary analysis; however,
random effect models were also fitted and the results
are reported as Supplementary material (available as
Supplementary data at IJE online).

Priors
We used priors centred on the null that were
non-informative in any specific direction but would
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cover a reasonable range of hypotheses by restricting
their variance, e.g. an OR would have a prior distri-
bution centred on 1, with a 95% probability of being
between 0.03 and 30. For parameters in the log scale
[log(OR) and log(odds)] we used normal distribu-
tions. For the standard deviation between studies in
the random effects model we used a uniform prior
between 0 and 1.5 times the observed standard devi-
ation between the different studies. Bayesian analyses
were performed using R (version 2.13) and JAGS soft-
ware (version 2.2.0).

Results
APOE genotype, LDL-C and C-IMT
Twelve studies contributed data on APOE genotypes
and LDL-C levels (Table 1). APOE genotypes exhibited
a positive trend with LDL-C (47 771 subjects, P-trend:
2.1� 10�49). With "3/3 as reference, the mean differ-
ences (in mmol/l) were: �0.75 (95% CI: �0.86, �0.65)
for "2/2, �0.48 (95% CI �0.50, �0.46) for "2/3, �0.24
(95% CI: �0.24, �0.01) for "2/4, 0.16 (95% CI: 0.14,
0.18) for "3/4 and 0.32 (95% CI: 0.26, 0.37) for "4/4
(Figure 1a). There was a difference of 1.07 mmol/l
between "2/"2 and "4/"4 individuals for LDL-C.
These point estimates were used in the Bayesian
meta-analysis to determine the coding of APOE geno-
types and therefore to evaluate indirectly the effect of
LDL-C on ischaemic stroke using a trend analysis.
This positive dose-response between APOE genotypes
and LDL-C remained unaltered in the sub-sample of
studies that had provided data adjusted by age and
gender (Supplementary Figure S1, available as
Supplementary data at IJE online). Likewise, when
the APOE-LDL-C analysis was stratified according to
the time of DNA extraction, similar results were
observed (Supplementary Figure S2, available as
Supplementary data at IJE online).

Five studies contributed data on APOE genotypes
and C-IMT (Table 1). We found a positive dose-
response association between APOE genotypes and
C-IMT (11 641 subjects, P-trend: 0.001) that strongly
resembled the association between APOE genotype
and LDL-C. There was a mean difference of
0.043 mm of C-IMT between "2/"2 and "4/"4 individ-
uals (Figure 1b).

Association of APOE genotype with other lipids and
apolipoproteins
Sixteen studies contributed data on APOE genotypes
and cardiovascular phenotypes. APOE genotype
exhibited a positive trend with total cholesterol
(54 377 subjects, P-trend: 2� 10�152) and apoB
(6931 individuals, P-trend: 8.7� 10�06), similar to
the association with LDL-C described above
(Figure 2). We observed a negative trend of APOE
genotype with levels of apoE (7841 individuals, P-
trend: 6� 10�26) and a weak negative trend

association with HDL-C (50 571 individuals, P-trend:
1.6� 10�49) and apoAI (6554 individuals, P-trend:
5.3� 10�8). Associations of APOE genotype with
other lipids and lipoproteins were more complex in
shape. There was a non-linear relationship between
APOE genotype and triglycerides (27 637 individuals),
with both "2/"2 and "4/"4 individuals having higher
concentrations of triglycerides, compared with the
"3/"3 reference group. We also identified an associ-
ation between APOE genotype and Lp(a) among
6272 individuals (Figure 2).

Association of APOE genotype with inflammation
markers
We found a marked association of APOE genotype with
CRP concentration (26 401 individuals). With reference
to the "3/"3 group, individuals with the "4/"4 genotype
had the lowest concentration of CRP, whereas individ-
uals with the "2/"4 genotype and the "3/"4 genotype had
CRP levels approximately midway between the "3/"3
and "4/"4 groups. There was no difference in CRP
levels among individuals with the "2/"2 or "2/"3 geno-
types. We did not find any association of APOE genotype
with another hepatocyte-derived inflammation marker,
fibrinogen (25 961 individuals, P-trend: 0.09), with the
macrophage/adipocyte-derived inflammation marker
IL-6 (12 117 individuals, P-trend: 0.9) (Figure 3), or
with a range of other inflammation markers
(Supplementary Figure S3, available as
Supplementary data at IJE online).

Association of APOE with coagulation markers,
metabolic traits and other variables related to
cardiovascular risk
We found no evidence for an association of APOE
genotype with the coagulation markers factor VII
(12 547 individuals), fibrinopeptide A (3 557 individ-
uals), D-dimer (8925 individuals) or tPA (58 908 indi-
viduals), the endothelial activation markers vWF (8932
individuals) and E-selectin (708 individuals), systolic
blood pressure (28 334 individuals), BMI (25 916 indi-
viduals), alcohol consumption (11 037 individuals) or
indices of glycaemic control including HbA1c (17 990
individuals), fasting glucose (25 781 individuals) and
insulin (14 360 individuals) (Figure S4).

Mean difference (95%CI), I2 (95% CI), unadjusted
and Sidak-corrected P-values for each of the APOE
genotype associations with cardiovascular traits are
provided in Supplementary Table S2 (available as
Supplementary data at IJE online).

APOE genotype and ischaemic stroke

Search results
We screened 1395 abstracts from the primary search
and identified 249 potentially eligible articles. Of
these, 2 studies included self-reported stroke, 7 con-
tained duplicate data and a further 163 reported in-
complete data or were not ischaemic stroke, and were
excluded, leaving 77 studies reporting stroke that
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were included in this analysis (Supplementary
Figure S5, available as Supplementary data at IJE
online). Of these, 64 included information on ischae-
mic stroke and 19 gave information on haemorrhagic
stroke (there was some overlap as 16 studies gave
information on both). Thirteen studies reported
strokes that were not classified as ischaemic or haem-
orrhagic. Of these, 10 were studies in European an-
cestry subjects28,35,36,50–54 (2265 stroke events)
exclusively and these were counted as ischaemic
stroke since 80% of stroke in European ancestry is

ischaemic in nature.2 This took the total number of
ischaemic stroke studies to 74 with total of 14 015
cases and 77 888 controls. This included data from
39 published studies 3635 cases and 42 024 controls
from previously unpublished studies from 35 from
complete unpublished data sets plus data sets
updated from previous published studies.

A description of study design, source of controls, use
of neuroimaging, genotyping method, blinding, and
number of cases and controls, observed and expected
genotype and allele frequencies (by ethnic groups) is

Figure 1 Association of APOE genotypes in studies of European ancestry individuals with (a) LDL-cholesterol (b) carotid
intima-media thickness, (c) ischaemic stroke and (d) ischaemic stroke (trend analysis). Black boxes indicate summary
estimates with their size proportional to weight. For (c) and (d), the x-axis is plotted in the log-scale with distance between
APOE genotypes equal to mean difference of LDL-C in mmol/l. For (d), the effect estimate of trend analysis indicates an OR
of 1.33 (95% CrI: 1.17, 1.52) per 1 mmol/l increase in LDL-C
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given in Supplementary Tables S3, S4 and S5, avail-
able as Supplementary data at IJE online.

Association of APOE genotype with ischaemic stroke in
European ancestry individuals
In 41 studies (14 prospective and 27 case-control stu-
dies), with a total of 9027 cases and 61 730 controls of
European ancestry using the "3/"3 genotype as the
reference group, the ORs for ischaemic stroke were
1.09 (95% CrI: 0.84, 1.43) for "2/"2, 0.85 (95% CrI:
0.78, 0.92) for "2/"3, 1.05 (95% CrI: 0.89, 1.24) for
"2/"4, 1.05 (95% CrI: 0.99, 1.12) for "3/"4, and 1.12
(95% CrI: 0.94, 1.33) for "4/"4 (Figure 1c). We note
the large uncertainty in OR estimates around the less
common genotypes ("2/"2, "2/"4 and "4/"4), and in

particular the "2/"2 genotype which only contributed
1% of the total cases.

We initially fitted a model that included a quadratic
variable (LDL-C2) to allow for a non-linear trend, but
the coefficient for this variable had a posterior credibil-
ity interval that included the null and we decided to
remove this term and estimate a simpler model only
with a linear trend. The results of the linear trend of
the log-odds of APOE "2/"3/"4 genotypes (coded in
terms of the APOE effect on LDL-C) on ischaemic
stroke are described in Figure 1d. In this regression
model, the OR of ischaemic stroke per 1 mmol/l increase
in LDL-C was 1.33 (95% CrI: 1.17, 1.52), equivalent to an
OR of 0.75 (95% CrI: 0.66, 0.85) per 1 mmol/l reduction
in LDL-C. An exploratory sensitivity analysis showed
that this positive linear trend remained largely

Figure 3 APOE genotypes and mean differences for inflammatory traits. The graphs are displayed in standardized scale to
allow comparability and show standardised mean differences of biomarker levels with APOE genotypes with "3/"3 as
reference. The values (on the right) correspond to absolute weighted mean difference. Black boxes indicate estimates
proportional to counts and horizontal lines represent 95% CI. Ln, natural log transformed
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unaltered in all the subgroups (Supplementary Figure
S6, available as Supplementary data at IJE online), with
none of them showing strong evidence of a quadratic
trend (the coefficient of the quadratic term had a pos-
terior interval that included the null).

The random effects model showed very similar results
to the fixed effects analysis despite the greater uncer-
tainty in the effect estimates for less frequent APOE
genotypes. The trend analysis was also concordant
with the fixed effects model (Supplementary Figure
S7, available as Supplementary data at IJE online).

Association of APOE genotype with ischaemic stroke in
all ethnicities
In 74 studies (16 prospective and 58 case-control stu-
dies), with a total of 14 015 cases and 77 888 controls
in all populations using the "3/"3 genotype as the
reference group, the ORs for ischaemic stroke were
1.05 (95% CrI: 0.87, 1.26) for "2/"2, 0.88 (95% CrI:
0.82, 0.94) for "2/"3, 1.06 (95% CrI: 0.93, 1.21) for
"2/"4, 1.15 (95% CrI: 1.09, 1.21) for "3/"4, and 1.22
(95% CrI: 1.05, 1.41) for "4/"4 (Figure 4a).

A visual inspection of the trend analysis of the
log-odds of APOE on ischaemic stroke indicated the
presence of a positive dose-response over the greater
part of the LDL-C range (indirectly measured by the
APOE genotypes). Under the assumption of a common
model across ethnic groups for the LDL-C–ischaemic
stroke association, we fitted a linear model and estimate
that the OR of ischaemic stroke for 1 mmol/l of increase
in LDL-C was 1.39 (95% CrI: 1.25, 1.54) (Figure 4b).
However, we also allow for the possibility of alternative

models (i.e. quadratic model), and these results are
included in our sensitivity analysis (Supplementary
Figure S8, available as Supplementary data at IJE
online). The random effects model produced very simi-
lar findings to the fixed effects model but with wider
credible intervals (Supplementary Figure S9, available
as Supplementary data at IJE online).

Assessment of the cumulative evidence, using the
Venice criteria, suggest that the epidemiological cred-
ibility for the APOE-ischaemic stroke association is
strong in European population studies and moderate
or weak in all other ethnic groups (Supplementary
Table S6, available as Supplementary data at IJE
online).

The results of the sensitivity analysis that excluded
small studies and the of one that re-estimated the
effect for published and unpublished studies independ-
ently did not differ from the overall result, reducing the
possibility that small-study bias influenced our results
(Supplementary Figures S6 and S8, available as
Supplementary data at IJE online).

In 11 studies with a total of 759 cases and 22 193
controls, using the "3/"3 genotype as the reference, no
clear effect for any of the APOE genotypes with haem-
orrhagic stroke was observed (Figure S10, available as
Supplementary data at IJE online).

Discussion
Using the largest collection of studies yet accumulated,
our analysis of European populations confirmed the

Figure 4 Association of APOE genotypes with ischaemic stroke in all ethnicities with (a) ischaemic stroke, (b) ischaemic
stroke (trend analysis). Black boxes indicate summary estimates with their size proportional to weight. The x-axis is plotted
in the log-scale with distance between APOE genotypes equal to mean difference of LDL-C in mmol/l. For (b), the effect
estimate of trend analysis indicates an OR of 1.39 (95% CrI: 1.25, 1.54) per 1 mmol/l increase in LDL-C
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presence of a positive dose-response association
between APOE genotype and LDL-C, and clarified the
genetic effect on C-IMT, which followed the same
dose-response trend observed for LDL-C. The pattern
was concordant in the meta-analysis of European an-
cestry studies on ischaemic stroke that also showed a
positive dose-response association when the APOE
genotypes were ordered and coded to reflect their ef-
fects on LDL-C (Figure 1). The large degree of consist-
ency across the different outcome domains evaluated,
[LDL-C (intermediate phenotype), C-IMT (surrogate
end-point) and ischaemic stroke (clinical event)]
argues for a causal effect of LDL-C on ischaemic
stroke, and provides an adequate explanation for the
beneficial effects on ischaemic stroke observed with sta-
tins in randomized trials.

In this respect, it is important to note that the estimate
derived from our regression model in European ancestry
studies that used APOE genotypes as instrument for
LDL-C showed an OR of ischaemic stroke of 0.75 (95%
CrI: 0.66, 0.85) per 1 mmol/l LDL-C reduction, which is
consistent with the rate ratio of 0.79 (95% CI: 0.74, 0.85)
for ischaemic stroke for the same LDL-C reduction
derived from randomized trials of statins.55

The large size of the data set synthesised in this
report that included 2392 more cases of ischaemic
stroke (including 6362 cases from unpublished and
updated collections) than previous meta-analyses,19

permitted for the first time a reliable evaluation of
the risk of ischaemic stroke in each of the six APOE
genotype groups separately. Also, using APOE geno-
type as an instrument for LDL-C enabled the presence
of a positive dose-response trend of LDL-C on ischae-
mic stroke to be determined. This is the largest study
examining association of APOE genotypes with C-IMT
to date, and shows that the genotypes are associated
with atherosclerosis in a positive dose-response
manner. This was similar in magnitude to the results
of a previous meta-analysis examining this associ-
ation.20 This current study also suggests that the
APOE effect on ischaemic stroke is mediated via
LDL-C, providing further evidence of a causal role
for this lipid fraction, which has been a point of con-
flict over several decades of research.

The finding of a positive dose-response effect of
LDL-C (indexed by APOE genotype) on ischaemic
stroke in European ancestry individuals was sup-
ported by the results from our sensitivity analysis
that was restricted to the subset of studies considered
to be at low risk of bias according to study level char-
acteristics, such as study size, outcome diagnosis,
blinding of genotyping staff, or genotyping technique.
However, it is important to note that despite the large
sample size included in this analysis, we still observed
considerable uncertainty on the effect estimates for
ischaemic stroke for the less frequent APOE geno-
types, in particular the "2/"2 genotype.

When we extended our analysis of the APOE loci on
ischaemic stroke to genetic studies from all ethnic

groups, a similar dose-response was observed for most
of the association. However, a slight increase on ischae-
mic stroke for the section of the regression analysis
associated with lower LDL-C levels, indexed by the
genotypes "2/"3 and "2/"2, was observed. Our sensitivity
analysis, however, indicated that a potential explan-
ation for this apparent increase in risk could be due to
genotyping errors as showed by the analysis restricted to
the subset of studies in HW equilibrium, with blinding
of the genotyping staff or those who used recent geno-
typing techniques. In this subset, the slight increase in
risk of ischaemic stroke for "2/"2 genotypes was not
seen and instead a positive dose-response relationship
emerged (Supplementary Figure S6, available as
Supplementary data at IJE online). A concern that
some of the APOE genotypes may be prone to miscalling
has been previously shown by some researchers,48 indi-
cating that studies that used Hixson and Vernier’s
PCR-RFLP method of genotyping or similar meth-
ods56,57 are more likely to have an excess of "2/"2 geno-
types.48,58 This limitation is overcome by the newer
APOE genotyping techniques (e.g. LightTyper assay
and Taqman).49

A major limitation to this study is that we could not
reliably assess the possibility of differential effects on
the sub-types of ischaemic stroke. It has been postu-
lated that different ischaemic stroke sub-types exhibit
different associations with cholesterol and APOE geno-
type, suggesting differences in the underlying patholo-
gies.19 Although information on haemorrhagic stroke
was limited in our study, it was concordant with the
lack of effect seen in observational studies (see
Supplementary data at IJE online). However, our haem-
orrhagic stroke analysis had considerably less statistical
power than our ischaemic stroke analysis. Larger stu-
dies are needed to answer this question with more con-
fidence.59 The "4 allele already has a validated
association with Alzheimer’s disease;60 however, mis-
classification of Alzheimer’s with ischaemic stroke is
very unlikely as the two diseases have very distinct clin-
ical and imaging profiles, and thus we believe this mis-
classification did not play a role in our results.

Small-study bias can be a major limitation in any
meta-analysis. The analysis of APOE genotypes and
cardiovascular traits was entirely based on de novo
data and included a sample size of 60 883 individuals.
This avoids the impact of small-study bias which
is mainly observed in meta-analyses based on pub-
lished studies. With regard to the analysis of APOE
genotypes with stroke, our two sensitivity analyses,
i.e. excluding small studies and re-quantifying the
APOE-effect and comparing published versus unpub-
lished studies, did not show any evidence of small-
study bias.

Mechanisms linking APOE genotype to
ischaemic stroke risk
To evaluate the mechanism by which APOE genotype
might alter ischaemic stroke risk, we undertook a
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detailed analysis of the association of APOE genotypes
with a wide range of potential intermediate pheno-
types including lipid, inflammation, coagulation,
endothelial cell activation and metabolic markers
measured in population-based and cross-sectional
studies from European ancestry. Since genotype is
determined at random at conception, intermediate
phenotypes residing off the causal pathway from
SNPs to disease, should be balanced evenly among
the different genotypic groups, as they are in a ran-
domized trial. In contrast, biomarkers that mediate
the effect of genomic variation on disease risks
should differ by genotype and the shape of the asso-
ciations should be concordant.61,62 We identified
robust associations of APOE genotype with total-,
LDL- and HDL-C and triglycerides as reported in a
recent systematic review.11 However, we extended
the analysis to apolipoproteins E (the protein encoded
by the APOE gene), apoA1, apoB, Lp(a), and 18 other
biomarkers, including the well-studied inflammation
marker CRP, among several thousand individuals. An
exploratory, but biologically interesting finding
was the fact that the shape of the APOE association
with these traits varied considerably. Whereas a dose-
response association was clearly observed with
total-C, LDL-C, apoB, apoE and HDL-C, the effect on
other traits appeared to be allele-specific, with lower
Lp(a) and higher apoA1 being associated with the "2
allele, and lower CRP with the "4 allele. Although it is
possible that these effects are due to a different bio-
logical mechanism of the APOE "2 and "4 variants on
lipoprotein particle metabolism, it is also possible that
these allele-specific associations could be due to dif-
ferent LD patterns between rarer, untyped, functional
SNPs and the two genetic variants that comprise
APOE "2/"3/"4. It is often argued that except for rare
variants, most of the observed phenotypic changes in
lipoprotein biology can be explained by differences in
the "2/"3/"4 genotypes. We believe this view is sim-
plistic and does not take into account the recent dis-
coveries at this locus. Whole genome and dense gene-
centric SNP arrays (e.g. the Illumina Cardiochip) have
identified associations of SNPs in the APOE gene
region with LDL-C8,10,63–65 and Alzheimer’s disease
that encompass non-coding variants in the flanking
genes and appear to be independent of the rs429358
and rs7412 SNPs (the two SNPS that encode "2/"3/"4)
in multivariate analysis.63 These include variants in
PVRL2, APOC1 and TOMM40.66,67 This suggests pos-
sible functional roles for one or more of the flanking
genes (and their encoded proteins), mechanisms
relating to APOE expression (not just function), or
both. However, the capture of both common and
rare SNPs in the APOE gene cluster is not yet exhaust-
ive, so it is uncertain which of the implicated variants
is causal, which mark as yet unidentified causal vari-
ation or whether causal SNPs differ for the different
associated traits and disease outcomes. Not only are
low-frequency variants (<5% minor allele frequency)

under-represented on whole genome arrays but sur-
prisingly, there is also sparse coverage of the common
alleles in the APOE region (including the omission of
rs429358 and rs7412 SNPs) (Supplementary
Figure S11 and Supplementary Table S7, available as
Supplementary data at IJE online). The low degree of
LD at this locus also makes it difficult to impute
untyped variants, which means additional
SNP-disease/trait association signals may have been
overlooked by the prior GWAS. Early re-sequencing
studies and isoelectric focusing analysis of APOE
isoforms68–73 indicate the existence of many low-
frequency, non-synonymous coding variants in this
region, but these studies were narrowly focused on
the APOE gene itself, rather than the flanking genes,
and were neither exhaustive nor systematic.

The shape of the association of APOE genotype with
an intermediate phenotype on the causal pathway
should be consistent in the direction of the associ-
ation with the disease end-point. Thus, the reported
association of APOE genotype with CHD appears to be
consistent with its effect on LDL-C. This is further
supported by similar concordant associations of
SNPs in the HMGCR, PCSK9 and SORT1 genes with
both LDL-C and CHD risk.8,10,64,74 Taken together
with data from observational studies and randomized
trials, the findings endorse the role of LDL-cholesterol
in the pathogenesis of CHD. The positive dose-
response association of APOE genotype with ischaemic
stroke risk in European population studies could be
consistent with an almost complete mediating effect
of LDL-C because both associations are positive and
linear. None of the other biomarkers studied, includ-
ing other lipids and apolipoproteins, as well as Lp(a),
or inflammation markers (including CRP) exhibited
associations that were consistent in shape or direction
with that seen for ischaemic stroke. Indeed, it is im-
portant to note that the "4 allele associated with high
values of LDL-C and C-IMT as well as high stroke and
CHD risk showed low CRP levels. Although these
results appear to be in contradiction with observa-
tional studies, we considered that findings of APOE
on CRP could be explained by differential pattern of
LD, as described above. Moreover, recent large-scale
Mendelian randomization studies have excluded CRP
as causal factor in cardiovascular disease.75

The concordance in shape of the APOE "2/"3/"4 with
LDL-C and ischaemic stroke risk observed in
European ancestry received further support from the
APOE "2/"3/"4 effects on C-IMT (derived from
European ancestry studies) that also revealed a posi-
tive dose-response association (Figure 1). However, to
confirm that the positive dose-response association of
APOE loci on ischaemic stroke is mainly due to its
effect on LDL-C would require access to large-scale
cohorts with genotype information, LDL-C measures
and ischaemic stroke outcomes in sufficiently large
numbers to undertake appropriate Mendelian ran-
domization/instrumental variables analyses.
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C-IMT represents the structural change in arterial
intima that strongly associates with both cardiovascu-
lar risk factors (LDL-C) and cardiovascular events,
and it is also used as an intermediate marker of ath-
erosclerosis.21 Overviews of statin trials have noted a
linear relationship between the degree of LDL-C low-
ering and the change in C-IMT during follow-up, with
modest LDL-C reductions being associated with
reduced progression and more extreme LDL-C reduc-
tions being associated with regression of C-IMT.76 The
linear dose-response association of APOE genotypes
with C-IMT was concordant in shape with the asso-
ciation of APOE with LDL-C, and endorses C-IMT as a
valid surrogate marker of LDL-C–mediated athero-
sclerosis.77,78 Similar to our study, a recent meta-
analysis of APOE and C-IMT showed lower levels
of C-IMT for "2 carriers and higher values for "4
carriers when compared with "3/3.79 In contrast, the
only GWAS of C-IMT23 reported a lack of association
with APOE variant rs7412 that marks the "4 allele
(P-value: 0.7). Our study has the advantage of report-
ing the full range of APOE genotypes that might
better represent this association.

Conclusions
In the most comprehensive study to date, we found a
positive dose-response association of APOE genotype
with ischaemic stroke in European populations.
Concordance between the effects of the APOE geno-
type on LDL-C, C-IMT and ischaemic stroke risk was
observed. Although this argues for a causal role of
LDL-C in ischaemic stroke, and also helps to clarify
the benefit of statins in ischaemic stroke, our finding
must be interpreted with caution and it does not ex-
clude the possibility that additional risk factors may
be involved.

The use of the custom genotyping array
Metabochip,80 which includes both APOE SNPs and
a greater coverage around the APOE locus, will pro-
vide an opportunity to replicate our findings on
C-IMT, but also to explore in further detail the
allele-specific associations of APOE locus with certain
cardiovascular traits.

Supplementary Data
Supplementary data are available at IJE online.
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KEY MESSAGES

� The six APOE genotypes when ordered from "2/"2, "2/"3, "2/"4, "3/"3, "3/"4 and "4/"4 have a linear
association with LDL-C and CIMT thickness.

� The largest meta-analysis of APOE genotype with ischaemic stroke shows a positive linear association
of increasing risk when ordered from "2/"2, "2/"3, "2/"4, "3/"3, "3/"4 and "4/"4 in European ancestry
populations.

� The concordance in the dose-response associations of APOE genotype with LDL-C, CIMT and ischae-
mic stroke provides strong support for a causal role of LDL-C in ischaemic stroke.
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