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APOE e4 and lipid levels affect risk of
recurrent nonlobar intracerebral
hemorrhage

ABSTRACT

Objective: Genetic variants e2/e4 within the APOE gene are established risk factors for lobar
intracerebral hemorrhage (ICH). Published preliminary data suggest a potential role for APOE
e4 in risk of nonlobar ICH. We therefore investigated the role of APOE in recurrent nonlobar
ICH, and sought to clarify whether effects of APOE on circulating lipids mediate this association.

Methods: Three hundred sixty-three survivors of nonlobar ICH were followed prospectively for
ICH recurrence, with APOE genotype determined at enrollment. All participants had clinical,
demographic, and laboratory data captured at time of index ICH and during follow-up. Using a
multivariate model, we performed association and interaction analyses of the relationships among
APOE genotype, lipid levels, and recurrent nonlobar ICH.

Results: We observed 29 nonlobar ICH recurrences among 363 survivors. APOE e4 was associ-
ated with recurrent nonlobar ICH (hazard ratio 5 1.31; 95% confidence interval 5 1.02–2.69;
p5 0.038) after adjustment for age/sex/ethnicity and cardiovascular risk factors. Increasing low-
density lipoprotein (LDL) levels were associated with decreased risk of recurrent nonlobar ICH
(p 5 0.027), as were decreasing HDL levels (p 5 0.046). LDL levels modified the association of
APOE e4 with recurrent nonlobar ICH (mediation p , 0.05). No associations were identified
between APOE e2 and recurrent nonlobar ICH.

Conclusion: APOE e4 is associated with recurrent ICH in nonlobar brain regions, providing further
evidence for its causal role in ICH unrelated to cerebral amyloid angiopathy. LDL levels modulated
this effect, suggesting that circulating lipid levels may mediate a portion of the role of APOE e4 in
nonlobar ICH. Neurology® 2015;85:349–356

GLOSSARY
CAA 5 cerebral amyloid angiopathy; CI 5 confidence interval; EMR 5 electronic medical record; HDL 5 high-density lipo-
protein; HR 5 hazard ratio; ICH 5 intracerebral hemorrhage; IQR 5 interquartile range; LDL 5 low-density lipoprotein; TC 5
total cholesterol.

Primary intracerebral hemorrhage (ICH) is the most lethal acute cerebrovascular disorder, its
mortality rate ranging from 40% to 50% at 90 days from the initial bleeding event.1 Survivors
are often burdened with substantial disability and face a high risk of recurrent ICH.2 Previous
studies demonstrated that survivors of ICH in the lobar brain regions are at higher risk of
recurrence, and multiple predictors of recurrent lobar ICH have been identified.3,4 Among
these, the e2/e4 variants of the APOE gene are presumed to modify lobar ICH recurrence risk
via their role in small vessel disease associated with cerebral amyloid angiopathy (CAA).3,5

A recent, large meta-analysis of case-control studies conclusively demonstrated that APOE e2
and e4 increase risk of ICH in the lobar brain regions.6 An intriguing preliminary finding that
emerged as well was an association between APOE e4, but not e2, and nonlobar ICH.6 This
finding warrants further exploration of its potential underlying biology, as nonlobar ICH is
typically associated with arteriolosclerosis rather than CAA.7 Total cholesterol (TC) levels and
cholesterol fractions (low-density lipoprotein [LDL]/high-density lipoprotein [HDL]) have
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been found to be associated with ICH risk in
prior studies, particularly nonlobar ICH.8,9

Given that APOE gene products participate
extensively in lipid metabolism, lipid fractions
may mediate the effect of APOE e4 on non-
lobar ICH.

Reasoning that demonstrating an effect of
APOE e4 on recurrent nonlobar ICH would
provide substantial confirmation of the previ-
ously published association of e4 with risk of
nonlobar ICH, we investigated whether survi-
vors of ICH with APOE e4 were at elevated
risk of recurrent nonlobar ICH in a prospec-
tive cohort. Furthermore, given the established
role of APOE in lipid metabolism, we per-
formed mediation analyses to clarify whether
lipid levels alter any detected effect of e4.

METHODS Patient recruitment and baseline data
capture. All participants were enrolled in an ongoing longitudi-

nal cohort study of primary ICH at Massachusetts General Hos-

pital.3 Individuals selected for the present study were consecutive

patients aged 18 years or older, presenting to Massachusetts Gen-

eral Hospital from January 1, 2001, to December 31, 2011, and

diagnosed with acute nonlobar ICH (onset of symptoms ,24

hours before presentation). Nonlobar ICH was characterized as

intraparenchymal hemorrhage selectively involving the thalami,

basal ganglia, or brainstem. Given known biological heterogene-

ity of cerebellar ICH, cerebellar location was excluded from anal-

ysis in the present study in order to focus on non-CAA-related

effects of APOE variants.3,6 To qualify for longitudinal analyses,

patients were required to (1) meet criteria for primary ICH (as

previously described)3; (2) have survived at least 90 days after

index nonlobar ICH; and (3) have ICH location confirmed on

admission CT scan. Patients with a recurrent lobar ICH were

excluded from analysis. We excluded a total of 11 patients who

did not survive 90 days after nonlobar ICH to avoid capturing

early rebleeding events (whose pathophysiology may differ from

long-term ICH recurrence).3 Pre-ICH clinical and demographic

data were collected by trained study staff via in-person interview

at time of enrollment. All admission CT scans were reviewed by

study investigators blinded to clinical and genetic data to confirm

ICH location. APOE genotype was determined by analyzing

DNA extracted from blood samples provided by participants,

in accordance with previously published methods.3,6

Longitudinal follow-up. Trained study staff contacted and in-
terviewed by telephone patients and/or their caregivers at

6 months after index ICH and every 6 months thereafter. Inves-

tigators inquired about and collected imaging and medical records

data pertaining to ICH recurrence (both lobar and nonlobar),

death, and medication use/dosing. Telephone-based collection

of data was supplemented by manual review of longitudinal

electronic medical records (EMRs) at Massachusetts General

Hospital (including primary care, specialty outpatient, and

inpatient records). EMRs were used to capture lipid levels

during follow-up. We prespecified data capture targets of

$1 lipid panel per every 12-month period. Only lipid data

obtained .90 days after acute ICH were considered valid for

analysis during the first year of follow-up. We elected to use

both fasting and nonfasting lipid measurements for all analyses,

and both actual measured (when available) and calculated LDL

levels were included. A total of 15 participants failed to meet these

data availability requirements and were removed from all analyses

without altering results (data not shown).

EMR review was also used to obtain/confirm detailed infor-

mation on medication use and interval clinical history. Discrep-

ancies between telephone-collected and EMR-collected

medication exposure data resulted in removal of 5 participants

from the present study, and their removal did not alter results

(data not shown). If participant and/or caregiver reported new

neurologic symptoms, ischemic stroke, ICH, or hospital admis-

sion, the relevant medical records and radiographic images were

reviewed by a study investigator blinded to other clinical and

genetic data to assess the presence/absence of recurrent ICH

and its location. Participants’ data were censored in case of (1)

recurrent ICH confirmed by neuroimaging, (2) death, (3) loss to

follow-up, or (4) follow-up period reaching the predetermined

deadline of December 31, 2013 (thus guaranteeing at least 24

months of follow-up for all analyzed participants). For individuals

who had multiple recurrent lobar ICH during follow-up, data

were censored at time of first recurrence.

Statistical methods. Age at index ICH was analyzed as a con-

tinuous variable. Participants’ sex, ethnicity, education, and

pre-ICH medication exposure were analyzed as static categorical

variables. Medication exposures during follow-up were analyzed

as time-dependent categorical variables (with exposure time

determined from phone call/EMR data). In line with prior

studies, APOE genotype was analyzed using 2 categorical

variables indicating number of e2 alleles (0, 1, or 2) and

number of e4 alleles (0, 1, or 2) with the e3/e3 genotype

serving as reference.

We generated a single continuous variable representing TC

levels, and analyzed LDL and HDL levels as separate continuous

variables. Of note, given substantial collinearity between LDL

and HDL (identified based on methods described below), we

generated separate multivariable models incorporating LDL or

HDL as nonlobar ICH recurrence predictors. For lipid measure-

ments, participants were assigned the TC/LDL/HDL value for

each 12-month period (i.e., months 1–12 after index ICH,

months 13–24 after index ICH, etc.) at all failure times falling

within that same time window. Participants with $2 measure-

ments in a given 12-month time period would be assigned, at

each failure time, the closest available value.

Categorical variables were compared using Fisher exact test and

continuous variables using the Mann–Whitney rank sum or

unpaired t test as appropriate. We determined univariate predictors

of ICH recurrence via significance testing by the log-rank test.

Multivariate analyses of association between APOE e2/e4 and non-
lobar ICH recurrence used a Cox regression analysis model. Can-

didate covariates included all variables showing a trend in

association with recurrent nonlobar ICH in univariate analysis

(p , 0.20). Backward elimination of nonsignificant variables

(p . 0.05) generated a final minimal model. Because of its close

relationship with lipid measurements, statin exposure was reintro-

duced in all multivariate models regardless of significance, without

altering reported results (data not shown). Multicollinearity was

assessed by computing variance inflation factors for all predictors

and removing all variables with variance inflation factor .5.

We chose to perform mediation analyses to identify whether

lipid levels influence association between APOE genotype and

nonlobar ICH recurrence. These analyses identify whether

an external variable (mediator, i.e., lipid levels in our study)

carries the influence of a given independent variable/predictor
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(i.e., APOE genotype) to a given dependent variable/outcome

(i.e., ICH recurrence); the percentage of predictor’s effect on

outcome carried by the mediator can also be quantified. Medi-

ation analyses were performed using the mediation package in R

(http://cran.r-project.org/web/packages/mediation/index.html);

we prespecified intent to perform analyses to look for mediation

effect of lipid measurements (TC, LDL, and HDL) on APOE
genotype association with ICH recurrence if the following con-

ditions were met: (1) APOE e2 or e4 genotype associated with

nonlobar ICH recurrence; and (2) TC, and/or LDL, and/or

HDL measurements associated with nonlobar ICH recurrence.

We also prespecified inclusion of all other predictors of nonlobar

ICH recurrence (in multivariate analyses) as potential compet-

ing mediators.

All analyses were performed with R software version 2.8.1

(The R Foundation for Statistical Computing). All significance

tests were 2-tailed.

Standard protocol approvals, registrations, and patient
consents. This study was performed with approval of the insti-

tutional review board of the Massachusetts General Hospital.

All participants or surrogates provided written informed consent

for participation in this study.

RESULTS Baseline cohort characteristics. Baseline
cohort characteristics for eligible participants
included in the present study are summarized in
table 1. Among 363 survivors of a nonlobar ICH,
there were 29 nonlobar ICH recurrences and one
lobar ICH recurrence during a median follow-up
time of 34.6 months (interquartile range [IQR]
15.0–51.2), resulting in an incidence rate of 3.1%
per year. APOE e4 was associated with nonlobar
ICH recurrence in univariate analysis, as were race/
ethnicity, education level, medical history of ischemic
heart disease, and a nonlobar ICH that had occurred
before the index ICH (table 1). TC and lipid fraction
measurements during follow-up time are presented in
figure 1. We measured a mean TC measurement
averaged over the entire study follow-up time of
202 mg/dL (IQR 166–221 mg/dL). Mean LDL
cholesterol value for the entire study time was 122
mg/dL (IQR 108–163 mg/dL), and mean HDL
value was 41 mg/dL (IQR 32–48 mg/dL).

APOE genotype and lipid measurements association

analyses. Initial APOE multivariate analysis (table e-1
on the Neurology® Web site at Neurology.org) included
univariate predictors of nonlobar ICH recurrence (as
listed above), as well as time-varying medication
exposures (antiplatelet agents, antihypertensive agents,
anticoagulation, and statins were all initially entered
in the model). Each allele copy of APOE e4 was
significantly associated with increased risk of
nonlobar ICH recurrence (hazard ratio [HR] 5 1.
31, 95% confidence interval [CI] 5 1.02–2.69, p 5

0.038) (figure 2). There was no association between
number of APOE e2 alleles and risk of recurrent
nonlobar hemorrhage.

We then performed multivariate analyses of non-
lobar ICH recurrence including univariate predictors
(except APOE genetic status) and TC/individual cho-
lesterol fractions. There was no association between

Table 1 Cohort characteristics and univariate analyses

Variable No recurrence Nonlobar ICH recurrence p Value

No. of participants 334 29 —

Demographics

Age, mean 6 SD 68.2 6 13.2 69.1 6 10.8 —

Sex, % male 55 52 —

Race/ethnicity 0.001

Caucasian 284 (85) 21 (72)

African American 19 (6) 4 (14)

Asian American 1 (0.3) 0 (0)

Hispanic 19 (6) 3 (10)

Other 0 (0) 1 (3)

Education ,0.001

0–10 y 84 (25) 14 (48)

>10 y 250 (75) 15 (52)

Pre-ICH medical history

Hypertension 278 (83) 24 (83) —

Ischemic heart disease 67 (20) 10 (35) 0.017

Atrial fibrillation 51 (14) 5 (17) —

Diabetes 77 (23) 8 (28) —

Prior functional dependence 50 (15) 4 (14) —

Prior cognitive impairment 24 (7) 3 (10) —

Prior lobar hemorrhage 1 (0.3) 1 (3) —

Prior nonlobar hemorrhage 2 (0.6) 2 (7) 0.012

Medications

Aspirin

Before index lobar ICH 127 (38) 12 (41) —

During follow-up 43 (13) 5 (17) NA

Warfarin

Before index lobar ICH 46 (14) 5 (17) —

During follow-up 20 (6) 3 (10) NA

Antihypertensive agents

Before index lobar ICH 217 (65) 18 (62) —

During follow-up 254 (76) 23 (79) NA

Statin

Before index lobar ICH 110 (33) 10 (35) —

During follow-up 119 (37) 9 (31) NA

APOE status

APOE e4: 1 or 2 copies 73 (22) 9 (31) 0.045

APOE e2: 1 or 2 copies 43 (12) 4 (13) —

Abbreviations: ICH 5 intracerebral hemorrhage; NA 5 not available.
Data are n (%) unless otherwise indicated. The p values compare recurrence vs no recur-
rence populations. Dashes represent p values . 0.20. The p values for analyses including
time-varying variables are not displayed (aspirin, warfarin, antihypertensive agents, and
statin exposures) because these were computed only for multivariate analyses.
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TC levels and nonlobar ICH recurrence (p . 0.20).
Increasing LDL levels were significantly associated
with decreased risk of nonlobar hemorrhage recur-
rence (HR 5 0.88 per 10 mg/dL increase, 95%
CI 5 0.78–0.98, p 5 0.027). In contrast, elevated
HDL levels were associated with increased risk of
nonlobar hemorrhage (HR 5 1.12 per 10 mg/dL
increase, 95% CI 5 1.01–1.25, p 5 0.042).

Lipid measurements modulate APOE e4 association with

nonlobar ICH recurrence. Having demonstrated sepa-
rate association in multivariate analyses for both
APOE e4 and lipid values (LDL and HDL) in accor-
dance with our prespecified conditions, we proceeded
to perform formal mediation analyses to explore
potential modulating effects of lipid measurements
on the association between APOE and nonlobar
ICH recurrence. This analysis showed that 52%
(95% CI 5 31%–60%) of the observed effect of
APOE on nonlobar ICH recurrence could be ac-
counted for by combined effect of HDL and LDL
levels (mediation p 5 0.034). The results of media-
tion analyses including additional predictors of non-
lobar ICH recurrence are detailed in figure 3.
Separate mediation analyses identified significant ef-
fects for LDL cholesterol levels (42% of effect, 95%
CI 5 20%–72%, mediation p 5 0.022), but not for
HDL levels (13% of effect, 95% CI 5 0%–37%,
mediation p 5 0.15).

We attempted to further characterize the pre-
sumed relationship between APOE e4 and lipid meas-
urements in determining nonlobar ICH risk by
performing subset analyses based on lipid data. Our
findings (figure 4) are consistent with progressively
increasing LDL levels (averaged during follow-up
time) being associated with decreased magnitude of
association between APOE e4 and nonlobar ICH (p
value for trend test across categories 5 0.019).

DISCUSSION These results provide further robust
evidence for an effect of APOE e4 on risk of ICH
in the nonlobar brain regions, raising the hypothesis
that APOE influences the pathogenesis of the 2 most
common forms of cerebral small vessel disease under-
lying ICH, CAA, and arteriolosclerosis.7 In addition,
after finding that circulating LDL and HDL levels
correlate with risk of recurrent nonlobar ICH, we
identified preliminary evidence suggesting that LDL
levels modulate the association between e4 and ICH,
with decreasing detrimental effect of e4 as serum
LDL levels increased.

By identifying an association between APOE e4
and nonlobar ICH recurrence, we have confirmed
and extended previous preliminary results suggesting
a potential role for the APOE gene beyond lobar (pre-
sumably CAA-related) ICH.6 We have not identified

Figure 1 Total cholesterol and lipid fraction measurements during follow-up

(A) Total cholesterol levels for entire study population during follow-up time. Individual lines
connect minimum, first quartile, mean, third quartile, and maximum values per each year as
detailed in the figure legend. (B) LDL cholesterol levels for all study participants during
follow-up time (legend as in A). (C) LDL cholesterol levels for all study participants during fol-
low-up time (legend as in A). HDL5 high-density lipoprotein; ICH5 intracerebral hemorrhage;
LDL 5 low-density lipoprotein.
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an association between e2 and nonlobar ICH recur-
rence; this finding mirrors identical null results from
the aforementioned large case-control meta-analysis.
Our statistical power to investigate a potential role for
e2 in nonlobar ICH is limited by low genetic variant
frequency (especially compared with e4), as well as
lower effect sizes and ICH recurrence rates (compar-
ing nonlobar ICH with lobar ICH). It is therefore
plausible that we failed to identify an existing associ-
ation between e2 and nonlobar ICH due to chance
alone. However, APOE e2 alleles were in the past
found to be associated with lobar ICH hematoma
initial volume and expansion, functional outcome,
and mortality, whereas no such associations were
identified for nonlobar ICH.10 Negative findings for
APOE e2 in the present study may therefore be attrib-
utable to true biological heterogeneity of effects in
different ICH pathophysiologic mechanisms (i.e.,
hypertensive vs CAA-related).

The e4 allele of the APOE gene has been impli-
cated in numerous different biological mechanisms
beyond increasing amyloid burden.11–16 In light of
the central role of APOE in lipid metabolism and
accumulating evidence of lipid measurements being
closely related to ICH risk,8,9 we hypothesized that
lipid metabolism may explain the association between
e4 and nonlobar ICH. Our analyses are consistent
with prior reports suggesting that increasing serum
LDL levels and decreasing HDL levels are associated

with decreased ICH risk (in the specific case of our
study, decreased risk of nonlobar ICH recurrence).
Adjustment for cardiovascular risk factors did not
invalidate the association between LDL/HDL levels
and nonlobar ICH recurrence. These findings suggest
that lipid fractions have a biological role distinct from
other clinical components of the metabolic syndrome
in determining cerebral bleeding risk. Indeed, co-
occurrence of high LDL and/or low LDL measure-
ments with hypertension and elevated body mass
index would have a priori suggested a detrimental
effect on ICH recurrence.17

We therefore chose mediation analysis as an
unbiased tool to look for other potential effects of
lipid fractions on nonlobar ICH recurrence, i.e.,
modulating effects on APOE genetic variants. Of
note, the direct effect of APOE e4 on LDL/HDL
levels (i.e., modest increase in LDL levels,
and minimal decrease in HDL levels)18 cannot
account for the observed associations with nonlobar
ICH. Based on these findings alone, a small protec-
tive effect of e4 against nonlobar ICH would in fact
be expected. Our mediation analyses attributed
approximately half of e4 effect on nonlobar ICH
recurrence to the combined action of LDL and
HDL levels. Separate mediation analysis was statis-
tically significant for LDL levels and not HDL, but
our small sample size and decreased variance of
HDL compared with LDL substantially limited

Figure 2 APOE e4 and risk of recurrent ICH in the nonlobar brain regions

Kaplan–Meier plot displaying nonlobar ICH recurrence rates stratified by number of APOE e4 allele copies during the first
5 years of follow-up. Univariate log-rank test p value5 0.031. Refer to main text for results of multivariate analyses. ICH5

intracerebral hemorrhage.
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our statistical power. Additional studies may well
uncover a mediating role for HDL levels as well.

The exact mechanism by which LDL levels mod-
ulate APOE e4 effect on risk of ICH recurrence re-
mains unclear; our LDL quartile-stratified analyses
suggest that high LDL levels cancel the association
between e4 and nonlobar ICH recurrence. These
findings can be explained by hypothesizing that there
exist multiple biologically detrimental effects of
APOE e4 relevant to nonlobar ICH pathophysiology
(e.g., mitochondrial oxidative stress response, intra-
cellular glucose metabolism, resistance to microvascu-
lar ischemia).11–13,16 These negative effects are then
mitigated or nullified in the presence of elevated
LDL levels. Lipid fractions may exert directly benefi-
cial effects, or simply represent biomarkers of yet
undiscovered protective biological pathways. Given
the central role of lipids in cellular membrane traf-
ficking and integrity, these represent areas of great
interest for further investigation into the basic

pathophysiology of nonlobar ICH.19,20 Ultimately,
additional studies will be required to confirm and
expand our findings.

Of note, our study identified an association
between African American ancestry and increased risk
of nonlobar ICH recurrence. Hispanic ancestry non-
lobar ICH survivors were also noted to be at higher
risk of recurrence, but with a non–statistically signif-
icant result. These findings are of particular interest
because they persisted after adjustment for cardiovascu-
lar risk factors, which are often presumed to be the
major driving factors behind health disparity in ICH
recurrence/outcomes (especially for nonlobar ICH).21,22

Other, still unidentified biological mechanisms
may also contribute to ICH outcome disparity in
these minority populations, thus warranting further
in-depth investigation.

Our study has several limitations. We were unable
to precisely quantify alcohol consumption during
follow-up. Since alcohol consumption is a known

Figure 3 Mediation analyses of the effect of APOE on risk of recurrent ICH in the nonlobar brain regions

The percentages of effect size for APOE e4 genotype association with nonlobar ICH recurrence mediated by other pre-
dictors of rebleeding risk are listed in the central rounded-edges rectangle column. Percentages refer only to the effect size
attributed to APOE e4 genotype (predicting;7% of overall nonlobar ICH recurrence risk). Only LDL1 HDL levels mediated
a proportion of the APOE effects on nonlobar ICH recurrence statistically different from 0%, as visually represented by the
solid line connecting genotype and recurrence outcome through lipid data. Refer to main text for results of separate LDL
and HDL mediation analyses. The remainder of APOE genotype predictive power not accounted for by percentages listed
above is related to undetected mediated effects and/or direct (nonmediated) effects. CAD 5 medical history of coronary
artery disease; CI 5 confidence interval; DM 5 medical history of diabetes mellitus; HDL 5 high-density lipoprotein; ICH 5

intracerebral hemorrhage; LDL 5 low-density lipoprotein.
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ICH risk factor and influences lipid levels, this repre-
sents a limitation of our study. We were unable to
provide direct replication of our findings in a separate
patient group. However, the concordance of findings
between our recurrence study and published case-
control analyses suggests that APOE e4 does have a
role in nonlobar ICH. Similarly, our association anal-
yses for LDL/HDL levels are consistent with multiple
prior reports, thus further supporting their validity.
Our mediation analyses results, however, are in fact
preliminary and will require further replication and
validation. Despite our analyses identifying higher
ICH recurrence risk for African American partici-
pants, the vast majority of our study participants are
European American (i.e., Caucasian). Separate con-
firmatory analyses including larger numbers of non-
European ancestry ICH survivors are therefore
warranted. Perhaps most important, currently avail-
able data prevent us from further dissecting the rela-
tionships among APOE variants, nonlobar ICH, and
lipid metabolism (particularly as they pertain to
exploration of novel individual biological pathways).

In summary, we confirmed that APOE variant e4
and lipid fraction levels have a significant role in
determining nonlobar ICH recurrence. We also pro-
vided preliminary evidence suggesting that LDL levels

modulate the association between e4 and nonlobar
ICH recurrence, by progressively decreasing its effect
size with increasing LDL levels. Additional studies
will be required to confirm these findings, and inves-
tigate in greater depth the biological mechanism link-
ing APOE variants and lipid metabolism to nonlobar
ICH pathophysiology.
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