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Abstract

OBJECTIVE—Patients with brain arteriovenous malformation (AVM) are at life-threatening risk 

of intracranial hemorrhage (ICH). Identification of genetic variants associated with increased new 

ICH risk would facilitate risk stratification and guide therapeutic intervention.

METHODS—Brain AVM patients evaluated at University of California, San Francisco or Kaiser 

Permanente Northern California were followed longitudinally. Primary outcome was new ICH 

after diagnosis; censoring events were any AVM treatment or last follow-up examination. The 

association of ApoE ε2 and ε4 genotype with new ICH was evaluated by Kaplan-Meier survival 

analysis and further characterized via a Cox proportional hazards model.

RESULTS—We genotyped 284 brain AVM patients (50% women; 57% Caucasian; median 

follow-up time, 0.3 yr) including 18 patients with a history of new ICH). ApoE ε2, but not ApoE 

ε4 genotype, was associated with new ICH (P = 0.0052). ApoE ε2 carriers had fivefold increased 

risk of new ICH (hazard ratio, 5.09; 95% confidence interval, 1.46–17.7; P = 0.010; Cox 

proportional hazards model adjusting for race/ethnicity and clinical presentation). Subset analysis 

in the largest homogenous ethnic subcohort (Caucasians) confirmed the increased risk of new ICH 

in ApoE ε2 carriers (hazard ratio, 8.71; 95% confidence interval, 1.4–53.9; P = 0.020; multivariate 

model adjusting for clinical presentation).

CONCLUSION—ApoE genotype may influence the risk of ICH in the natural course of brain 

AVM. The identification of genetic predictors of ICH risk may facilitate estimation of AVM 

natural history risk and individualize clinical decision-making and therapeutic recommendations.
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Patients with brain arteriovenous malformations (AVMs) are at life-threatening risk of 

intracranial hemorrhage (ICH) (4, 7). Clinical presentation of a brain AVM with ICH is 

associated with increased risk of new ICH in the natural course (8). Additional predictors of 

future ICH risk, particularly in brain AVM patients with unruptured lesions, would facilitate 

ICH risk stratification and therapeutic decision-making.

Genetic variation may influence the clinical course of AVMs. We previously reported that 

the −174 G>C promoter polymorphism of interleukin 6 (IL6) is associated with presenting 

ICH at diagnosis (20). A promoter polymorphism in another inflammatory cytokine, tumor 

necrosis factor α (TNFα), may be associated with risk of new ICH in the natural course of 

AVM (1).

Apolipoprotein E (ApoE) genotype has been implicated in many human disease phenotypes 

including ICH and subarachnoid hemorrhage (6, 15, 18). Presence of the ApoE ε2 or ε4 

variant increases recurrent lobar ICH risk in patients with cerebral amyloid angiopathy (19, 
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22). In the present study, we investigated whether ApoE genotype is associated with risk of 

new ICH in the natural course of brain AVM.

PATIENTS AND METHODS

Patients

Brain AVM patients enrolled at the University of California San Francisco (UCSF) (10, 20) 

and Kaiser Permanente Northern California (KPNC) provided informed consent for 

genotyping (9). Demographic and clinical data (initial presentation, treatment history, 

follow-up and outcome, including ICH occurring after initial diagnosis) were collected. 

AVM size and venous drainage pattern were classified using standard guidelines (13).

The primary outcome was occurrence of new ICH, defined as evidence of new hemorrhage 

as a symptomatic event with signs of new intracranial blood on computed tomographic or 

magnetic resonance imaging, after initial presentation but prior to any intervening treatment. 

Clinical presentation leading to diagnosis was coded dichotomously as hemorrhagic 

(ruptured) or non-hemorrhagic (unruptured). The period at risk for analyses was defined 

from date of initial AVM diagnosis to date of an event, i.e., onset of new (first or 

subsequent) ICH or censoring due to initiation of first AVM treatment (surgery, 

embolization, or radiosurgery) or loss to follow-up (using date of last available follow-up). 

We also examined time to first AVM treatment, which was the major reason for censoring in 

the survival analysis.

Genotyping

The two single nucleotide polymorphisms in ApoE, Cys112Arg (T>C) and Arg158Cys 

(C>T) that determine ApoE ε2/ε3/ε4 genotype (6) were genotyped by template-directed dye-

terminator incorporation assay (12, 20). Analyses compared ApoE ε2 carriers (ApoE ε2+) 

against all other genotypes (ApoE ε2−), or ε4 carriers (ApoE ε4+) against all other genotypes 

(ApoE ε4−).

Statistical Analysis

We examined the association between incidence rate of new hemorrhage in natural course 

and ApoE genotype by Kaplan-Meier survival analysis and log rank test. Genotypes 

significantly associated with new ICH incident rate after Bonferroni adjustment for 2 tests 

(P = 0.05/2 = 0.025) were selected for Cox regression analysis. Association of ApoE 

genotype with initial presentation with ICH was evaluated by univariate logistic regression, 

with odds ratio reported.

We ran a full multivariate model including all measured covariates: ApoE genotype, age at 

diagnosis (yr), sex, race/ethnicity (Caucasian versus non-Caucasian), initial presentation 

(presenting ICH versus other), venous drainage pattern (exclusively deep versus other), and 

AVM size (largest dimension < 3 cm versus ≥3 cm). We also examined the effects of ApoE 

genotype and the previously reported TNFα −238G>A genotype (1) together in a 

multivariate model. The final multivariate model was selected for maximum parsimony and 

included ApoE genotype, race/ethnicity and initial presentation. Hazard ratios (HR) and 

Pawlikowska et al. Page 3

Neurosurgery. Author manuscript; available in PMC 2015 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



confidence intervals (CI) were reported. The primary analyses were repeated within each 

racial subgroup to investigate the relationship between ethnicity and the effect of ApoE 

genotype.

RESULTS

We genotyped ApoE in 284 patients with brain AVM (50% women; 57% Caucasian; median 

follow-up time, 0.3 yr [25–75 percentile; 0.04–1.4 yr]), including 18 patients with new ICH. 

New ICH was not associated with any demographic and clinical AVM characteristics (Table 

1), nor with cohort (UCSF versus KPNC) (log rank test, P = 0.12). The majority of patients 

were censored because of treatment after diagnosis (median time to treatment, 0.32 yr 

among patients presenting with ICH, 0.68 yr among patients presenting without ICH).

Genotype distributions of the two single nucleotide polymorphisms that make up the ApoE 

ε2/ε3/ε4 genotypes (see above in the Methods section) were consistent with Hardy-

Weinberg equilibrium among all race-ethnic subgroups (P > 0.15).

Kaplan-Meier survival analysis revealed that presence of the ApoE ε2 allele (ApoE ε2+, 

either one or two copies), was associated with new ICH (P = 0.0052, log-rank test, Table 1 

and Fig. 1). No significant effect was observed for ApoE ε4 (Table 1). Neither ApoE ε2 nor 

ApoE ε4 was significantly associated with ICH diagnosis on initial presentation (univariate 

logistic regression, ApoE ε2+: odds ratio, 1.37; P = 0.38; ApoE ε4+: odds ratio, 0.80; P = 

0.42).

Multivariate Cox proportional-hazards regression analysis controlling for race/ethnicity and 

presenting ICH revealed that ApoE ε2 carriers were at a fivefold increased risk of new ICH 

(HR, 5.09; 95% CI, 1.46–17.7; P = 0.010; Table 2).

Subset analysis in patients of Caucasian race/ethnicity (the largest homogenous ethnic 

subcohort) confirmed the increased risk of new ICH in ApoE ε2 carriers (univariate: HR, 

9.44; 95% CI, 1.53–58.1; P = 0.016; multivariate controlling for initial presentation: HR, 

8.71; 95% CI, 1.4–53.9; P = 0.020). Although there were not enough patients to achieve 

significance, the direction and magnitude of the effect of ApoE ε2 on risk of new ICH in 

Hispanics was comparable to Caucasians (multivariate model, data not shown). We did not 

have enough patients of African-American or Asian ethnicity and ApoE ε2 genotype to 

evaluate the effect of ApoE ε2 within those subgroups.

We previously reported that the AG genotype of the TNFα −238 G>A polymorphism is 

associated with new ICH in brain AVM patients (1). To examine the combined effect of the 

two polymorphisms and new ICH, we entered both risk genotypes in a multivariate model. 

Both ApoE ε2+ and TNFα −238 AG remained significantly associated with new ICH in a 

multivariate model, suggesting that the two polymorphisms are independent predictors of 

ICH risk. However, with the small number of new ICH patients, we did not have the power 

to fully characterize a possible interaction.
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DISCUSSION

We report for the first time an association between ApoE genotype and the clinical behavior 

of brain AVMs. In our study, carriers of the ApoE ε2 allele were at a fivefold in-creased risk 

of new ICH in the natural course of AVM. This association may be of use in developing 

more sophisticated risk-stratification methods for balancing the risks and benefits of surgical 

therapy.

ApoE is involved in several signaling cascades, including cholesterol transport, lipoprotein 

metabolism, and neuronal sprouting (6, 14). Numerous studies have implicated the ApoE ε4 

allele in poor ICH outcomes (14, 15, 18). Both ε2 and ε4 were associated with increased risk 

of recurrent ICH in lobar amyloid angiopathy (19, 22). In contrast, in our study of AVM 

patients, only ApoE ε2 was found to have a significantly increased new ICH risk. This may 

reflect insufficient power to detect an association with ApoE ε4; another possibility is that 

ApoE ε2-specific mechanisms influence AVM hemorrhage, although such mechanisms 

remain speculative at this point.

For example, ApoE interacts with the plasminogen activation cascade in an allele-specific 

manner. The addition of exogenous ApoE ε2 can enhance tissue plasminogen activator 

(tPA)-induced clot lysis, whereas ε4 decreases clot lysis and ε3 has no effect (3, 5). 

Supplemental ApoE ε2 reduces clotting even in the absence of tPA (2). tPA and ε2 form a 

tight quaternary structure distinct from a looser tPA-ε4 complex and a non-specific tPA-ε3 

complex, and these interactions modulate tPA proteolytic activity (2). Thus, enhanced 

proteolytic activity in ApoE ε2 carriers might contribute to AVM bleeding.

Through its effects on the plasminogen activation system, ApoE ε2 may also influence 

activation of the matrix metalloproteinase (MMP) cascade, resulting in increased MMP9 

activity (16). MMP9 levels and activity are higher in AVM vessels compared with normal 

brain vessels, (11) consistent with abnormal vascular remodeling as the underlying 

pathological mechanism. Thus, although ApoE genotype likely influences AVM ICH 

through nonspecific mechanisms relevant to all brain hemorrhage, it may also exert AVM-

specific effects via the MMP pathway.

In the present study, we found ApoE ε2 to be associated with new ICH in the natural course 

of AVM, but not with ICH presentation. It may be that there is an interaction between effect 

of ApoE genotype and disease progression; it is also possible that this study was 

underpowered to detect a smaller effect of ApoE genotype on ICH presentation. The small 

number of new ICH events is a limitation of our study, and constrains our ability to assess 

confounding effects through more complex models. Nevertheless, the effect of ApoE ε2 in 

predicting new ICH is not confounded by clinical and demographic factors, and its 

magnitude and significance level remain consistent under different sensitivity analyses, 

while the confidence interval, though wide, bounds the ApoE ε2 HR at greater than 1.40.

Finally, a large proportion of patients come to treatment early, within the first year. This is 

the main reason for censoring and contributes to the small number of new ICH events. 

However, because this censoring occurs very early in the follow-up period, we do not think 

it introduces a significant bias to the results reported.
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Selecting which patients to recommend for AVM resection is one of the most difficult 

clinical challenges in their management, demanding a careful evaluation of the AVM 

anatomy: the patient’s presentation, neurological condition, expectations, and emotions; the 

neurosurgeon’s technical skills and experience; and the results of the multidisciplinary 

treatment team. At the most basic level, it requires an evaluation of the likelihood of AVM 

hemorrhage in a patient’s lifetime to determine the risk of conservative management, and an 

evaluation of possible complications associated with each element of treatment 

(embolization, surgical resection, and/or radiosurgery) to determine the risk of aggressive 

management. A comparison of these risks then leads to a recommendation. The risks 

associated with therapeutic interventions have been carefully analyzed; for example, tools 

like the Spetzler-Martin grading system provide some estimation of surgical risk.

Whereas surgical risk can be stratified by Spetzler-Martin grade, no such analysis has been 

published for natural history risk, although there are clearly subgroups of AVM patients that 

are at higher risk for future spontaneous hemorrhage; the strongest predictor is clinical 

presentation with bleeding (9, 17). Clinicians are left estimating a patient’s life expectancy 

from actuarial tables, selecting an aggregate annual rate of hemorrhage between 2 and 4%, 

and then calculating a cumulative lifetime risk of harm using crude tables and simplified 

formulas. This approach to risk prediction is not ideal, particularly when the magnitude of 

this clinical decision is considered.

The identification of genetic polymorphisms offers an appealing strategy for furnishing risk 

information that is potentially more robust with less inter-observer variance than traditional 

radiographic, morphological descriptors. Screening for polymorphisms might refine the 

process of estimating an AVM’s natural history risk and individualize this part of clinical 

decision-making. Clinicians will be able to recommend treatment with confidence in 

patients who harbor ominous markers, and patients will undoubtedly make better, more 

informed choices regarding therapy. Patients with these polymorphisms might be more 

comfortable with intervention and its attendant risks, while those without these 

polymorphisms might be more assured that observation is an appropriate course. Genetic 

testing could thereby transform the process of patient selection into a more rational process. 

In a similar manner, stratification of hemorrhage risk has facilitated the management of 

other hemorrhagic lesions in the brain, like aneurysms and their size (21) and dural 

arteriovenous fistulae and their Borden classification.
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FIGURE 1. 
Kaplan-Meier survival analysis of new ICH during AVM clinical course before treatment, 

by ApoE ε2 carrier status. ApoE ε2 carriers are at greater risk for subsequent hemorrhage 

than non-carriers (log rank, P = 0.0052). Censored events (treatment, death, or loss to 

follow-up) are indicated by tick marks on survival curves.
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TABLE 2

Impact of ApoE ε2+ genotype on risk of new intracranial hemorrhage in the natural course of arteriovenous 

malformations

Cox proportional hazard estimates Variables in model P-value HR 95% CI

Univariate ApoE ε2+ 0.012 4.97 1.43–17.3

Multivariate ApoE ε2+ 0.010 5.09 1.46 –17.7

Caucasian race 0.80 0.88 0.32–2.42

Presentation with ICH 0.50 1.46 0.49 – 4.40

a
HR, hazard ratio; CI, confidence interval; ApoE, Apolipoprotein E; ICH, intracranial hemorrhage. Multivariate model includes effect of ApoE ε2+ 

controlling for race/ethnicity (Caucasian versus non-Caucasian) and initial presentation (ICH versus other). Data for all fields were complete (n = 
284), see Table 1 for frequencies.

Neurosurgery. Author manuscript; available in PMC 2015 November 17.


