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Abstract

OBJECTIVE—We previously reported specific genotypes of polymorphisms in two genes, tumor 

necrosis factor-α (TNF-α-238G>A) and Apolipoprotein E (ApoE e2), as independent predictors of 

new intracranial hemorrhage (ICH) in the natural course of untreated brain arteriovenous 

malformations. We hypothesized that the risk of post-treatment ICH would also be greater in 

patients with brain arteriovenous malformations with these genotypes.

METHODS—Two hundred fifteen patients undergoing brain arteriovenous malformation 

treatment (embolization, arteriovenous malformation resection, radiosurgery, or any combination 

of these) were genotyped and followed longitudinally. Association of genotype with new 

symptomatic ICH after initiation of treatment was assessed using Cox proportional hazards 

adjusted for treatment type, demographics, and established ICH risk factors censored at the time of 

the last follow-up evaluation or death.

RESULTS—The cohort was 48% male and 55% Caucasian, and 52% had an ICH before the 

initiation of treatment; the mean age ± standard deviation was 36.6 ± 17.2 years. Posttreatment 

ICH occurred in 34 (16%) patients with a median follow-up period of 1.9 years (interquartile 

range, 1.6 yr). After adjustment, the risk of posttreatment ICH was greater for TNF-α-238 AG 

genotype (hazard ratio [HR], 3.5; 95% confidence interval [CI], 1.3–9.8; P = 0.016) and ApoE e2 

(HR, 3.2; 95% CI, 1.0–9.7; P = 0.042). Similar trends for the TNF-α-238 AG genotype were seen 

in surgery (HR, 4.2; 95% CI, 0.6–28.8; P = 0.14) and radiosurgery subsets (HR, 3.8; 95% CI, 0.7–

19.4; P = 0.11). An effect of ApoE e2 was seen in radiosurgery subsets (HR, 10.9; 95% CI, 1.3–

93.7; P = 0.030), but not in surgery subsets (HR, 1.4; 95% CI, 0.3–7.4; P = 0.67).

CONCLUSION—Despite a variety of different mechanisms for posttreatment hemorrhage, these 

data suggest that the TNF-α and ApoE genotypes may contribute common phenotypes of enhanced 

vascular instability that increase the risk of hemorrhagic outcome.
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Arteriovenous malformation; Cerebral hemorrhage; Genetic epidemiology; Microsurgical 
resection; Radiosurgery; Risk prediction

Patients with brain arteriovenous malformations (BAVM) are at life-threatening risk of 

intracranial hemorrhage (ICH) (25). Obliteration or resection of the lesion to prevent future 

ICH is the primary motivation behind invasive therapy. Effective clinical management 

requires accurate estimates of natural history risks balanced against the hazards of invasive 
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therapy. Clinical presentation of BAVM with ICH is the most widely demonstrated predictor 

of future ICH in the natural course of untreated BAVM (11, 12); predictors of future ICH 

risk in patients with nonhemorrhagic presentations are lacking (34).

The absence of hemorrhagic presentation has recently been reported as an underappreciated 

risk factor predicting morbidity after microsurgical arteriovenous malformation resection 

(21), despite the fact that it is not part of major surgical risk prediction tools such as the 

Spetzler-Martin grading scale (32). Nonhemorrhagic presentation carries a similar risk 

magnitude for adverse outcome after microsurgical resection as the components of the 

Spetzler-Martin grade (21), underscoring weaknesses in current risk grading assessments 

and the need for additional predictors of future morbidity after treatment, particularly in 

patients with BAVMs with unruptured lesions.

Identification of single nucleotide polymorphisms (SNPs) associated with increased risk of 

new ICH could facilitate risk stratification and therapeutic decision-making (28). We 

previously demonstrated that genetic variation might influence the natural course of BAVM. 

We reported an association between the −238G>A promoter polymorphism of the 

inflammatory cytokine tumor necrosis factor-alpha (TNF-α) (1) and the epsilon2 (e2) allele 

of the Apolipoprotein (ApoE) gene (27), and risk of new ICH in the untreated course of the 

disease.

In the present study, we sought to determine whether or not these genotypes would 

independently predict posttreatment ICH risks in the clinical course after the initiation of 

BAVM treatment. Whereas previous reports focused on new ICH in longitudinal follow-up 

after initial presentation but before any intervening treatment, the present study focused on 

an entirely different period of observation, i.e., any new ICH in longitudinal follow-up after 

the initiation of treatment, using similar multivariate analysis with additional adjustment for 

any risks carried over from natural course events.

MATERIALS AND METHODS

Patient Sample

With Institutional Review Board approval and informed consent, patients with BAVM 

evaluated at the University of California, San Francisco (UCSF) are entered into a 

prospective registry, as previously described (13). The database includes information 

regarding patient demographics, radiographic features of the BAVM, clinical presentation, 

treatment, follow-up data, and outcomes, including hemorrhages occurring after the initial 

diagnosis in the natural course as well as after initiation of treatment in the posttreatment 

course. BAVM characteristics such as size and venous drainage pattern were recorded using 

standardized guidelines (17).

Genotyping

Patients had blood samples drawn and deoxyribonucleic acid harvested as previously 

described (1, 27, 28). The TNF-α-38G>A promoter SNP (1) and two SNPs in the ApoE 

gene, Cys112Arg (T>C) and Arg158Cys (C>T), that determine ApoE e2/e3/e4 genotype (9, 

27), were genotyped by template-directed dye-terminator incorporation assays with 
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fluorescence polarization detection as previously described (16, 28). Genotype distributions 

of the two SNPs that make up the ApoE e2/e3/e4 genotypes and the TNF-α-238G>A 

promoter SNP were consistent with Hardy-Weinberg equilibrium among all racial and 

ethnic subgroups (data not shown).

Definitions and Statistical Analyses

We examined the association between the rate of new hemorrhage after the initiation of 

treatment and genotype in Kaplan-Meier survival analysis and Cox proportional hazards 

multivariate models. The primary outcome was time to occurrence of new ICH 

(symptomatic new hemorrhage with intracranial blood on computed tomographic or 

magnetic resonance imaging scans) after the initiation of BAVM treatment censored at the 

time of the last follow-up evaluation or death.

Consistent with our previous reports (1, 27, 28), analyses compared risk in carriers of the 

TNF-α-238 A allele (12% AG, 0% AA) against the homozygote GG genotype reference 

group (88%), as well as risk in ApoE e2 carriers (ApoE e2+, defined as carrying one or two 

copies of the ApoE e2 allele; 12%) against the reference group comprising all other ApoE 

genotypes (ApoE e2−; 88%). Association of genotype with risk of new ICH after treatment 

was assessed using Kaplan-Meier survival analyses and Cox regression. The period at risk 

was defined from the date of the first BAVM treatment (surgery, radiosurgery, or 

embolization) to the date of an event, i.e., onset of new (first subsequent) ICH or censoring 

attributable to loss to follow-up (using the date of the last available follow-up evaluation).

To adjust for variations in treatment received, patients were grouped by the following 

primary definitive treatment cohorts: 1) surgery group, patients undergoing arteriovenous 

malformation resection with or without embolization; 2) radiosurgery group, patients 

undergoing radiosurgery treatment with or without embolization; and 3) complex treatment, 

all other combinations, including multiple treatment with both surgery and radiosurgery, 

with or without embolization, and patients receiving embolization only. To adjust for 

heterogeneity in intervention, treatment cohort was entered as a predictor in the multivariate 

model (with the surgery group as the reference group), and a separate predictor was included 

to indicate whether embolization was received.

Treatment completion status was determined by chart review. For the UCSF patients, 

postoperative angiography was obtained in all patients after microsurgical resection; those 

undergoing radiosurgery had follow-up angiography if follow-up magnetic resonance 

imaging studies suggested nidus obliteration. All cases of posttreatment ICH had treatment 

completion status verified. Forty-three (20%) of the 215 patients had completion status 

imputed as follows: for the outside arte-riovenous malformation resection treatments with 

unconfirmed outcome, treatment was imputed to be “complete” (n = 6); for the radio-

surgery patients with unconfirmed outcomes, treatment was imputed to be “partial,” i.e., less 

than 3 years after radiosurgery treatment date (n = 18), or “complete,” i.e., greater than 3 

years after radiosurgery treatment date (n = 19).

In constructing the multivariate model, we began by including all possible variables of 

clinical importance in a full model, which included genotype, age at first treatment 
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(continuous but measured in decades), race/ethnicity, sex, any pretreatment ICH (ruptured 

before treatment versus unruptured at first treatment), treatment cohort (radiosurgery, 

complex treatment versus surgery), embolization (with embolization versus without 

embolization), treatment completion status (partial versus complete obliteration/removal), 

large BAVM size (largest dimension ≥3 cm versus <3 cm), exclusively deep venous 

drainage (only deep versus any superficial), intranidal aneurysm status (any intranidal 

aneurysm versus none), eloquence, location (subcortical, mixed, posterior fossa versus 

cortical location), and Spetzler-Martin grade. We then used the backward selection method 

to arrive at a final model with maximum parsimony by dropping nonstatistically significant 

predictors one at a time. The predictors that made up the final multivariate model, reported 

as hazard ratios (HRs) and 95% confidence intervals (CIs), included genotype, pretreatment 

ICH, race/ethnicity, male sex, age at start, treatment cohort, treatment completion status, and 

Spetzler-Martin score.

Sensitivity Analyses

The adjustments for treatment cohort and embolization status were dropped from the final 

model in favor of adjusting for the last treatment immediately preceding the posttreatment 

ICH, or overall last treatment in censored cases, to explore any possible risk that could have 

been masked by the categorical grouping and that might have confounded the effect of 

genotype. An interaction term of genotype with treatment cohorts was entered into the main 

models to explore whether or not predictive effects of genotype relied in part on an 

association with treatments received. Ruling out any such interaction, subset analyses were 

performed within the major treatment cohorts to observe the effect size of genotype in the 

radiosurgery and surgery treatment cohorts separately. These two groups were chosen 

because of the homogeneity of the treatment received, either primary surgery or 

radiosurgery, and because there was a large enough sample size to allow some degree of 

adjustment for other risk factors or potential confounders.

To reduce potential confounding by race/ethnicity, subset analysis within the major ethnic 

group (Caucasians) was performed. To assess the impact of unconfirmed treatment 

outcomes (partial versus complete treatment) on the stability of our estimates of the risks of 

each genotype, we performed sensitivity analyses in which we repeated the multivariate Cox 

analyses assuming that all unconfirmed outcomes were “complete” or that all unconfirmed 

outcomes were “partial.” We reran the multivariate models excluding all intraoperative and 

perioperative bleeds, defined to be new ICH after initiation of treatment within 7 days of 

treatment, to explore any possible confounding resulting from procedural complication rates 

in higher-risk lesions from the natural course.

RESULTS

We genotyped 215 patients undergoing BAVM treatment (48% male; 55% white; 52% with 

any ICH before initiation of treatment; mean age ± standard deviation, 36.6 ± 17.2 yr) with a 

total of 138 patients in the surgery cohort, 54 in the radio-surgery cohort, and 23 in the 

complex treatment cohort (Table 1). The characterization of lesions entering each treatment 

cohort by Spetzler-Martin surgical grade is displayed in Table 2.
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Overall, in a median follow-up period of 1.9 years (interquartile range, 1.6), 181 (84%) 

patients were followed until censoring at the time of their last follow-up evaluation (127 

surgery, 37 radiosurgery, 17 complex treatment); new ICH in the clinical course after 

initiation of treatment occurred in an additional 34 (16%) patients (11 surgery, 17 

radiosurgery, and six complex treatment) and was associated with the AG genotype of TNF-

α-238G>A (χ2, P = 0.031; Table 1). Of the 11 patients with postsurgical bleeds, nine 

underwent operation at UCSF and two underwent operation at other institutions and 

transferred to UCSF with new ICH for further surgery. Of the nine UCSF post-surgical ICH 

cases, seven were assessed as complete resections with lack of residual nidus seen on 

follow-up angiography and two were determined to be partial, one of which was attributable 

to intentional staging. Of the two outside treatments with postsurgical bleeds, one was 

assessed as complete and one as partial. Of the bleeds in the UCSF group, two were 

intraoperative, including one in the complete resection group and one in the partial resection 

group undergoing intentional staging.

Kaplan-Meier analysis exploring association of genotype with new ICH after the initiation 

of treatment showed a trend for TNF-α-238 AG genotype (log rank P = 0.15; Fig. 1A) and 

ApoE e2 carrier status (log rank P = 0.19; Fig. 1B) to be associated with posttreatment ICH. 

Adjusting for other risk factors in multivariate Cox proportional hazards analysis, risk of 

post-treatment ICH was greater for TNF-α-238 AG genotype compared with GG genotype 

(HR, 3.5; 95% CI, 1.3–9.8; P = 0.016; Table 3), as well as for ApoE e2 carriers (HR, 3.2; 

95% CI, 1.0–9.7; P = 0.042; Table 3). Among the predictors of posttreatment hemorrhage 

studied, partial treatment status had the largest effect. Other predictors included advanced 

age and male sex. Among all predictors studied, genotype was second only to partial 

treatment status in terms of magnitude of effect.

We observed no association of TNF-α-238 AG genotype with Spetzler-Martin grade (odds 

ratio [OR], 1.1; 95% CI, 0.7–1.7; P = 0.68) or age in decades at the time of the first 

treatment (OR, 0.9; 95% CI, 0.7–1.2; P = 0.63), and similarly no association of ApoE 

genotype with Spetzler-Martin grade (OR, 0.8; 95% CI, 0.5–1.2; P = 0.30) or age in decades 

at the time of the first treatment (OR, 0.9; 95% CI, 0.7–1.1; P = 0.28). There was no 

association between either of the genotypes and presence of intranidal aneurysms.

In sensitivity analyses, replacing the categorical adjustments for treatment group with a 

single adjustment for the last treatment immediately preceding posttreatment ICH or overall 

last treatment in censored cases had minimal impact on the other estimates in the model, and 

similar findings for risk of TNF-α-238 AG genotype (HR, 3.4; 95% CI, 1.1–10.3, P = 0.028) 

and ApoE e2 carrier status (HR, 3.3; 95% CI, 1.1–10.2, P = 0.038) were observed. There 

was no interaction effect between either of the genotypes and the treatments received, and 

the distribution of genotypes between treatment cohorts was not different (data not shown). 

In subset analysis, association of genotype with posttreatment ICH rates was assessed in the 

surgery and radiosurgery treatment cohorts separately; as shown in Figure 2, the postsurgical 

bleeds were all in the immediate postoperative period. TNF-α-238 AG genotype 

demonstrated a similar effect size when the multivariate Cox model was run separately 

within the surgery group (HR, 4.2; 95% CI, 0.6–28.8, P = 0.14) and radiosurgery group 

(HR, 3.8; 95% CI, 0.7–19.4, P = 0.11). There was no effect of ApoE e2 carrier status 
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observed in the surgery group (HR, 1.4; 95% CI, 0.3–7.4, P = 0.67); however, an effect of 

ApoE e2 was observed in the radiosurgery group (HR, 10.9; 95% CI, 1.3–93.7; P = 0.030).

In subset analysis within the major ethnic group (Caucasians), risk of posttreatment ICH was 

consistently increased for both TNF-α-238 AG genotype (HR, 2.9; 95% CI, 0.7–11.3, P = 

0.13) and ApoE e2 carriers (HR, 8.4; 95% CI, 1.6–44.0, P = 0.011). The sensitivity analyses, 

in which we assumed that all unconfirmed outcomes were “complete,” or that all 

unconfirmed outcomes were “partial,” yielded a range of estimates for the effects of 

genotypes taking into account the maximum possible variability among unconfirmed 

outcomes. The estimate for TNF-α-238 AG genotype was HR = 3.7 when assuming all 

unconfirmed outcomes to be “complete” (95% CI, 1.2–11.2; P = 0.022) and was HR = 6.1 

when assuming all unconfirmed outcomes to be “partial” (95% CI, 2.1–17.4; P = 0.001). 

Similarly, the estimate for ApoE e2 carriers was HR = 3.0 when assuming all unknown cases 

to be “complete” (95% CI, 0.9–9.4, P = 0.066), and HR = 3.5 when assuming all unknown 

cases to be “partial” (95% CI, 1.1–10.8, P = 0.033). Therefore, taking into account the 

maximum possible variability in treatment completion status among our unconfirmed cases 

suggests consistent estimates of the risks associated with both genotypes.

In further sensitivity analyses, excluding the two cases of intraoperative ICH did not 

substantially change the effect size or significance for either genotype (data not shown). 

After excluding all perioperative ICH events that occurred within 7 days of last treatment (n 

= 14), a similar magnitude of risk was seen for ApoE e2 (HR, 5.5; 95% CI, 0.7–43.3; P = 

0.10) and TNF-α-238 AG genotype (HR, 2.4; 95% CI, 0.6–10.1; P = 0.22) in the 

multivariate Cox model, although there was not a large enough sample size to achieve 

significance.

DISCUSSION

This study demonstrates the first evidence of an association between genotype and the risk 

of new ICH after initiation of BAVM treatment in a longitudinal follow-up study. The AG 

genotype of the TNF-α-238G>A promoter polymorphism was associated with a 3.5-fold 

increase in risk of new ICH in the posttreatment course of BAVM with a similar 3.2-fold 

risk in ApoE e2 carriers. Effect sizes were similar to those previously reported for the 

association of these genotypes with new ICH in the untreated natural course of BAVM after 

diagnosis but before any treatment (1, 27).

The finding for TNF-α-238G>A genotype further implicates inflammatory processes in the 

pathogenesis of vessel rupture. Despite a variety of different mechanisms for posttreatment 

hemorrhage, these data suggest that the TNF-α and ApoE genotypes may contribute 

common phenotypes of enhanced vascular instability that serve to increase the risk of 

hemorrhagic outcomes after treatment.

The cytokine TNF-α is a proinflammatory and immunomodulatory pleiotropic polypeptide 

implicated in inflammatory conditions involving proteolytic processes (14). In particular, 

TNF-α plays a significant role in brain immune and inflammatory activities and has been 

implicated in a variety of pathological processes, including ischemia, trauma, and infectious 
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disease (10). TNF-α-238 AG genotype has been associated with a high cytokine expressor 

phenotype (29). TNF-α is an upstream modulator for many inflammatory cytokines and 

proteolytic enzymes, including interleukin-6 and matrix metalloproteinases, a family of 

proteolytic enzymes that degrade extracellular matrix around blood vessels and damage 

endothelial cells, which could result in destabilization and potential weakening of the vessel 

wall, passive dilation, and rupture (15). Surgical BAVM specimens display elevated 

interleukin-6 and matrix metalloproteinase expression (6, 7, 15).

TNF-α promotes inflammation by stimulation of capillary endothelial cell proinflammatory 

responses and expression of proadhesive molecules on the endothelium, resulting in 

leukocyte accumulation, adherence, and migration from capillaries into the brain (10). 

Furthermore, TNF-α activates glial cells, thereby regulating tissue remodeling, gliosis, and 

scar formation (31). A role for TNF-α in BAVM pathophysiology is, therefore, consistent 

with the common association of BAVM with intervening and surrounding parenchymal 

gliosis.

The ApoE genotype has been implicated in many human disease phenotypes, including ICH 

and subarachnoid hemorrhage (23). The presence of the ApoE e2 variant increases recurrent 

lobar ICH risk in patients with cerebral amyloid angiopathy (35). ApoE may modify the 

central nervous system response to acute and chronic injury (20). ApoE functions as an 

important suppressor of glial cell secretion of TNF-α (19). ApoE also promotes the efflux of 

lipids from astrocytes and neurons (26).

The order of potency of the ApoE isoforms as lipid acceptors is ApoE e2 > ApoE e3 > ApoE 

e4 in astrocytes and ApoE e2 > ApoE e3 > ApoE e4 in neurons (26). Because ApoE e2 binds 

with the highest affinity as a lipid acceptor, this isoform may not be as readily available to 

suppress glial cell secretion of TNF-α in BAVMs as the ApoE e3 and ApoE e4 isoforms.

ApoE e2 genotype may also confer enhanced proteolytic activity contributing to the 

pathogenesis of arteriovenous malformation hemorrhage (27). Briefly, the addition of 

exogenous ApoE e2 can enhance tissue plasminogen activator (tPA)-induced clot lysis (4, 

8). tPA and e2 form a tight quaternary structure distinct from a looser tPA–e4 complex and a 

nonspecific tPA–e3 complex, and these interactions modulate tPA proteolytic activity (2). 

ApoE e2 may also influence activation of the matrix metalloproteinase cascade (24), 

consistent with findings in surgical specimens (15). Consistent with our previous findings 

implicating the ApoE e2 genotype, but not ApoE e3 or e4, as a predictor of future ICH in the 

natural course of BAVM, neither ApoE e3 nor ApoE e4 demonstrated any effect, protective 

or otherwise, on the risk of ICH in the posttreatment course of BAVMs. The association of 

ApoE with vascular instability, both in the natural course and after treatment, appears to be 

specific to the e2 isoform.

It remains unclear why the ApoE e2 genotype was associated with postradiosurgery but not 

postresection arteriovenous malformation hemorrhages. The Kaplan-Meier graphs (Fig. 2) 

demonstrate that posttreatment hemorrhagic outcomes in the surgery subset were relatively 

acute events occurring soon after the initiation of treatment with no events observed further 

out in follow-up evaluation in this subset. In contrast, a relatively constant rate of 
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hemorrhagic events was seen in the radiosurgery subset. This may suggest that the acute 

injury that occurs as a result of surgical extirpation initiates a brief set of proinflammatory 

stimuli that quickly recedes. On the other hand, there is a long latency period between 

radiation treatment and obliteration, and during this period, the genetic influences could be 

driven largely by the same mechanisms that result in hemorrhage during the natural 

untreated course.

Partial treatment status demonstrated the largest effect among the predictors studied for 

posttreatment hemorrhage, underscoring the importance of complete obliterative outcome on 

risk reduction after initiating BAVM treatment. However, it is noteworthy that among all the 

other predictors of posttreatment hemorrhage studied, genotype was second only to partial 

treatment status in terms of magnitude of effect.

Older age was also seen to be a factor associated with an increased risk of posttreatment 

hemorrhage. A recent natural history study (33) found that age was related to hemorrhage in 

the untreated course of BAVMs, although we could not replicate this finding in the UCSF 

Bay Area cohort (18). It seems reasonable to speculate that the processes involved in age-

related predisposition to hemorrhage might reflect similar mechanisms in natural history and 

posttreatment hemorrhage.

On the mechanistic level, there is also plausibility, considering that the present study and our 

previous work (1, 7, 28) have implicated inflammation in the arteriovenous malformation 

lesional phenotype. Neuroinflammatory disease exhibits age-related prevalence, and normal 

aging is characterized by increased production of cytokines and an imbalance between pro- 

and anti-inflammatory cytokines (3, 5, 22, 30).

A limitation of the current study is that the results depend on events in a small subset of our 

patients, which makes it difficult to fully explore possible confounders and results in wide 

CIs or loss of power that can make sensitivity analyses difficult to interpret. Ideally, we 

would obtain follow-up angiograms on all patients to rule out residual arteriovenous 

malformation. Therefore, any conclusions drawn from our data regarding the relative effect 

of partial versus complete treatment must be tempered by the possibility that there may be 

some patients who still harbored residual arteriovenous malformations or who had a 

recurrence and were analyzed as having had complete treatment. However, our study is not 

meant to address hemorrhage rates between partially and completely treated lesions; 

adjusting for completion status, both genotypes were still associated with posttreatment 

hemorrhage.

Despite these limitations, we believe there are important clinical and genetic risk factors that 

have been identified for risk of posttreatment ICH and that these findings further support the 

role of inflammatory cytokines in the pathogenesis of BAVM hemorrhage. Taken together 

with our previous findings in the untreated course, these new data provide more evidence 

suggesting that TNF-α and ApoE genotypes may generally confer enhanced vascular 

instability irrespective of the mechanism of injury. These results warrant further 

investigation and replication in future studies.
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CONCLUSIONS

This study provides the first evidence that genetic variation contributes to the clinical course 

of BAVMs after treatment. Despite a variety of different mechanisms for posttreatment 

hemorrhage, TNF-α and ApoE genotype may modulate common phenotypes of enhanced 

vascular instability that increase the risk of hemorrhagic outcome.
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FIGURE 1. 
Kaplan-Meier survival analysis was performed on new ICH during BAVM clinical course 

after the initiation of treatment by TNF-α-238 AG genotype (A, log rank, P = 0.15) or ApoE 

e2 carrier status (B, log rank, P = 0.19) on risk of posttreatment ICH.
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FIGURE 2. 
New ICH during BAVM clinical course after the initiation of treatment by treatment cohort 

and TNF-α-238 AG genotype (A) or ApoE e2 carrier status (B) on risk of posttreatment 

ICH.
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