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ABSTRACT

Objective: To identify risk factors for intracranial hemorrhage in the natural history course of brain
arteriovenous malformations (AVMs) using individual patient data meta-analysis of 4 existing
cohorts.

Methods: We harmonized data from Kaiser Permanente of Northern California (n 5 856), Univer-
sity of California San Francisco (n 5 787), Columbia University (n 5 672), and the Scottish
Intracranial Vascular Malformation Study (n 5 210). We censored patients at first treatment,
death, last visit, or 10-year follow-up, and performed stratified Cox regression analysis of time-
to-hemorrhage after evaluating hemorrhagic presentation, sex, age at diagnosis, deep venous
drainage, and AVM size as predictors. Multiple imputation was performed to assess impact of
missing data.

Results: A total of 141 hemorrhage events occurred during 6,074 patient-years of follow-up
(annual rate of 2.3%, 95% confidence interval [CI] 2.0%–2.7%), higher for ruptured (4.8%,
3.9%–5.9%) than unruptured (1.3%, 1.0%–1.7%) AVMs at presentation. Hemorrhagic presen-
tation (hazard ratio 3.86, 95% CI 2.42–6.14) and increasing age (1.34 per decade, 1.17–1.53)
independently predicted hemorrhage and remained significant predictors in the imputed dataset.
Female sex (1.49, 95% CI 0.96–2.30) and exclusively deep venous drainage (1.60, 0.95–2.68,
p 5 0.02 in imputed dataset) may be additional predictors. AVM size was not associated with
intracerebral hemorrhage in multivariable models (p . 0.5).

Conclusion: This large, individual patient data meta-analysis identified hemorrhagic presentation
and increasing age as independent predictors of hemorrhage during follow-up. Additional AVM
cohort data may further improve precision of estimates, identify new risk factors, and allow
validation of prediction models. Neurology® 2014;83:590–597

GLOSSARY
AAA 5 associated arterial aneurysm; AVM 5 arteriovenous malformation; BAVM 5 brain arteriovenous malformation; CI 5
confidence interval; COL 5 Columbia; CPT-4 5 Current Procedural Terminology, fourth edition; HR 5 hazard ratio; ICD-9 5
International Classification of Diseases, ninth revision; IPDMA 5 individual patient data meta-analysis; KPNC 5 Kaiser
Permanente of Northern California; MARS 5 Multicenter AVM Research Study; SIVMS 5 Scottish Intracranial Vascular
Malformation Study; UCSF 5 University of California San Francisco.

Brain arteriovenous malformations (BAVMs) are the most common cause of intracranial hem-
orrhage in younger people, who are at risk of long-term morbidity and mortality. The most
common presentation is hemorrhage (approximately 50%), followed by seizures and neurologic
deficits.

Understanding hemorrhage risk in the natural history course of BAVM is crucial when mak-
ing treatment decisions. However, obtaining accurate estimates is challenging because of short
follow-up times from censoring by treatment, low event rates, and low prevalence of disease,
which are major limitations of all BAVM longitudinal studies. Current BAVM annual hemor-
rhage rates range from 2%–4% overall1–9 to 1%–3% among unruptured patients,1,4,6,9 but vary
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widely depending on the number of overlap-
ping risk factors.9 More importantly, the rela-
tive effects of risk factors, such as age, sex,
anatomical location, and angioarchitectural at-
tributes, also vary between studies. Sufficient
sample size and events are generally not avail-
able within single centers to allow adequate
assessment of subgroups.

These considerations form the rationale for
the Multicenter AVM Research Study (MARS).
We illustrate the feasibility of pooling longitudi-
nal data from existing cohorts, and perform an
individual patient data meta-analysis (IPDMA)
to evaluate risk predictors.10,11 IPDMA is
the PROGRESS-recommended12 approach for
prognostic research and has a number of advan-
tages over standard methods, allowing for meta-
analysis of multivariable models and internal
validation.

METHODS Study cohorts. Individual-level survival data

were available from 4 cohorts participating in MARS: Kaiser Per-

manente of Northern California AVM Study (KPNC, n5 856),2

University of California San Francisco Brain AVM Study Project

(UCSF, n5 787),4 the Columbia AVMDatabase Project (COL,

n 5 672),9 and the Scottish Intracranial Vascular Malformation

Study (SIVMS, n 5 210).13,14

COL and UCSF prospectively collected data from all consec-

utive BAVM cases seen at their institutions during 1989–2003

and 2000–2010, respectively.4,9 A multidisciplinary team of neu-

rosurgeons, neurointerventional radiologists, and neurologists

discuss all cases and confirm the diagnosis of BAVM on neuro-

imaging, and follow-up patients at clinic visits. At UCSF, the

study coordinator obtains consent from all patients with BAVM,

abstracts data, and performs annual phone follow-up in addition

to seeing patients at clinic visits to obtain outcome data.

KPNC cases were identified from approximately 3 million

health care members through 2006 using computerized search

of all databases for ICD-9 code 747.81 and CPT-4 codes germane

to BAVM.2 A trained medical record abstractor reviewed all

charts to verify the diagnosis, and abstracted relevant clinical

and outcome data. The definitive diagnosis of BAVM is based

on 2 or more sources, including clinical history, neuroimaging

(CT, MRI, or angiography as a single study or in combination),

and pathology. Study neurologists adjudicated any suspect cases.

SIVMS is a prospective, population-based cohort study that

used anonymized data extracts from multiple overlapping sources13

in a National Health Service clinical audit to identify all cases of

intracranial vascular malformations in Scotland (www.saivms.scot.

nhs.uk). For MARS, we included residents 16 years or older with a

definite diagnosis of BAVM between 1999 and 2003, made on the

basis of pathologic examination or neuroimaging and confirmed by

2 study neuroradiologists.14 Annual surveillance of general practi-

tioner and hospital medical records, and annual postal question-

naires to consenting participants on each anniversary of BAVM

diagnosis were used to identify events during follow-up.

Standard protocol approvals, registrations, and patient
consents. All studies were approved by institutional ethics

committees. A waiver of consent was obtained for KPNC and

COL because data were collected from medical records with no

direct patient contact. Informed consent was obtained from pa-

tients with BAVM participating in the UCSF study and SIVMS

to ascertain events from patients.

Data collection. Data fields were harmonized following stan-

dardized guidelines for reporting AVM terminology15; the code-

book is provided in table e-1 on the Neurology® Web site at

Neurology.org. We focused on a limited subset of predictors in

common among the 4 cohorts (age at presentation and diagnosis,

initial presentation, and sex), and expanded to include angiographic

data (maximum nidus diameter in centimeters [size], venous

drainage pattern, lobar location, infratentorial location, and

associated arterial aneurysm [AAA]), for which a variable degree of

missing data was present (table 1). Completeness of angiographic

variables was influenced by study design and the appropriateness of

undertaking digital subtraction angiography for the patients in

question. For analysis, we considered “age at diagnosis” to be the

onset of symptoms or signs leading to diagnosis. Hemorrhagic

presentation was defined as fresh bleeding into parenchyma or

CSF spaces by CT or MRI with accompanying clinical signs

or symptoms. “Associated arterial aneurysm” included any

flow-related (feeding artery) aneurysm or intranidal aneurysm

(excluding venous varices). Venous drainage pattern was

dichotomized into exclusively deep vs not exclusively deep.

Statistical analysis. Descriptive statistics were compared

between cohorts using x2 tests for categorical variables and anal-

ysis of variance for continuous variables. Kaplan–Meier survival

curves and log-rank tests were used to describe hemorrhage-free

survival rates. Patients were censored at earliest occurrence of first

BAVM treatment, death, or last follow-up visit. Follow-up times

were censored at 10 years to make the cohorts more comparable,

resulting in different hemorrhage rates than previously published.

We performed IPDMA using a 1-step approach.10 Significant

predictors (p, 0.05) in at least 1 of the 4 cohorts were included in

combined multivariable Cox regression analysis of time-to-

hemorrhage in the natural untreated course after diagnosis. Propor-

tional hazards were tested using Schoenfeld residuals, and a time-

varying covariate was included for predictors that violated the

assumption. All pairwise interaction terms between cohort and

predictors were examined by likelihood ratio test for inclusion in

multivariable models; nonsignificant interaction terms (p . 0.10)

were excluded from final models. To allow for differing hemorrhage

rates across cohorts, we used stratified Cox models.

We addressed missing clinical data by comparing models of

different complexity and by multiple imputation. Three multivar-

iable Cox regression analyses were considered. Model A allowed

for the largest sample size (n 5 1,776), and included age at

diagnosis (decades), female sex, initial hemorrhagic presentation,

maximal BAVM size (cm), and exclusively deep venous drainage.

Model B included all variables in model A plus 2 AVM location

variables, AAA, and an interaction term of AAA with time

because of nonproportional hazards (n 5 1,412). As a sensitivity

analysis, model C was restricted to model B patients (n5 1,412)

but included the same variables as model A to evaluate whether

model B results were attributable to additional angiographic var-

iables or to the subset of patients included.

For multiple imputation, we generated 50 imputation data-

sets with a multivariate normal regression imputation algo-

rithm,16 thereby allowing us to include all 2,525 patients in

the IPDMA. Imputed values of age at diagnosis, AVM size,

and venous drainage pattern were generated based on the fol-

lowing independent variables: cohort, sex, initial hemorrhagic
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Table 1 Characteristics of the contributing cohorts and the final MARS cohort

Characteristic UCSF (n 5 787) COL (n 5 672) SIVMS (n 5 210) KPNC (n 5 856) MARS (n 5 2,525) p Value

Demographic

Sex 0.073

Male 387 (49) 313 (47) 119 (57) 432 (50) 1,251 (50)

Female 400 (51) 359 (53) 91 (43) 424 (50) 1,274 (50)

Ethnicity ,0.001

Caucasian 406 (52) 467 (71) 155 (99) 540 (66) 1,568 (65)

Hispanic 200 (26) 97 (15) 0 (0) 121 (15) 418 (17)

Asian/Pacific Islander 105 (13) 33 (5) 2 (1) 73 (9) 213 (9)

Black 56 (7) 61 (9) 0 (0) 78 (10) 195 (8)

Native American 9 (1) 0 (0) 0 (0) 1 (,1) 10 (,1)

Mixed race 2 (,1) 0 (0) 0 (0) 0 (0) 2 (,1)

Missing 9 (1) 14 (2) 53 (25) 43 (5) 119 (5)

Age at diagnosis, y, mean 6 SD 35 6 18 35 6 15 47 6 15 39 6 19 37 6 18 ,0.001

Missing 0 (0) 1 (,1) 0 (0) 0 (0) 1 (,1)

Clinical

Initial hemorrhagic presentation 0.772

Yes 347 (44) 298 (44) 100 (48) 391 (46) 1,136 (45)

No 440 (56) 374 (56) 110 (52) 465 (54) 1,389 (55)

Venous drainage 0.464

Exclusively deep 131 (18) 122 (18) 25 (14) 90 (19) 368 (18)

Not exclusively deep 593 (82) 542 (82) 153 (86) 373 (81) 1,661 (82)

Missing 63 (8) 8 (1) 32 (15) 393 (46) 496 (20)

AVM size, cm, mean 6 SD 3.0 6 1.6 3.2 6 1.6 2.7 6 1.5 3.1 6 1.6 3.0 6 1.6 ,0.001

Missing 65 (8) 3 (,1) 6 (3) 570 (67) 644 (26)

Lobar ,0.001

Yes 526 (75) 523 (85) 172 (82) NA 1,221 (80)

No 172 (25) 90 (15) 38 (18) NA 300 (20)

Missing 89 (11) 59 (9) 0 (0) 856 (100) 1,004 (40)

Infratentorial 0.087

Yes 101 (15) 79 (12) 19 (9) NA 199 (13)

No 587 (85) 562 (88) 191 (91) NA 1,340 (87)

Missing 99 (13) 31 (5) 0 (0) 856 (100) 986 (39)

Any associated arterial aneurysm ,0.001

Yes 229 (36) 149 (23) 54 (26) NA 432 (29)

No 412 (64) 512 (77) 156 (74) NA 1,080 (71)

Missing 146 (19) 11 (2) 0 (0) 856 (100) 1,013 (40)

Spetzler-Martin grade, median, IQR 3, 1 3, 2 2, 1 NA 3, 1 ,0.001

Missing 70 (9) 269 (40) 33 (16) 856 (100) 1,228 (49)

Survival

Follow-up time, mean 6 SD 1.5 6 2.9 2.0 6 3.2 2.8 6 3.6 3.5 6 4.0 2.4 6 3.6 ,0.001

Follow-up time, median, IQR 0.2, 0.9 0.3, 1.6 0.9, 5.9 1.0, 7.4 0.4, 3.2

Outcome ,0.001

Hemorrhage (event) 28 (4) 46 (7) 14 (7) 53 (6) 141 (6)

Treatment (censor) 640 (81) 459 (68) 132 (63) 405 (47) 1,636 (65)

Continued
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presentation, hemorrhage event (yes or no), and nontruncated,

log-transformed survival time.

We also used 10-fold cross-validation to assess overfitting and

compared models on the basis of Harrell’s C statistic.17 All anal-

yses were performed using Stata version 12.1 (StataCorp LP,

College Station, TX); forest plots were generated using metan.18

RESULTS Demographic, clinical, and survival analy-
sis characteristics of the 4 cohorts are presented in
table 1. Missing data for each variable are also listed
by cohort where applicable.

Baseline characteristics. There was no significant differ-
ence in sex (p 5 0.07), initial hemorrhagic presenta-
tion (p 5 0.77), exclusively deep venous drainage
(p 5 0.46), and infratentorial location (p 5 0.09)
between cohorts (table 1). The majority of patients
with BAVM were of Caucasian race/ethnicity (65%),
and this was the largest subgroup within each cohort.
However, race-ethnic differences were observed
reflecting the geographic catchment areas (p ,

0.001). Patients with BAVM in the SIVMS cohort
were also, on average, older (47 6 15 years) and had
smaller AVM size (2.7 6 1.5 cm) compared with
other cohorts. UCSF had a lower percentage of
AVMs in lobar location (75%) but a greater
percentage of AVMs with AAA (36%).

First and recurrent hemorrhage rates. Among 2,525 pa-
tients, 141 hemorrhage events occurred during 6,074
person-years of follow-up, yielding an overall annual
hemorrhage rate of 2.3% (95% confidence interval
[CI] 2.0%–2.7%), which was higher in ruptured
(4.8%, 95% CI 3.9%–5.9%) than unruptured
(1.3%, 95% CI 1.0%–1.7%) AVMs at presentation
(table 2). There was some evidence that hemorrhage
rates varied by cohort (p5 0.051, figure 1); COL had
the highest intracerebral hemorrhage rate (3.5%),
followed by SIVMS (2.4%), UCSF (2.3%), and
KPNC (1.8%) (table 2). Thus, to combine data
into a single model for IPDMA, we allowed the
baseline hazards for each cohort to vary in stratified
Cox regression analysis. Sensitivity analysis of
hemorrhage rates when truncating survival times to
1, 2, 5, and 10 years after diagnosis suggests that
hemorrhage events were more likely to occur in a
short window after presentation rather than at a
later time. This is reflected by higher hemorrhage

rates in the 1- and 2-year analyses and lower rates
in the 5- and 10-year analyses (table e-2).

Predictors of hemorrhage during follow-up. Initial hem-
orrhagic presentation (p , 0.001), exclusively deep
venous drainage (p 5 0.001), and AAA (p 5 0.026)
were significant predictors of hemorrhage in univari-
able analysis (table 3). Kaplan–Meier survival curves
for 4 predictors are shown in figure e-1.

Results from multivariable Cox regression analyses
are summarized in table 3. Initial hemorrhagic pre-
sentation was the strongest predictor of subsequent
hemorrhage in both multivariable models (A and B),
with patients presenting ruptured having an approx-
imately 4-fold increased risk compared with those
presenting unruptured (p , 0.001). Increasing age
at diagnosis was a significant predictor of hemorrhage
in both multivariable models A (p , 0.001) and B
(p5 0.002), corresponding to an approximately 30%
increased risk of hemorrhage for every decade increase
in age. Model B also identified a time-dependent
effect of AAA with subsequent hemorrhage (p 5

0.013); the risk of hemorrhage 1 year after presenta-
tion was 58% higher in AVMs with AAA compared
to those without aneurysms (hazard ratio [HR] 5
1.58), but no long-term effect was observed (HR 5

0.98 at 4 years). All other predictors in models A and
B were not statistically significant, although the lower
bound of the 95% CI for female sex and exclusively
deep venous drainage just crossed the null value of 1.0.

Figure 2 demonstrates increased precision of
multivariable-adjusted estimates from model A.
HRs for the 4 predictors shown were significant or
borderline significant in IPDMA while generally not
within any single cohort. The advantage of IPDMA is
observed in the narrowed width of the 95% CI as
compared to within each cohort.

All models performed reasonably well, with C sta-
tistics of 0.75 (model A), 0.76 (model B), and 0.74
(model C). Model C had a higher cross-validated C
statistic (5 predictors, C 5 0.73) compared with
model B (9 predictors, C 5 0.72), suggesting that
the additional variables in model B did not improve
prediction and fit over simpler models (models A and C).

Using model A estimates, we calculated the pre-
dicted probability of hemorrhage in the untreated
course for an 80-year-old and a 40-year-old man with

Table 1 Continued

Characteristic UCSF (n 5 787) COL (n 5 672) SIVMS (n 5 210) KPNC (n 5 856) MARS (n 5 2,525) p Value

Last follow-up (censor) 111 (14) 167 (25) 38 (18) 369 (43) 685 (27)

Death (censor) 8 (1) 0 (0) 26 (12) 29 (3) 63 (3)

Abbreviations: COL 5 Columbia AVM Database Project; IQR 5 interquartile range; KPNC5 Kaiser Permanente of Northern California; MARS 5Multicenter
AVM Research Study; NA 5 not available; SIVMS 5 Scottish Intracranial Vascular Malformation Study; UCSF 5 University of California San Francisco.
Data are n (%) unless otherwise indicated.
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the following characteristics: unruptured, 3-cm AVM
nidus with superficial venous drainage. This corre-
sponds to a predicted probability of hemorrhage of
4.5% at 1 year, 17.3% at 5 years, and 27.9% at 10
years for the 80-year-old man and 1.4%, 5.6%, and
9.6%, respectively, for a 40-year-old man with similar
characteristics (described in the text for figure e-2).
Figure e-2 shows good separation of survival curves into
low, intermediate, and high risk of hemorrhage. In this
example, the 80-year-old man who has an unruptured
BAVM has a similar hemorrhage risk to a 40-year-old
man who presents with a ruptured BAVM.

To alleviate concern that results were dominated
by older patients driving the age association, we as-
sessed hemorrhage risk by age categories. Compared

with children, the risk of hemorrhage was monoton-
ically increasing across all successive age categories
(table e-3), providing further justification for model-
ing age continuously.

Effect of missing data. Model B excluded KPNC
patients because data were not collected for lobar loca-
tion, AAA, and infratentorial location. However,
model C (n 5 1,412) estimates were similar to those
in model A (n 5 1,776), suggesting that model B
results were not biased due to the reduced subset of
patients included (table 3). We also compared model A
estimates when leaving the SIVMS cohort out because
this cohort had patients with BAVM who were on
average 10 years older. The age effect was similar in
the reduced dataset (HR5 1.39, 95% CI 1.21–1.60).

Imputation of missing clinical data allowed us to
include all 2,525 subjects in the multivariable analyses
(table 3). Age at diagnosis (p 5 0.008) and initial
hemorrhagic presentation (p , 0.001) were again
identified as significant independent predictors,
although the HRs were reduced and more similar to
observed univariable results (table 3). In addition,
exclusively deep venous drainage remained a significant
predictor in the imputed dataset (p 5 0.022). These
results suggest that there is some bias in the overall
IPDMA because of excluding individuals with missing
clinical data, but lend confidence to the robustness of
findings for age at diagnosis and hemorrhagic presen-
tation, which were significant across all multivariable
models. Furthermore, imputation may have not only
decreased the bias frommissing data, but also increased
precision of estimates (decreased standard errors) as
reflected by the narrower 95% CI (table 3).

DISCUSSION In this IPDMA of 4 BAVM cohorts,
we identified hemorrhagic presentation and increasing
age at diagnosis as significant independent predictors of
hemorrhage in the natural history course. The finding
that hemorrhagic presentation is the strongest risk
factor for hemorrhage during follow-up is consistent
with all previously reported longitudinal studies.1–9

Figure 1 Survival curves of time-to-hemorrhage in patients with untreated
brain AVM, by MARS cohort

The y-axis shows the proportion of subjects who remain hemorrhage-free. The x-axis shows
follow-up time after AVM diagnosis in years. The table below shows the number at risk
at each follow-up time interval. AVM 5 arteriovenous malformation; COL 5 Columbia;
KPNC 5 Kaiser Permanente of Northern California; MARS 5 Multicenter AVM Research
Study; SIVMS 5 Scottish Intracranial Vascular Malformation Study; UCSF 5 University of
California San Francisco.

Table 2 Hemorrhage rates (per 100 patient-years) overall and by mode of initial presentation

Cohort

Overall Hemorrhagic Nonhemorrhagic

Events Rate 95% CI Events Rate 95% CI Events Rate 95% CI

All 141 2.32 1.97–2.74 85 4.80 3.88–5.94 56 1.30 1.00–1.69

UCSF 28 2.33 1.61–3.37 14 4.88 2.89–8.24 14 1.53 0.91–2.58

COL 46 3.50 2.62–4.67 35 8.12 5.83–11.31 11 1.24 0.69–2.25

SIVMS 14 2.37 1.40–4.00 9 5.54 2.88–10.65 5 1.17 0.49–2.80

KPNC 53 1.79 1.37–2.34 27 3.04 2.08–4.43 26 1.25 0.85–1.84

Abbreviations: CI 5 confidence interval; COL 5 Columbia; KPNC 5 Kaiser Permanente of Northern California; SIVMS 5 Scottish Intracranial Vascular
Malformation Study; UCSF 5 University of California San Francisco.
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However, the statistically and clinically significant
influence of increasing age is an important result, given
that it has only been reported in some9,19 but not all
studies.1,5 We found that increasing age was associated
with an approximately 30% increase in risk for every
10-year increase in age (95% CI 1.17–1.53). This
corresponds to a 5-year predicted risk of hemorrhage
of 17.3% for an 80-year-old man presenting with an
unruptured, 3-cm AVM nidus with no deep venous
drainage compared with only 5.6% for a 40-year-old
man with similar characteristics. While older patients
are also at higher risk of poor outcome after
treatment,20 our data suggest that the risk-benefit of
treatment in older patients bears reconsideration.

In the subset of patients with additional angio-
graphic variables, we found that presence of AAA
increased hemorrhage risk but this effect seemed to
diminish over time. In the COL AVM study, an aneu-
rysm effect was seen for initial hemorrhagic presenta-
tion (p , 0.001), but not on follow-up (HR 1.62,
p 5 0.17).9 The Toronto group also reported high
hemorrhage rates in BAVM patients with associated
aneurysms, but their follow-up time included events
occurring during time of interventional treatment5; the
effect of associated aneurysms did not remain statisti-
cally significant in their multivariable analysis (HR
1.59, p 5 0.07). Our own findings cannot confirm a
strong independent effect of associated aneurysms on
hemorrhage risk on follow-up. However, this variable
remains a potentially important clinical risk factor that
has management implications.20

We report borderline associations with female sex
and exclusively deep venous drainage. Others have
also noted an increased risk of hemorrhage in
females,6,19 although they used different statistical
models and adjustment factors, making it difficult
to directly compare. Exclusively deep venous drainage
is typically identified as a significant univariable pre-
dictor of hemorrhage in all studies, but does not
always remain significant in multivariable analysis.
Deep venous drainage was borderline significant
(p5 0.08) in our model A (n5 1,776), but remained
a significant independent predictor when using
imputed data (n 5 2,525) with an HR of 1.6 (p 5

0.02), suggesting some bias due to missing data.
Including additional data may shed light on these
suggestive risk factors.

While small AVM nidus size has been associated
in prior studies,7,9 it was not a significant predictor
of subsequent hemorrhage risk in any of our multi-
variable models (95% CI 0.90–1.16 in model A) or in
several other studies.5,9,21 These results, however, are
in contrast with those reported in the retrospective
Finnish natural history study,1 where large AVMs
(.50 mm) but not medium AVMs (25–50 mm)
were associated with increased rupture risk compared
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with small AVMs (,25 mm) in various multivariable
models. However, AVM size did not significantly
affect the rupture rate during the first 5 years after
admission (log-rank p 5 0.807) or over the entire
follow-up period (log-rank p5 0.22) in their cohort.1

Our study had several strengths and weaknesses.
This analysis represents the largest study in terms of
sample size, person-years of follow-up, and events
to identify predictors of hemorrhage after BAVM
diagnosis. We show that IPDMA of prognostic fac-
tors for intracerebral hemorrhage in the natural his-
tory course is feasible and yields improved precision
of risk estimates, which were generally not significant
within any single cohort. Furthermore, IPDMA
allows for estimation of multivariable models, internal
validation, and adjustment for missing data. Without
individual-level data, we would not have been able to
perform imputation to explore possible biases in the
data. Our imputation results suggested some bias
from excluding individuals with partially missing co-
variate data and increased precision of multivariable
estimates by decreasing the standard error. Even a
10% decrease in standard error for a predictor has
important implications for planning of future studies

(roughly corresponds to 20% reduction in required
sample size). As summarized in a recent meta-
analysis of treatment outcomes, BAVMs remain a for-
midable management challenge.21 This premise derives
not only from the challenge of safely undertaking inva-
sive therapy, but also from the lack of accurate and
reliable tools to rationally weigh risks of treatment
against conservative management.

However, despite the large sample size, our study
did not identify novel predictors of hemorrhage.
While sex, exclusively deep venous drainage, and
AAA failed to achieve statistical significance in the
IPDMA, we cannot rule out these suggestive and clin-
ically important risk factors given the magnitude of
HRs and imputation results. This highlights the need
for even larger datasets to overcome the limitation of
short follow-up times in the natural history period
due to censoring for treatment. Thus, these hemor-
rhage risk estimates cannot be extrapolated to the
entire lifetime of a patient. Furthermore, we acknowl-
edge potential selection bias in cases included given
possible changes in referral patterns for unruptured
BAVMs in recent years or aggressive treatment of
BAVMs with AAA at referral centers.

Figure 2 Forest plots of multivariable-adjusted predictors by cohort and combined IPDMA

(A) Initial hemorrhagic presentation. (B) Exclusively deep venous drainage. (C) Age at diagnosis. (D) Sex. The x-axis shows the HR with the vertical black line
at 1.0 (no association) and the vertical red line indicating the overall estimate from IPDMA. CI 5 confidence interval; COL 5 Columbia; HR 5 hazard ratio;
IPDMA 5 individual patient data meta-analysis; KPNC 5 Kaiser Permanente of Northern California; SIVMS 5 Scottish Intracranial Vascular Malformation
Study; UCSF 5 University of California San Francisco.
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The next steps for MARS will be a systematic lit-
erature review to identify new collaborators for this
important effort with attention to methodologic qual-
ity of studies, including confounders, bias, and com-
pleteness of follow-up.22 Additional MARS cohorts
should improve accuracy of risk estimates, identify
novel hemorrhage predictors, and allow validation
of risk prediction models that will be clinically useful
and informative for design of future BAVM studies.
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