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BRAIN ARTERIOVENOUS MALFOR-
mations (AVMs) are abnor-
mal connections between ar-
teries and veins leading to

arteriovenous shunting with an inter-
vening network of vessels—the so-
called nidus.1 Brain AVM prevalence
varies between 15 and 18 per 100 000
adults.2 In approximately 0.05% of the
population, they are incidental find-
ings on brain magnetic resonance
imaging screens.3 Their overall detec-
tion rate is 1 per 100 000 adults per
year.4 Roughly half of patients with
brain AVMs present with intracranial
hemorrhage, resulting in a first-ever
hemorrhage rate of 0.55 per 100 000
person-years.4 Little is known about the
etiology of brain AVMs, but the etiol-
ogy is likely to be multifactorial.5
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Context Outcomes following treatment of brain arteriovenous malformations (AVMs)
with microsurgery, embolization, stereotactic radiosurgery (SRS), or combinations vary
greatly between studies.

Objectives To assess rates of case fatality, long-term risk of hemorrhage, compli-
cations, and successful obliteration of brain AVMs after interventional treatment and
to assess determinants of these outcomes.

Data Sources We searched PubMed and EMBASE to March 1, 2011, and hand-
searched 6 journals from January 2000 until March 2011.

Study Selection and Data Extraction We identified studies fulfilling predefined
inclusion criteria. We used Poisson regression analyses to explore associations of pa-
tient and study characteristics with case fatality, complications, long-term risk of hem-
orrhage, and successful brain AVM obliteration.

Data Synthesis We identified 137 observational studies including 142 cohorts, to-
taling 13 698 patients and 46 314 patient-years of follow-up. Case fatality was 0.68
(95% CI, 0.61-0.76) per 100 person-years overall, 1.1 (95% CI, 0.87-1.3; n=2549)
after microsurgery, 0.50 (95% CI, 0.43-0.58; n=9436) after SRS, and 0.96 (95% CI,
0.67-1.4; n=1019) after embolization. Intracranial hemorrhage rates were 1.4 (95%
CI, 1.3-1.5) per 100 person-years overall, 0.18 (95% CI, 0.10-0.30) after microsur-
gery, 1.7 (95% CI, 1.5-1.8) after SRS, and 1.7 (95% CI, 1.3-2.3) after embolization.
More recent studies were associated with lower case-fatality rates (rate ratio [RR], 0.972;
95% CI, 0.955-0.989) but increased rates of hemorrhage (RR, 1.02; 95% CI, 1.00-
1.03). Male sex (RR, 0.964; 95% CI, 0.945-0.984), small brain AVMs (RR, 0.988; 95%
CI, 0.981-0.995), and those with strictly deep venous drainage (RR, 0.975; 95% CI,
0.960-0.990) were associated with lower case fatality. Lower hemorrhage rates were
associated with male sex (RR, 0.976, 95% CI, 0.964-0.988), small brain AVMs (RR,
0.988, 95% CI, 0.980-0.996), and brain AVMs with deep venous drainage (0.982,
95% CI, 0.969-0.996). Complications leading to permanent neurological deficits or
death occurred in a median 7.4% (range, 0%-40%) of patients after microsurgery,
5.1% (range, 0%-21%) after SRS, and 6.6% (range, 0%-28%) after embolization.
Successful brain AVM obliteration was achieved in 96% (range, 0%-100%) of pa-
tients after microsurgery, 38% (range, 0%-75%) after SRS, and 13% (range, 0%-
94%) after embolization.

Conclusions Although case fatality after treatment has decreased over time, treat-
ment of brain AVM remains associated with considerable risks and incomplete effi-
cacy. Randomized controlled trials comparing different treatment modalities appear
justified.
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A commonly used grading scale for
brain AVMs is the Spetzler-Martin Grade
(SMG) scale, which is a composite score
of nidus size (�3 cm, 3-6 cm, �6 cm;
1-3 points), eloquence of adjacent brain
(1 point if located in brainstem, thala-
mus, hypothalamus, cerebellar pe-
duncles, or sensorimotor, language, or
primary visual cortex), and presence of
deep venous drainage (1 point if any or
all drainage is through deep veins, such
as internal cerebral veins, basal veins, or
precentral cerebellar veins).6 The risk of
subsequent hemorrhage is increased
when the brain AVM presents with hem-
orrhage7-9 or deep venous drainage,7,8

when it is associated with aneurysms,8

or when it is in a deep location.7,9 The
annual hemorrhage risk may be as low
as 0.9% in patients with unruptured, su-
perficially located brain AVMs with su-
perficial drainage and may be as high as
34% in patients with ruptured, deeply
seated brain AVMs with deep venous
drainage.7 Because ruptured brain AVMs
presumably have a higher hemorrhage
risk (4.5%-34%) than previously un-
ruptured ones (0.9%-8%),7 interven-
tional treatment of ruptured brain AVMs
is advisable,10-12 despite the absence of
evidence from randomized controlled
trials (RCTs) that the benefits out-
weigh the risks.13

The goal of brain AVM treatment is
typically the prevention of hemor-
rhage. However, seizure control or sta-
bilization of progressive neurological
deficits are occasionally treatment
goals.10 Microsurgery (ie, craniotomy
followed by resection) has been re-
ported to have a low risk of complica-
tions for in SMG I and II brain AVMs
(eg, small malformations in nonelo-
quent areas) and result in immediate
cure. However, microsurgery is inva-
sive. Stereotactic radiosurgery (SRS), fo-
cused irradiation, can be effective for
malformations that are smaller than 3.5
cm, but complete obliteration re-
quires approximately 1 to 3 years after
treatment and cure is not always ob-
tained. Delayed complications such as
hemorrhage in the latency period and
radiation edema or necrosis can occur
as late complications.

Embolization is used to obliterate
small malformations or to make larger
malformations amenable for (radio)
surgery, or to eliminate a possible cause
of hemorrhage (eg, associated aneu-
rysms). For embolization, microcath-
eters are used to deliver embolic ma-
terials to feeding arteries or the nidus.
Brain AVMs categorized as either SMG
IV or V generally require multimodal-
ity treatment.10,12 Variations in prac-
tice exist, due to referral practices, avail-
ability of technical equipment and
expertise, personal preference, poli-
cies of health insurance systems, and
absence of RCTs comparing treatment
modalities.13-15

In this systematic review and meta-
analysis, we report rates of case fatal-
ity, long-term risk of hemorrhage, risk
of complications, and successful oblit-
eration after microsurgery, emboliza-
tion, or SRS . Clinical characteristics as-
sociated with these outcomes are also
reported for each treatment modality.

METHODS
Study Selection

Dr van Beijnum searched PubMed and
EMBASE up to March 1, 2011, using
electronic search strategies for brain ar-
teriovenous malformations (intracra-
nial arteriovenous malformations / brain
arteriovenous malformation) AND terms
for treatment (surgery or radiosurgery
or therapeutic embolization/artificial em-
bolism or combined modality therapy).
She also hand searched the following
journals: Journal of Neurosurgery, Neu-
rosurgery, Acta Neurochirurgica, Ameri-
can Journal of Neuroradiology, Stroke,
and Neurology from January 2000 un-
til March 2011. When multiple publi-
cations arose from the same cohort, we
included the largest cohort.

Drs van Beijnum and Klijn, with 1 of
4 authors serving as a second reader,
reviewed and extracted data on inclu-
sion and exclusion criteria, study de-
sign, whether outcome assessment was
performed independently of the treat-
ing team, whether standardized out-
come scales were used, patient and
brain AVM characteristics (BOX), treat-
ments, and outcomes using a struc-

tured data extraction form. Drs Van Bei-
junum and Klijn resolved discrepancies
between reviewers in a consensus meet-
ing.

Outcomes

The primary outcome was all-cause case
fatality during treatment and follow-
up. The secondary outcome was intra-
cranial hemorrhage beyond 30 days of
treatment (hemorrhage within 30 days
was categorized as a complication of
treatment). The tertiary outcomes were
treatment complications and success-
ful obliteration of the brain AVMs.
Acute complications were defined as
events that occurred within 30 days af-
ter treatment (eg, intracranial hemor-
rhage, ischemic stroke, intracranial in-
fection, or hydrocephalus). Because the
effect of SRS becomes apparent over
time, we also recorded late complica-
tions occurring beyond 30 days for ra-
diosurgical cohorts, including intra-
cranial hemorrhage as a complication
of the SRS, radiation edema, necrosis,
or cyst formation. In addition, we as-
sessed the proportion of patients with
severe complications, defined as those
leading to death or permanent neuro-
logical deficits. The proportion suc-
cessfully obliterated was defined based
on the presence of angiographically
demonstrated obliteration and pre-
sented as a proportion of all treated
patients.

In all analyses, we present results
only for those characteristics that were
reported in at least 5 cohorts.

Data Analysis

We calculated case fatality and hemor-
rhage rates per 100 person-years for all
cohorts and for each treatment modal-
ity separately with the number of out-
comes and the number of person-
years for each study as parameters in
Poisson regression models. For assess-
ment of the overall incidence rate, the
intercept of the model was used. We as-
sessed the relationship of summary
measures of patient and brain AVM
characteristics (ie, proportions of these
characteristics) to each outcomes by cal-
culating adjusted rate ratios (RRs) with
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corresponding 95% confidence inter-
vals for all treatments together. We ad-
justed for the following prespecified fac-
tors: mid-year (the median of the range
of years during which the study was
conducted), patient age, the propor-
tion of male patients, and the propor-
tion of ruptured brain AVMs. Ad-
justed RRs are expressed per 1%
increase in the proportion of patients
with a study characteristic or per 1-year
increase in age or midyear. If the con-
fidence intervals did not include 1.0, we
considered the result statistically
significant.

Subsequently, we repeated our analy-
ses for each treatment modality sepa-
rately. For overall case fatality and hem-
orrhage rates, we performed prespecified
sensitivity analyses in high-quality stud-
ies, which were defined as either a pro-
spective study design or an indepen-
dent outcome assessment. We also
studied associations between study and
participant characteristics and early case
fatality. To assess heterogeneity, we cal-
culated the quantity I2 16 for case fatal-
ity and hemorrhage rate in all cohorts
and in the 3 modalities separately.

We used Poisson regression analy-
sis to investigate the associations of
study characteristics on the occur-
rence of complications and on the pro-
portion of patients in whom success-
ful obliteration was achieved after each
of the 3 treatment modalities.

We used SPSS Version 16.0 for all sta-
tistical analyses.

RESULTS
Identification of Cohorts
and Study Characteristics

The literature search identified 137
articles reporting on 142 cohorts
including 13 698 patients with a total
of 46 314 patient-years of follow-up
(eFigure 1, available at http://www.jama
.com, as are the electronic references
that follow). Forty-one cohorts (29%)
reported on microsurgery,e1-40 14 (10%)
on embolization,e113-126 69 (48%)
on SRS,e41-105 7 (5%) on fractionated
radiotherapy,e106-112 and 11 (8%)
described either multimodality
treatment,e132,e134-7 various treatments

within 1 article,e127-8,e130-1,e133 or an-
other treatment such as intraoperative
embolization.e129

Patient and brain AVM characteris-
tics, treatments, and outcomes for all
cohorts are listed separately in eTable
1 and summarized in TABLE 1 and
TABLE 2. Of all study cohorts, none was
an RCT, 23 (16%) were prospective co-
horts, and 10 (7%) described indepen-
dent assessment of outcome, either
clinical (n=6), radiological (n=1), or

both (n=3). In all cohorts, I2 values
were 42% for case fatality and 54% for
hemorrhage rate, for surgical cohorts,
0% and 0%, for radiosurgical cohorts,
30% and 66%, and for embolization co-
horts 46% and 0%, respectively.

Case-fatality rates were 0.68 (95% CI,
0.61-0.76) per 100 person-years, 1.1
(95% CI, 0.87-1.3) after microsur-
gery, 0.50 (95% CI, 0.43-0.58) after SRS,
and 0.96 (95% CI, 0.67-1.4) after embo-
lization. Hemorrhage rates were 1.4

Box. Inclusion and Exclusion Criteria and Study Characteristics

Inclusion criteria (all 3 criteria needed to be met)

Reporting on at least 15 consecutive patients of any age undergoing brain AVM
treatment

Reporting duration of follow-up

Documenting death and intracranial hemorrhage after treatment

Exclusion Criteria

Articles in languages other than English, French, German, Italian, and Spanish

Studies describing other intracranial vascular malformations (dural arteriove-
nous fistulae, cavernous malformations, developmental venous anomalies, vein of
Galen malformations, and angiographically occult vascular malformations)

Proportion of patients who were lost to follow-up being 20% or more

Proportion of patients whose brain AVM was not treated being 5% or more

Study Characteristics Used as Determinants

Midyear, ie, the median of the range of years during which the study was con-
ducted

Randomized controlled trial or, prospective or retrospective studies

Mean or median age of the study cohort (in years)

Proportion of male patients

Proportion of ruptured brain AVMs, ie, proportion of patients who experienced
brain AVM hemorrhage before treatment

Mean or median brain AVM nidus size (in cm)

Proportion of patients with brain AVMs of less than 3 cm (small brain AVMs)

Proportion of patients with brain AVMs with Spetzler-Martin Grade score lower
than low-grade brain AVMs or Spetzler-Martin Grades I through IIIa

Proportion of patients with exclusively deep venous drainage

Proportion of patients with deep, infratentorial, and eloquent brain AVM location

Proportion of patients with embolization prior to SRS

Mean or median margin dose of SRS, Gy

Mean or median number of embolization sessions

Proportion of patients in whom obliteration was achieved

AVM indicates arteriovenous malformations; SRS, stereotactic radiosurgery
aGrading system to predict the risk of surgical morbidity and mortality using a composite
score of size (�3 cm, 3-6 cm, �6 cm; 1-3 points), neurological eloquence of adjacent brain
(1 point), and presence of any deep venous drainage (1 point).6
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(95% CI, 1.3-1.5) per 100 person-
years, 0.18 (95% CI, 0.10-0.30) after
microsurgery, 1.7 (95% CI, 1.5-1.8)
after SRS, and 1.7 (95% CI, 1.3-2.3) after
embolization. Complications leading to
permanentneurologicaldeficitsordeath
occurred in a median of 7.4% ( range,
0%-40%) of patients after microsur-
gery, in 5.1% (range, 0%-21%) after SRS,
and in 6.6% (range, 0%-18%) after
embolization.Obliterationwasachieved
in 96% (range, 0%-100%) of patients
after microsurgery, in 38% (range,
0%-75%) after SRS, and in 13% (range,
0%-94%) after embolization.

All Cohorts

Adjusted RRs for the association of
study characteristics on case fatality are
summarized in TABLE 3 and hemor-
rhage rate in TABLE 4. More recent stud-
ies were associated with lower case fa-
tality but higher rates of hemorrhage.
Male sex and small brain AVMs or brain

AVMs with strictly deep venous drain-
age were associated with both lower
case fatality and lower hemorrhage
rates. Analyses limited to high-quality
studies showed essentially the same re-
sults, but in these analyses older age was
also associated with a higher case fa-
tality (eTable 2).

Microsurgery

Older age, and a larger proportion of
male patients, ruptured brain AVMs, and
eloquent brain AVMs were associated
with lower complication rates (Table3
and Table 4; eTable 3 and eTable 4).
More recent cohorts and increasing pro-
portions of deep and of SMG I through
III brain AVMs were associated with
higher complication rates (eTable 3).

Stereotactic Radiosurgery

Twenty-two of 69 cohorts (32%) re-
ported on Gamma Knife SRS, and 36
(52%) on linear accelerator SRS. The re-

maining 11 cohorts (14%) reported on
other radiosurgical modalities (n=5),
multiple radiosurgical modalities within
1 article (n=5), or did not mention the
modality (n=1).

Increasing proportions of male pa-
tients, SMG I through III brain AVMs,
small nidus size, and increasing mar-
gin dose were associated with lower case
fatality and lower hemorrhage rate
(Table 3 and Table 4). Preradiosurgi-
cal embolization was associated not
only with an increased hemorrhage rate
and higher risk of complications but
also with a higher chance of oblitera-
tion (Table 4; eTable 3 and eTable 4).

The proportion of acute complica-
tions after SRS was low (Table 1). A
higher risk of late complications was ob-
served in earlier cohorts, in cohorts with
older age and larger nidus size and in
cohorts with higher proportions of rup-
tured brain AVMs, of high-grade brain
AVMs, or of eloquent brain AVMs

Table 1. Baseline Characteristics

Study
Characteristics

Overall Microsurgery Stereotactic Radiosurgery Embolization

No. (%)
of Cohorts

[Sample Size]a
Median
(Range)

No. (%)
of Cohorts

[Sample Size]a
Median
(Range)

No. (%)
of Cohorts

[Sample Size]a
Median
(Range)

No. (%)
of Cohorts

[Sample Size]a
Median
(Range)

Midyear, y 130 (92) [11 731] 1994
(1972-2009)

36 (88) [2359] 1990
(1974-2006)

66 (96) [7738] 1996
(1972-2006)

12 (86) [975] 1996
(1986-2009)

Prospective cohorts 23 (16) [2606] 9 (22) [735] 9 (13) [1534] 2 (14) [254]

Included patients 142 (100) [13 698] 45 (15-1604) 41 (100) [2549] 40 (15-275) 69 (100) [9436] 72 (16-1604) 14 (100) [1019] 40 (17-233)

Age, yb 124 (87) [12 303] 34 (9.8-54) 32 (78) [1881] 34 (10-54) 63 (91) [8928] 34 (11-46) 13 (93) [881] 34 (28-41)

Men, % 122 (86) [10 419] 54 (26-81) 33 (81) [1949] 55 (33-81) 60 (87) [6930] 53 (31-69) 13 (93) [881] 56 (45-71)

Nidus size, cmb 33 (23) [3612] 2.7 (1.4-6.3) 9 (22) [307] 3.4 (2.5-6.3) 17 (25) [2805] 2.3 (1.4-4.2) 4 (29) [417] 4.0 (2.6-5.1)

Patients
with ND, %

37 (26) [2039] 46 (6.7-85) 17 (42) [530] 48 (6.7-83) 14 (20) [1315] 45 (7.5-85) 4 (29) [138] 27 (19-33)

Brain AVMs, %
Rupturedc 128 (90) [11 521] 54 (0-100) 38 (93) [2431] 59 (0-100) 63 (91) [7632] 53 (0-100) 13 (93) [881] 43 (18-100)

Deep 89 (63) [6796] 16 (0-100) 31 (76) [1594] 7.4 (0-100) 40 (58) [4522] 23 (0-100) 8 (57) [291] 8.9 (0-100)

Infratentorial 97 (68) [7379] 8.0 (0-100) 31 (76) [1594] 5.0 (0-21) 44 (64) [4844] 8.8 (0-100) 10 (71) [471] 7.5 (0-29)

SMG score �3 86 (61) [8028] 73 (0-100) 23 (56) [1667] 79 (0-100) 44 (64) [5263] 74 (12-96) 9 (64) [676] 61 (47-82)

�3 cm 40 (28) [3483] 36 (0-100) 21 (51) [1629] 36 (0-100) 10 (15) [1211] 43 (0-87) 5 (36) [548] 22 (20-100)

Only deep
venous
drainage

28 (20) [3104] 31 (0-87) 12 (29) [602] 42 (13-87) 6 (9) [1746] 30 (16-56) 6 (43) [616] 14 (3.9-55)

Eloquent 46 (32) [3654] 79 (45-100) 18 (44) [1229] 67 (47-100) 19 (28) [1708] 83 (45-100) 4 (29) [557] 74 (56-79)

With aneurysms 30 (21) [3342] 14 (2-100) 8 (20) [450] 7.7 (4.8-15) 11 (16) [2131] 10 (2.0-21) 7 (50) [623] 19 (9.3-29)

Previous with
treatment

112 (79) [11 636] 83 (0-100) 29 (71) [1576] 97 (0-100) 62 (90) [8804] 70 (0-100) 10 (71) [788] 97 (0-100)

Prior embolization, % 31 (76) [1820] 22 (0-100) 60 (87) [7249] 21 (0-100)
Abbreviations: AVM, arteriovenous malformation; ND, neurological deficit; SMG, Spetzler-Martin Grade.
aThe sample size represents the total number of patients for whom a characteristic was available.
bMean age of the cohort or median if the mean was not available. Similarly, mean nidus size was used or the median if the mean was not available.
cRuptured brain AVMs represent the proportion of patients who experienced brain AVM hemorrhage before treatment.
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(eTable 3). Because of contradicting
findings regarding the association of in-
fratentorial location for complica-
tions, we repeated multivariable analy-
sis of all late complications in 17 cohorts
that also reported late severe compli-
cations (RR 1.00, 95% CI, 0.997-1.010).

The chance of brain AVM oblitera-
tion was higher in more recent co-
horts and in cohorts with younger pa-
tients or with more unruptured brain
AVMs (eTable 4).

Embolization

Ten of 14 cohorts (71%) reported the
number of embolization sessions (me-
dian 2, range 1-11). A larger propor-
tion of SMG I through III brain AVMs
was associated with lower case-
fatality, and a larger proportion of brain
AVMs with strictly deep venous drain-
age with lower hemorrhage rate
(Table 3 and Table 4). For the analy-
ses of complications, 4 additional ar-
ticles could be included that sepa-
rately reported complications after
embolization as part of multimodality
treatment.e37,e39,e91,e137 A more recent
midyear, younger age, higher propor-
tions of women, strictly deep venous
drainage, smaller nidus size, and in-
creasing number of embolization ses-
sions were associated with a lower risk
of complications (eTable 3). Higher
obliteration rate was associated with
more recent cohorts and with previ-
ously ruptured brain AVMs (eTable 4).

COMMENT
In this systematic review of brain AVM
treatment, we found that male sex,
small brain AVMs, and brain AVMs
with strictly deep venous drainage were
associated with both lower case-
fatality and lower hemorrhage rates.
Younger age and brain AVMs with SMG
I through III were associated with lower
case fatality, whereas lower propor-
tions of eloquent brain AVMs and
higher proportions of obliterated brain
AVMs were associated with lower hem-
orrhage rates. More recent studies were
associated with lower case fatality af-
ter brain AVM treatment but higher
rates of hemorrhage.

Case fatality was low in patients
treated with SRS. Hemorrhage rates
during follow-up were high after SRS
and embolization, and low after micro-
surgery. All 3 treatment modalities had
considerable risks of severe complica-
tions. The proportion of patients in
whom complete obliteration was ob-
tained after treatment was high after mi-
crosurgery. Embolization alone
achieved obliteration in a minority of
patients. However, it is important to
point out that characteristics of the
brain AVM direct the choice for the type
of treatment and none of the data re-
ported herein are from randomized con-
trolled trials.

Because all included studies were ob-
servational, without direct compari-
sons between treatment modalities, our
results cannot be used to compare the
risks and benefits of the treatments.
Nevertheless, the quantitative informa-
tion that we report is valuable to in-
form medical professionals and pa-
tients and to devise the design of future
RCTs.

Time Trend

The decrease in case fatality associated
with more recent procedures suggests
that technical advances and increasing
experience have improved outcome af-
ter treatment. The increased hemor-

Table 2. Primary, Secondary, and Tertiary Outcome Measures

No. (%) of Cohort
[Study Sample Size]a

Estimate (95% CI)
per 100 Person-Years

Median
(Range), %

Overall
Case fatality 142 [13 698] 0.68 (0.61-0.76) 1.5 (0-29)

Hemorrhage 142 [13 698] 1.4 (1.3-1.5) 3.6 (0-46)

Follow-up, person-years 142 [13 698] 157 (3.5-3900)

Follow-up, mo 124 [11 287] 30 (2.0-123)

Microsurgery
Case fatality 41 [2549] 1.1 (0.87-1.3) 0.67 (0-13)

Hemorrhage 41 [2549] 0.18 (0.10-0.30) 0 (0-11)

Complications, %
Acute 33 (80) [1655] 29 (1.5-54)

Severe 24 (30) [1252] 7.4 (0-40)

Obliteration, % 34 (83) [1837] 96 (0-100)

Follow-up, person-year 41 [2549] 72 (3.5-2063)

Follow-up, mo 35 (85) [2309] 17 (2.0-98)

Stereotactic radiosurgery
Case fatality 69 [9436] 0.50 (0.43-0.58) 1.1 (0-12)

Hemorrhage 69 [9436] 1.7 (1.5-1.8) 5.8 (0-21)

Complications, %
Acute 33 (48) [3290] 0 (0-16)

Acute severe 32 (46) [2558] 0 (0-4.8)

Late 63 (91) [6914] 13 (0-63)

Late severe 35 (51) [2862] 5.1 (0-21)

Obliteration, % 57 (83) [7996] 38 (0-75)

Follow-up, person-years 69 [9436] 202 (21-3900)

Follow-up, mo 68 (99) [7501] 35 (8.0-94)

Embolization
Case fatality 14 [1019] 0.96 (0.67-1.4) 2.5 (0-12)

Hemorrhage 14 [1019] 1.7 (1.3-2.3) 1.9 (0-14)

Complications, %
Acute 18 (100) [1201] 25 (7.6-55)

Severe 16 (89) [818] 6.6 (0-28)

Obliteration, % 13 (72) [786] 13 (0-94)

Follow-up, person-years 14 [1019] 137 (7.5-931)

Follow-up, mo 11 (79) [926] 27 (5.3-78)
Abbreviations: AVM, arteriovenous malformation; ND, neurological deficit; SMG, Spetzler-Martin Grade.
aThe sample size represents the total number of patients for whom a characteristic was available.
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rhage rate over time is probably caused
by the increasing number of patients
treated with SRS, in which obliteration
rate is relatively low and hemorrhage rate
is high in comparison with microsur-
gery. Overall complication rates after SRS
and embolization decreased over time.
The overall complication rate in-
creased over time after microsurgery but
not the rate of severe complications. Pos-
sible complications have been de-
scribed more meticulously in more re-
cent studies.17-20

Patient Characteristics

Older age was associated with higher
case fatality but not with a higher risk
of hemorrhage. The finding that older
age was associated with both a lower
complication rate after microsurgery
and a higher obliteration rate after em-
bolization might be explained by pa-

tient selection. Older age was also as-
sociated with a higher risk of late
complications and a decreased chance
of successful obliteration after SRS. This
observation is in accordance with the
radiosurgery-based brain AVM
score,21,22 which predicts occurrence of
new neurological deficits and oblitera-
tion after SRS. Male sex was associ-
ated with lower case fatality and lower
hemorrhage rates in the overall analy-
ses and after SRS. Several studies have
suggested that SRS may be less effec-
tive in women,23-26 particularly in pre-
menopausal women.27

A higher proportion of ruptured
brain AVMs was associated with a lower
risk of surgical complications but was
not associated with case fatality or hem-
orrhage rates. Adverse outcomes after
microsurgery may have a more detri-
mental effect on patients with unrup-

tured brain AVMs than on those who
already experienced intracerebral hem-
orrhage.28 Recently, an adapted scale
was proposed including unruptured
presentation as a predictor of in-
creased disability.29 The association be-
tween increasing proportion of rup-
tured brain AVMs and increasing risk
of severe late complications after SRS
and increasing risk of all complica-
tions after embolization contrasts with
that of previous studies on predictors
of outcome after SRS11,26,30,31 or after em-
bolization,32,33 which found none of
these associations. Our meta-analysis
shows a reduced chance of oblitera-
tion after SRS when the proportion of
ruptured brain AVMs increases. This
also contrasts with previous stud-
ies.24,26,34 The lower rate of oblitera-
tion in our meta-analysis may be ex-
plained by our strict definition of

Table 3. Study Characteristics and Overall Case Fatality After Treatment of Brain Arteriovenous Malformationsa

Study Characteristic

All Cohorts
(n = 142)

Microsurgery
(n = 41)

Stereotactic Radiosurgery
(n = 69)

Embolization
(n = 14)

No.b RR (95% CI) No.b RR (95% CI) No.b RR (95% CI) No.b RR (95% CI)

Midyear, y 99 0.972 (0.955-0.989) 25 1.03 (0.992-1.06) 51 0.967 (0.942-0.993) 11 1.01 (0.910-1.13)

Age, yc 99 1.06 (1.04-1.08) 25 1.02 (0.987-1.06) 51 1.03 (0.982-1.09) 11 1.07 (0.735-1.57)

Male, % 99 0.964 (0.945-0.984) 25 0.968 (0.915-1.03) 51 0.965 (0.936-0.995) 11 0.952 (0.825-1.10)

Brain AVM, %
Rupturedd 99 1.00 (0.994-1.01) 25 1.00 (0.982-1.02) 51 1.00 (0.987-1.02) 11 0.998 (0.964-1.03)

Deep 64 0.994 (0.982-1.01) 19 0.937 (0.822-1.07) 30 1.01 (0.994-1.03) 7e 0.998 (0.964-1.03)

Infratentorial 69 1.00 (0.996-1.01) 19 0.978 (0.878-1.09) 33 0.997 (0.983-1.01) 9 1.04 (0.902-1.19)

Nidus size, cmc 28 2.83 (2.15-3.73) 9 0.936 (0.141-6.20) 13 4.43 (1.33-14.8) 4

�3 cm 30 0.986 (0.976-0.996) 15 0.964 (0.927-1.00) 7 1.02 (0.979-1.07) 5 1.14 (0.872-1.49)

Strictly deep
venous
drainage

21 0.975 (0.960-0.990) 10f 0.940 (0.869-1.02) 6e 0.971 (0.888-1.06) 6e 0.978 (0.946-1.01)

Eloquent 36 1.00 (0.985-1.02) 13 1.10 (1.01-1.20) 17 0.972 (0.939-1.01) 3

SMG score �3 67 0.988 (0.981-0.995) 17 0.982 (0.960-1.00) 36 0.989 (0.980-0.999) 7 0.601 (0.365-0.992)

Completely
obliterated

83 0.997 (0.990-1.00) 22 0.961 (0.913-1.01) 41 0.994 (0.978-1.01) 10 0.976 (0.828-1.03)

Presurgical or
preradiosurgical
embolization, %

20 0.992 (0.975-1.01) 47 1.00 (0.993-1.01)

Margin dose, Gyc 42 0.834 (0.776-0.895)

No. of embolization
sessionsc

10 0.467 (0.017-13.0)

Abbreviations: AVM, arteriovenous malformation; RR, rate ratio; SMG, Spetzler-Martin Grade.
aAll analyses are adjusted for patient age, proportion of ruptured brain AVMs, midyear, and proportion of men unless stated otherwise. The RRs are expressed per 1% increase in the

proportion of patients with a study characteristic. Similarly, RRs for age and midyear are expressed per 1-year increase in age or midyear. The interpretation of tables is clarified with
the following example: for every year increase in midyear the relative risk decreases with a factor of 0.97. This means that if the midyear increases with 1 year, case fatality
decreases with 3%.

bThe number of cohorts included in the analyses.
cMean age of the cohort, or median if the mean was not available. Similarly mean nidus size, margin dose, or number of embolization sessions were used or the median if the mean

was not available.
dRuptured brain AVMs represent the proportion of patients who experienced brain AVM hemorrhage before treatment.
eAdjusted for patient age, proportion of ruptured brain AVMs, and midyear.
fAdjusted for patient age and proportion of ruptured brain AVMs.
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obliteration based on conventional an-
giography.

Brain AVM Characteristics
We found that increasing nidus size was
associated with increasing case fatal-
ity and hemorrhage rates overall and af-
ter SRS. Previous studies also showed
that smaller brain AVMs have a higher
chance of obliteration after SRS along
with a lower risk of recurrent hemor-
rhage.24,35,36 However, our analyses re-
garding brain AVM size and oblitera-
tion yielded contradictory findings,
possibly due to the small number of co-
horts that reported size.

A higher proportion of low-grade
brain AVMs was associated with de-
creased case fatality overall and after
SRS and embolization but not after mi-
crosurgery. Also, low-grade brain AVMs
were associated with a lower hemor-

rhage rate after SRS. In this meta-
analysis, the surgical risk was not as-
sociated with the proportion of patients
with low-grade brain AVMs in the in-
cluded studies. This may also be ex-
plained by selection bias in the cur-
rent report.

Strictly deep venous drainage has
been reported as an independent pre-
dictor of brain AVM hemorrhage be-
fore treatment, during follow-up with-
out invasive treatment,7 and with
increased surgical risk.6 The finding in
this meta-analysis that strictly deep ve-
nous drainage was associated with
lower case-fatality and hemorrhage rates
in all cohorts combined, and a lower
hemorrhage rate and overall compli-
cation rate after SRS and embolization
may be caused by selection of patients
for certain treatments based on the ve-
nous draining pattern.

Multimodality Treatment
Embolization before SRS was associ-
ated with an increased hemorrhage
rate and an increased risk of compli-
cations. This higher hemorrhage rate
after SRS may in part be explained by
the fact that previously embolized
brain AVMs are generally larger and
obliteration may be obtained later or
not at all. Moreover, it is important
to emphasize that the combined risks
of multimodality therapy are only
presented in the overall analyses
(Table 3 and Table 4) and in eTable 1
(available at http://www/jama.com). We
were not able to provide reliable esti-
mates of the risk of multimodality treat-
ment. Multimodality treatment may be
the safest approach for some brain
AVMs, but it may also result in accu-
mulation of risks of the various treat-
ments involved.

Table 4. Study and Patient Characteristics and Associations With Late Hemorrhage After Treatment of Brain Arteriovenous Malformationsa

Study
Characteristics

All Cohorts
(n = 142)

Microsurgery
(n = 41)

Stereotactic Radiosurgery
(n = 69)

Embolization
(n = 14)

No.b RR (95% CI) No.b RR (95% CI) No.b RR (95% CI) No.b RR (95% CI)

Midyear, y 99 1.02 (1.00-1.03) 28c 0.982 (0.901-1.07) 51 0.993 (0.977-1.01) 11 1.07 (0.981-1.17)

Age, yd 99 1.00 (0.989-1.02) 51 1.01 (0.982-1.03) 11 1.04 (0.835-1.28)

Male, % 99 0.976 (0.964-0.988) 51 0.971 (0.956-0.987) 11 0.988 (0.904-1.08)

Brain AVM, %
Rupturede 99 0.997 (0.990-1.00) 51 0.998 (0.990-1.01) 11 .977 (0.945-1.01)

Deep 64 1.01 (0.999-1.01) 24f 0.986 (0.886-1.10) 30 1.01 (0.998-1.02) 7g .994 (0.930-1.06)

Infratentorial 69 1.00 (0.997-1.01) 24f 1.10 (0.858-1.40) 33 0.982 (0.966-0.998) 9 .941 (0.823-1.08)

Nidus size, cmd 28 1.53 (1.19-1.96) 13 3.38 (1.70-6.72) 4

�3 cm 30 0.988 (0.980-0.996) 16f 1.02 (0.926-1.11) 7 0.989 (0.979-0.999) 5f 0.959 (0.893-1.03)

Strictly deep
venous
drainage

21 0.982 (0.969-0.996) 11c 0.966 (0.895-1.04) 5 0.881 (0.841-0.923) 6c 0.941 (0.896-0.988)

Eloquent 36 1.02 (1.01-1.04) 16f 0.980 (0.900-1.07) 17 1.00 (0.985-1.03)

SMG score �3 67 .996 (0.991-1.00) 20c 0.988 (0.953-1.03) 36 0.993 (0.987-0.999) 8f .981 (0.884-1.09)

Completely
obliterated

83 0.982 (0.977-0.987) 26f 0.706 (0.304-1.64) 41 0.993 (0.984-1.00) 10 0.795 (0.520-1.21)

Presurgical or
preradiosurgical
embolization, %

20 1.01 (0.939-1.08) 47 1.01 (1.00-1.01)

Margin dose, Gyd 42 0.930 (0.892-0.969)

No. of embolization
sessionsd

9 4.43 (0.088-223)

Abbreviations: AVM, arteriovenous malformation; RR, rate ratio; SMG, Spetzler-Martin Grade.
aAll analyses are adjusted for patient age, proportion of ruptured brain AVMs, midyear and proportion of men unless stated otherwise. The RRs are expressed per 1% increase in the

proportion of patients with a study characteristic. Similarly, RRs regarding age and midyear are expressed per 1-year increase in age or midyear. The interpretation of tables is clarified
with the following example: for every 1% increase in patients with deep brain AVM location the relative risk increases with a factor 1.006. This means that if 1% more patients with a deep
brain AVM are treated the risk of late hemorrhage increases with 0.6%. Late hemorrhage is defined as hemorrhage occurring more than 30 d after treatment.

bNumber of cohorts included in the analyses.
cAdjusted for patient age only.
dMean age of the cohort or median if the mean was not available. Similarly mean nidus size, margin dose, or number of embolization sessions were used or the median if the mean was

not available.
eRuptured brain AVMs represent the proportion of patients who experienced brain AVM hemorrhage before treatment.
fAdjusted for patient age and proportion of ruptured brain AVMs.
gAdjusted for patient age, proportion of ruptured brain AVMs, and midyear.
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Preradiosurgical embolization was
associated with a higher chance of com-
plete obliteration. Preradiosurgical
embolization may obscure brain AVM
nidus delineation, both by the super-
imposition of embolic material and the
presence of collateral feeding ves-
sels.37 Unfavorable effects of preradio-
surgical embolization on obliterated
proportions have been reported.30,38,39

However, embolization is also per-
formed prior to SRS to eradicate poten-
tial sources of hemorrhage, such as
aneurysms or venous ectasia.10 Proxi-
mal flow-related aneurysms (ie, proxi-
mal on artery which supplies brain
AVM) rarely regress with brain AVM
treatment whereas distal flow-related
aneurysms (ie, distal on feeding artery)
have a high prospect of regressing with
obliteration of the brain AVM nidus.40

General Issues

An important limitation of our meta-
analysis is that the large majority of
studies were retrospective and with-
out independent outcome assess-
ment. In addition, none of the studies
compared treatments in a randomized
design. Selection of patients for cer-
tain treatment options is likely to have
been influenced by patient and brain
AVM characteristics and, therefore,
hampers comparison of treatments. In
most analyses, heterogeneity was ab-
sent or at most moderate. The highest
I2 value was found in hemorrhage rate
within radiosurgical cohorts. Addition-
ally, important criticisms of meta-
analysis also apply to ours: due to the
combination of different kinds of stud-
ies the results are difficult to apply to
the individual patient. In addition, we
may have excluded studies that may be
important but did not fulfill all inclu-
sion criteria.41

The strength of our meta-analysis is
that we studied associations of time
trends and outcomes after brain AVM
treatment. We also studied associa-
tions of important patient and brain
AVM characteristics with outcomes in
a large number of cohorts. In this re-
view, microsurgery was associated with
lower risk of (recurrent) hemorrhage.

Case fatality after microsurgery may be
higher than SRS due to selection bias
because in patients who present with
hemorrhage, surgery is more often per-
formed in the acute phase,42-45 whereas
SRS is often only performed on pa-
tients who survive hemorrhage in a rea-
sonable condition. Stereotactic radio-
surgery was associated with a low case
fatality at the expense of a low oblit-
eration rate. The latter may in part be
explained by our strict definition of
obliteration and may reflect incom-
plete follow-up. In agreement with our
findings, some authors have sug-
gested that the 2-year obliteration rate
after SRS is probably in the range of 40%
rather than the commonly cited 80%.46

Embolization alone achieves oblitera-
tion in a minority of patients and is
mostly applied in conjunction with
other modalities.

Despite the observed decrease in
case fatality in more recent studies,
treatment of brain AVMs remains
associated with a substantial risk of
death or disability, no matter which
modality is chosen. Treatment of
unruptured brain AVMs has been
associated with poor outcome.47,48 The
ongoing ARUBA (A Randomized Mul-
ticenter Clinical Trial of Unruptured
Brain AVMs) study compares the risks
and benefits of conservative manage-
ment and interventional treatment in
patients with unruptured brain AVMs
(http://www.arubastudy.org).

Randomized controlled trials dedi-
cated to evaluate the safety and effec-
tiveness of different modalities in brain
AVM subgroups are needed, for ex-
ample in patients with small brain
AVMs that can be treated using any of
the 3 modalities. Standardized (inter-
national) prospective registrations of
conservative or interventional manage-
ment of brain AVMs may provide more
information for individual risk predic-
tion.
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