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Opinion statement

Arteriovenous malformations (AVMs) pose a risk of morbidity and mortality throughout an
affected patient’s lifetime. Over the course of a patient’s life, the risk of hemorrhage is
approximately 1–4 % per year, and after an initial hemorrhage occurs, this risk may be
higher. Other causes of morbidity include seizures, headaches, or progressive neurologic
deficits. Once an AVM has been discovered, the utility of attempted obliteration or surgical
resection compared to the risk of intervention should be entertained. The characteristics
of the malformation as well as the patient’s overall health status contribute to the decision
to intervene on these lesions. For small lesions located in superficial areas without high-
risk surgical characteristics (low-grade Spetzler-Martin grades), it is reasonable to con-
sider surgical resection. In lesions that pose high-risk of complications from surgical
removal, intra-arterial embolization, radiosurgery, or a combination of the two may be
reasonable treatment options. Some AVMs at traditional high surgical risk may be ame-
nable to partial embolization, allowing initially high-risk lesions to become better candi-
dates for surgical resection. In some patients, particularly those who are older or who have
multiple medical comorbidities, the risk of intervention as compared to the annual
hemorrhage risk may warrant conservative management as opposed to intervention. The
overall treatment strategy must be based on patient and AVM characteristics and careful
risk-benefit ratio analysis.

Introduction

An arteriovenous malformation (AVM) is a collection of
abnormal blood vessels that can occur in multiple loca-
tions in the body, including the nervous system. When
AVMs become symptomatic, these anomalies can result
in significant morbidity and mortality. In this article, we

will focus exclusively on management of AVMs occur-
ring within the brain.

AVMs are classically thought to be congenital lesions,
and pathologically demonstrate abnormal fistulous
connections of arteries and veins that lack intervening



capillary beds. As a result, the high-pressure flow from
the arterial system communicates directly with the
draining veins through a connection referred to as the
nidus of the AVM (Fig. 1). On pathological examination,
the arterioles feeding the malformation may demon-
strate abnormalities of the muscular layer [1]. The
abrupt transition from artery to vein causes fibroblast
proliferation and thickened, Barterialized^ walls in the
venous system, along with significant venous distension
and occasional venous pseudoaneurysmal development
[2]. Aneurysms can also develop on the arterial side or
within the nidus itself.

With the passage of high-pressure flow directly
into the venous system, intracerebral hemorrhage
can occur at any age and may be the initial clinical
presentation of an AVM [3]. The overall estimated

risk of hemorrhage of an unruptured AVM is be-
tween 1.3 and 4.1 % per year [4–8, 9••, 10].

Spetzler and Martin developed a grading system
based on the size, location, and venous drainage of the
malformation to estimate the risk associated with surgi-
cal resection [11]. This classification has become the
primary means to indicate the severity of the malforma-
tion and risk assessment for intervention. The Spetzler-
Ponce classification (SP) has also been used to estimate
surgical risk and is a simplification of the Spetzler-
Martin (SM) scale [12] but requires independent
validation.

Once an AVM has bled, the risk of rebleeding is
significantly increased in the first year but declines over
time and eventually matches the risk of bleeding for
unruptured AVMs [13]. A recentmeta-analysis identified

Fig. 1. Basic anatomy of an arteriovenous malformation. High-pressure blood flow from the arterial system connects directly to the
typically low-pressure venous system via the AVM nidus, causing arterialization and distension of the draining veins.
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prior hemorrhage, deep location, deep venous drainage,
and AVM-associated aneurysms as risk factors that pre-
dispose to hemorrhage [14]. In addition to hemorrhage,
brain AVMs can cause headache, seizures, and progres-
sive, disabling neurologic symptoms.

Once an AVM is discovered, either due to symptoms
or incidentally on neuroimaging, patients are consid-
ered for definitive management or optimal medical
management without intervention. Several studies,
most recently the BMedical management with or

without interventional therapy for unruptured brain ar-
teriovenous malformations^ (ARUBA) trial [9••] have
attempted to identify optimal treatment regimens for
these patients. Interventional procedures used to oblit-
erate AVMs include endovascular embolization, stereo-
tactic radiosurgery, or open neurosurgical procedures,
used alone or in combination. In some cases, conserva-
tivemanagement with closemonitoring of chronicmed-
ical conditions along with symptomatic treatment is
preferred.

Treatment

Patients with AVMs can come to the attention of neurologists or neurosurgeons
after the onset of symptoms (e.g., headache, seizure, or focal neurological
deficit) or by incidental radiological detection of the AVM. Most brain AVMs
present symptomatically. In population-based studies, 43–71% of brain AVMs
present with intracranial hemorrhage (ICH) [5, 10, 15–19]. Other presentations
include seizures (18–40 %), headaches (5–14 %), and focal neurological
deficits. Approximately 20 % of patients with an AVM have had no related
symptoms upon its discovery [20].

Ruptured AVMs confer high morbidity and mortality and thus justify treat-
ment in almost all cases. Deciding whether to treat unruptured AVMs, however,
is more challenging given relatively low annual hemorrhage rates and incom-
plete understanding of natural history. An important factor in the decision to
treat is the surgical risk. Large or multiple lesions, those in eloquent brain
regions, and those with deep venous drainage are characteristically more diffi-
cult to resect safely, and this is reflected in the SM grading system.

The recently published ARUBA trial aimed to identify the optimal therapy
for patients with unruptured brain AVMs [9••]. Patients were randomized to
interventional therapy (neurosurgery, embolization, radiotherapy, or a combi-
nation thereof) with medical management or medical management alone. This
study was halted due to the apparent superiority of the medical management
group, and the analysis included 223 patients. There was a higher prevalence of
adverse events, including death, in the interventional group. However, the study
has been criticized because a substantial proportion of eligible patients were
treated outside of the trial and the types of interventions varied widely, with
some receiving surgery, radiotherapy, or embolization alone and others receiv-
ing surgery with pre-treatment embolization or radiotherapy with preceding
embolization. No patients received the combination of surgery and radiother-
apy, so it is unclear whether results of ARUBA can be extrapolated to this
population. There are also other populations not included in ARUBA. The
majority of patients were white and had high pre-randomization functional
status, the majority had low SM grade lesions that were supratentorial, few had
associated aneurysms, and most had superficial venous drainage. Given this, it
is difficult to extrapolate the results of this study to all patients with brain AVMs
[9••]. A recent study evaluated a subset of ARUBA-eligible patients and found
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that the risk of stroke or death in patients undergoing intervention was less than
reported in ARUBA (14.8 vs 30.7 %), raising some question to the generaliz-
ability of the trial [21••]. Nonetheless, the results of ARUBA substantiated
previous findings from some observational studies suggesting that intervening
on unruptured AVMS was associated with worse outcomes compared to no
treatment [22]. In contrast, other observational studies, however, have found
benefit for surgical intervention on subsets of patients, typically those with low
SM grade AVMs [23••, 24••]. The optimal treatment regimen for an individual
patient can be difficult to determine, and treatment is dependent on charac-
teristics of the patient, the AVM, and the expertise at the treating medical center.
Age is the most important patient-related factor in estimating the cumulative
risk of AVM rupture (typically 2–4 % per year). Younger patients typically
deserve amore aggressive approach given the higher lifetime risk of hemorrhage
without treatment. The most recent recommendation from the American Heart
Association (AHA) was published in 2001, before the more recent ARUBA trial,
among others, was completed [9••, 21••, 23••, 24••]. The AHA recommended
consideration of surgery for low SM grade lesions unless lesion location or
draining vein characteristics precluded safe resection, where radiosurgery may
be more appropriate. High-grade (SM IV or V) may pose excess procedural risk,
and surgery is typically not recommended as monotherapy, but a combined
approach may be beneficial in select cases. For intermediate (grade III) lesions,
multimodality treatment was suggested. In all cases, with the exception of
palliative treatment, the goal should be eradication of the lesion, as the risk of
hemorrhage is increased with partial treatment [25].

Once it is determined to treat an AVM, there are multiple options. Surgery
has been themainstay of treatment. Radiosurgery is a useful option, particularly
for lesions at high surgical risk, and endovascular embolization can be a
valuable adjunct to these procedures. The goal of all therapies should be
obliteration of the malformation, though embolization can also be used in a
palliative capacity to attempt to limit further neurologic decline when the AVM
is not amenable to definitive management. Outside of a palliative approach,
partial obliteration of an AVM confers the risk of a procedure without reducing
the risk of hemorrhage.

Endovascular embolization

Endovascular embolization of an AVM is most often used in combination with
other treatment modalities. As part of combination therapy, the goal may be to
reduce the overall size of the nidus prior to surgery or radiosurgery or to target
specific high-risk characteristics (e.g., nidal or pre-nidal aneurysms and fistulas)
prior to treatment with other modalities. This method can also be used as a
palliative measure in an attempt to prevent further neurologic decline when the
AVM is not amenable to other treatment modalities.

Standard procedure
Selective cerebral angiography is performed and should usually include bilat-
eral carotid and vertebral artery injections aswell as assessment of pial and dural
territories. Microcatheters and distal access catheters have been developed to
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facilitate delivery of embolic agents to small feeding vessels of the malforma-
tion. Improvements in microcatheters have allowed superselective catheteriza-
tion of most pial AVM feeders. Embolysates either liquid based (e.g., n-butyl
cyanoacrylate) or ethylene-vinyl alcohol (e.g., Onyx) that will solidify shortly
after release are administered into the feeding vessels of the malformation in an
effort to decrease the size, target high-risk characteristics (aneurysm or fistula),
or—more rarely—completely obliterate the malformation [26].

Complications
For patients who undergo endovascular treatment without adjuvant therapy,
those with incomplete or G90 % obliteration of the malformation have dem-
onstrated increased hemorrhage rates and mortality as compared to the ex-
pected natural history of these malformations [27]. Some studies have found
that approximately 10–14 % of patients suffer complications of the procedure,
with disabling neurologic deficits occurring in 2–5 %. Predisposing factors to
worsening neurologic deficits after embolization include multiple emboliza-
tion procedures, nidus size G3 or 96 cm, presence of deep venous drainage,
eloquent location of the malformation, increasing patient age, and absence of
symptoms pre-procedurally [28, 29]. The most serious complication is hemor-
rhage, whether intraprocedural or delayed. Brain ischemia can also more rarely
occur and may result from migration of embolysates obstructing the normal
vascular supply [28]. The overall mortality rate of embolization is 1–3.7 % [28,
30–32].

During the procedure, the embolysatemay adhere to themicrocatheter from
which it is being delivered; however, newer devices now have detachable tips
that allow for Bbreakaway^ of the tip and removal of the remainder of the
catheter, which has been shown to be a successful means of embolization
without leading to further complication [33].

Stereotactic radiosurgery

The use of radiosurgery is often considered in patients with AVMs, either alone
or in combination with neoadjuvant embolization, and can be combined with
microsurgery as well. The success of radiosurgery is dependent on several
factors. One study identified factors predictive of complete obliteration, and
these included a low-flow pattern on angiography, absence of arterial enlarge-
ment, and no peri-nidal angiogenesis [34]. Additionally, low AVM volume and
higher minimum radiation dose have been associated with increased oblitera-
tion rates [35, 36]. The use of Gamma knife compared to linear accelerator
radiosurgery has not been shown to affect outcomes, with similar obliteration
rates being reported between the two modalities in a prior study [34].

Following stereotactic radiosurgery, there is a delay to lesion obliteration,
with a median obliteration rate measured between 3 and 5 years [37, 38].
Obliteration rates have been reported between 75 and 80 % of patients and are
inversely proportional to AVM size [35, 38–40]. AVMswith a diameter less than
3 cm treated with 20–25 Gy equivalents have a 3-year obliteration rate of 80–
95 %. However, larger AVMs have a much lower obliteration rate (33–60 %)
[41]. Radiation dose has also been shown to be predictive, with a direct
correlation of increasing dose and increased obliteration rates [35, 40].
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Standard procedure
Planning for stereotactic radiosurgery requires pre-procedural imaging, with
digital subtraction angiography (DSA) and brain imaging to ensure accurate
characterization of the malformation in a 3D reconstruction [42]. MRI is
typically preferred. Technologies utilizing 3D conventional angiography have
further assisted in treatment planning as well [43]. After baseline imaging is
obtained, the treatment field and dose is determined by a multidisciplinary
team which typically consists of a neurosurgeon, radiation oncologist, and
medical physicist. The lowest effective radiation dose is planned so as to prevent
adverse side effects [44].

Treatment is delivered in a single fraction, or in cases of large AVMs where a
large single dose of radiation may increase the risk of adverse side effects, a
staged procedure with several sessions of targeted radiotherapy can be com-
pleted [45, 46]. Baseline DSA images are overlaid with source images from CT
or MRI completed with fiducial markers. Once the source images with the
angiographic images are uploaded into the delivery system, the pre-determined
radiation dose is administered to the patient.

Complications
Obliteration following radiosurgery is delayed from months to several years,
and in this interval, the risk of hemorrhage remains. The post-treatment annual
hemorrhage risk was found to be 1.1 % in previously unruptured AVMs,
compared to 2.3 % in previously ruptured AVMs in one study comparing those
receiving single-dose treatment [47], however was much higher in a review
comparing dose-staged versus volume-staged treatment (12.3 vs 17.8 %) [48].
The finding of increased hemorrhage risk in patients requiring multi-stage
treatmentmay also be a function of a larger andmore complexmalformation at
baseline. Additionally, a persistent risk of hemorrhage will exist in patients with
partial obliteration of the AVM.

Nearby normal brain tissue is at risk for radiation-induced changes
(RIC), leading to additional neurologic symptoms. The risk of permanent
symptoms in pre-treatment unruptured and ruptured AVMs undergoing
single radiosurgery treatment is reported to be 2.2 and 1.9 %, respectively
[47]. The risk is higher (approximately 13 %) in patients treated with a
multi-staged plan, whether based on volume-staged or dose-staged treatment
[48].

Microsurgery

Microsurgical excision is the most definitive treatment of brain AVMs. This can
be performed as the only treatment or can be preceded by embolization or
radiosurgery in an effort to reduce the nidus size. Surgery is often elective for
brain AVMs, except in patients who present with acute intracranial hemorrhage
requiring hematoma evacuation. The SM grading scale [11] was developed to
help stratify the risk of AVM resection and incorporates three lesional charac-
teristics: size, venous drainage, and location of the malformation within an
eloquent area of the brain. Grade I lesions are classically small, superficial, and
in non-eloquent areas of the brain, while grade VI lesions have high-risk
characteristics and are considered to carry prohibitive surgical risk. Surgical risk
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is also associated with lenticulostriate arterial supply, deep meningeal supply,
and a diffuse nidus [41].

A simplified three-tiered classification has been proposed by Spetzler and
Ponce and is derived from combining SM grades I and II into the top tier (A)
and grades IV and V into the bottom tier (C) [12]. The SP classification has not
been widely used or validated, but in a few observational studies, it has been
shown that AVM grades A and B can be surgically treated with low risks of
permanent morbidity [12, 49].

Standard procedure
Specific procedures for surgical resection are dependent on the size and location
of the malformation. Lesions are typically approached with a craniotomy with
careful opening of the dura to identify superficial draining veins so that they are
not injured. Superficial arterial feeders are identified and coagulated. Aneurysm
clips can be used for larger feeding arteries if they cannot be completely
coagulated due to the high blood flow. Arterialized veins are often preserved,
but occasionally small superficial veins are sacrificed to facilitate dissection. The
operator dissects down to the nidus until its deepest aspect is reached. Coagu-
lation of the AVM itself early in the procedure is avoided because it is under high
pressure andmore prone to rupture if manipulated. The draining veins are then
targeted and transected. Once all arterial feeders and venous drainage have been
controlled, the nidus is removed. Complete resection is confirmed with intra-
operative angiography [41].

Complications
Intraoperative hemorrhage is a potential complication and most commonly a
result of AVM bleeding during dissection. Parenchymal injury can occur if the
margin of resection is too generous. Additionally, traversing arteries can be
mistaken for arterial feeders and inadvertently ligated, causing ischemic injury
[21••, 41]. Postoperative complications such as hemorrhage, seizures, infec-
tion, and vasospasm are possible, as they are after craniotomy for any indica-
tion. New-onset seizures have been reported in up to 15 % of patients. In
patients who had seizures preoperatively, seizure frequency may worsen in
10 %, stay unchanged in 35 %, and improve in 55 % [41]. Many surgeons,
therefore, prescribe prophylactic antiepileptic medications in the perioperative
period.

Combination therapy

For the management of AVMs, the specific treatments listed above can be used
alone but are commonly used in combination, particularly with intermediate-
and high-grade lesions. Pre-surgical or pre-radiotherapy embolization may be
completed to decrease the size of the nidus by targeting arterial feeders in an
attempt to decrease the field of radiation or size of surgical resection. Treatment
decisions are made by multidisciplinary teams and are often highly
individualized.

Lee and colleagues reviewed cases in whom patients underwent embo-
lization prior to stereotactic radiosurgery compared to those undergoing
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radiosurgery alone and found no statistically significant differences among
obliteration rates or complications [50]. Another study found similar
results and additionally no increase in long-term complications between
combined treatment or radiation alone [51]. Other studies have suggested
that the obliteration rate is significantly decreased in patients undergoing
embolization prior to radiosurgery when compared to those undergoing
radiosurgery alone, without a significant difference in the long-term com-
plications of the procedures [46, 52, 53].

Embolization prior to surgery is typically done in patients with high
SM grade lesions in an effort to decrease the size of the malformation
and to eliminate high-risk characteristics, including aneurysms and fis-
tulas. The risk of hemorrhage, mortality, or other post-operative com-
plications between patients undergoing embolization and surgery com-
pared to those undergoing surgery alone was shown to be no different
in a retrospective review, with 91 % of patients having a good neuro-
logic outcome [54]. However, in another study, the risk of any neuro-
logic decline in patients undergoing combined endovascular and surgical
management was shown to be 940 %, with 5 % having disabling
deficits [55]. This highly complex group of patients is difficult to analyze
systematically because of such heterogeneity in AVM anatomy, proce-
dural expertise, comorbidities, and clinical context. A multimodality
approach to high-grade lesions is recommended by the most recent AHA
guideline [25].

Management of AVMs during pregnancy

There is limited data available regarding AVM management during pregnancy.
The hemorrhage risk may be increased (10.8 vs 1.1 % per year), as shown in a
prior retrospective review [14], but this has not been consistent in other studies
[56, 57]. For patients who became pregnant during the latency period from
stereotactic radiosurgery to confirmed lesion obliteration, the hemorrhage risk
may be increased compared to non-pregnant patients [58].

A small series from Japan documented good outcomes with either Cesarean
section or vaginal delivery in patients with known AVMs. During pregnancy,
three of the identified patients suffered intracranial hemorrhage but did not
have worsening of symptoms during or after delivery [59].

The general recommendation in pregnant patients who present with a
symptomatic AVM has been to treat if the patient decompensates. The deci-
sion to otherwise treat the malformation while a patient is pregnant is depen-
dent on a risk-benefit analysis; however, it is felt that the risk will likely
outweigh the benefit in this scenario [25]. There is no standard recommenda-
tion for the method of obstetric delivery. The delivery method has not been
shown to impact clinical outcomes, but there are few studies available.

Pediatric considerations

Most data regarding AVM management is limited to the adult popula-
tion. The ARUBA trial did not include patients younger than 18 years of
age. Young patients are exposed to a yearly hemorrhage risk, presumably
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for a much longer period of time as compared to their adult counter-
parts, conferring a theoretical increased hemorrhage risk over their
lifetime.

Given the high lifetime hemorrhage risk, interventionmay be justified if the
risk-benefit analysis is reasonable and is the most recent recommendation from
the AHA [25].

Multiple studies have found that stereotactic radiosurgery leads to generally
good outcomes with a reasonable risk profile [37, 60]. Patients receiving a
marginal radiation dose of 18–20 Gy had increased obliteration rates when
compared to patients receiving G18 Gy of marginal dose radiation [61]. Oblit-
eration rates were shown to be increased after stereotactic radiosurgery with
patients receiving a highermarginal radiation dose (at least 22Gy), two or fewer
draining veins, and a lower score on the Virginia Radiosurgery AVM Scale in
another study [37]. Additionally, in a retrospective review, microsurgery has
also been shown to be well-tolerated in patients treated with this modality with
a 94 % obliteration rate, if the lesion characteristics are amenable to such
intervention [62]. Embolization using a detachable microcatheter was evaluat-
ed in a small cohort of patients to determine safety of this device in the pediatric
population. Of 27 total injections, 7 microcatheters detached, more commonly
when using NBCA as an embolysate, and no aberrant catheter migration or
other complications were identified during a short follow-up period [63].

Multimodality treatment is also common in the pediatric population, and
outcomes may be improved with this approach [64].
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