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Chapter 17
Arteriovenous Malformations: Surgical 
Indications and Technique

Omar Tanweer, Gillian Harrison, Peter Rozman, and Howard A. Riina

Arteriovenous malformations (AVMs) comprise one of four main subtypes of vas-
cular malformations that are considered to be congenital rather than acquired. They 
are characterized by direct arterial-to-venous shunting, usually through a tangle of 
vessels called a nidus, without the normal intervening capillary beds, and are thus 
considered to be high-pressure, high-flow malformations. The other three subtypes, 
developmental venous anomalies, capillary telangiectasias, and cavernous malfor-
mations, which are beyond the scope of this chapter, are under much lower hemo-
dynamic pressure and low flow. However, all are considered rare lesions and as such 
remain incompletely understood.

Attempts to define the exact prevalence of AVMs in the general population have 
been limited by methodology and sampling; the often cited prevalence of 0.14% is 
likely an underestimate, and more recent analyses have suggested a prevalence of 
1–1.3/100,000 person-years [1, 2]. The rarity of these malformations would require 
an exceedingly large sample size to determine true prevalence in the general 
population.

While the underlying pathogenesis of AVMs remains a subject of active research, 
clinicians generally accept that AVMs, unlike many other vascular pathologies, are 
present from birth. This assumption finds support in the existence of genetic disor-
ders with predispositions for the development of AVMs (hereditary hemorrhagic 
telangiectasia, or Sturge-Weber disease, for instance). Studies have implicated ele-
vated levels of vascular endothelial growth factor (VEGF), angiopoietins, and fibro-
blast growth factors (FGFs) in the ultimate instability of the embryological 
vascular-capillary plexus that gives rise to the early AVM [3]. Over time, AVMs do 
remodel and can grow, and it is likely that environmental factors also contribute to 
the ultimate architecture of the mature AVM.
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The danger of these rare, congenital malformations is, of course, hemorrhage. 
Other symptoms such as headaches, seizures, and deficits from steal phenomenon 
are encountered as well. Over the past century, efforts directed at treating these 
lesions to prevent this consequence have led to four main treatment modalities that 
clinicians use today: medical management, endovascular embolization, microsurgi-
cal resection, radiosurgery, or some combination of the above. The focus of this 
chapter is mainly on the indications and techniques for surgical resection, but dis-
cussion is afforded to the use of other modalities to render previously high-risk or 
difficult-to-resect AVMs resectable.

Following a brief discussion of the clinical traits of AVMs and AVM ruptures, we 
will address the surgical classification, patient stratification, and preoperative plan-
ning that lead up to the day of surgery. An overview of surgical technique and intra-
operative management follows, as well as a description of common complications 
and expected surgical outcomes.

 Natural History and Clinical Presentations

As with most cerebrovascular lesions, screening for AVMs is not routinely per-
formed, and these lesions are most commonly discovered in the setting of hemor-
rhage. However, the increasing ease and rapidity, as well as decreasing cost, of 
imaging studies, have led to more and more incidentally discovered AVMs. This 
shift has led to increasing interest in, and understanding of, the natural history of the 
unruptured AVM.

The annual risk of hemorrhage for an AVM is approximately 2.8% per year [4–
7]. This figure does not stratify by AVM size or location and fails to take into account 
history of previous hemorrhage or symptomatic presentation. AVM size particularly 
has been associated with rupture risk, with smaller AVMs found to be at higher risk 
of rupture. The risk of hemorrhage is of special importance because approximately 
half of all AVMs will initially present in this way. Over 80% [8] of these hemor-
rhages are intraparenchymal. The remainder are intraventricular, usually by direct 
extension, subarachnoid, or even subdural hemorrhages. Spontaneous intracranial 
hemorrhage in an otherwise healthy or young individual should always raise the 
concern for an underlying malformation and prompt appropriate follow-up studies. 
Estimates of rebleeding rates vary greatly, and such analyses are limited by small 
study populations.

Cumulative (lifetime) risk of AVM rupture may be calculated as [1 – (risk of no 
hemorrhage)n], where n is the remaining life expectancy. For an accepted annual 
risk of 3%, this is estimated as [105 – age]/100.

Of those AVMs that do not present as hemorrhage, approximately half present as 
seizures [9]. The exact pathophysiology that underlies AVM-associated seizures is 
not understood, but certain characteristics of the AVM, such as cortical – particu-
larly temporal or parietal – location or large varices, do seem to predispose to this 
presentation. There is some suggestion that hemorrhagic presentation is more 
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 common in younger (less than 20 years old) or older (greater than 60 years old) 
populations, while seizures may predominate in the intervening years.

Beyond hemorrhage and seizure, less common presentations of AVMs include 
headache without rupture (~15% of total) and neurological deficit either as a result 
of direct parenchymal compression or steal syndrome. Steal syndrome describes a 
phenomenon in which the arteriovenous shunt provides a lower resistance than the 
surrounding capillary beds feeding brain parenchyma and thus results in tissue 
ischemia.

 Surgical Grading Systems

As we consider the lifetime risk of AVM rupture as an impetus to treat the disease 
process, it becomes apparent that this lifetime risk must be weighed against the risks 
inherent in surgical resection. Yet not all AVMs portend identical surgical risk. Since 
1977, surgeons have developed grading systems to stratify AVMs into surgically 
favorable and unfavorable strata. The most widely utilized and well known of these 
systems is the Spetzler-Martin grading system, published in 1986 [10]. The system 
assigns points to the AVM based on three primary characteristics (size, location, and 
drainage), and these ultimately summate to grades I–V, with grade I being the low-
est risk to resect and grade V carrying the highest risk (Table 17.1). Grade VI also 
exists and is used to denote AVMs deemed too complex to even consider resection.

In terms of size, AVMs are divided into those with a nidus less than 3 cm in 
diameter, 3–6 cm in diameter, or greater than 6 cm in diameter. In terms of location, 
a point is assigned those AVMs that occur in eloquent areas. Eloquent areas are 
defined as areas responsible for sensorimotor, visual, or language processing, as 
well as the hypothalamus, internal capsule, brainstem, cerebellar peduncles, and 
deep nuclei. Finally, drainage addresses whether any deep venous structures con-
tribute to the AVM’s drainage. Supratentorially, these are considered to be internal 
cerebral veins, basal vein of Rosenthal, and vein of Galen. Infratentorially, any 
drainage not to the straight or transverse sinus is considered deep.

This system is elegant in its simplicity and ease of use with available vascular 
imaging and has been validated in several cohorts by analyzing patient outcomes 
following surgical resection [11]. Spetzler and Ponce [12] even narrowed the final 
grades down into only three classes: A, comprising grades I/II; B, comprising grade 

Table 17.1 The Spetzler-
Martin grading system

Size <3 cm 1 point
3–6 cm 2 points
>6 cm 3 points

Location Eloquent 0 point
Non-eloquent 1 point

Drainage Superficial only 0 point
Deep 1 point
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III; and C, comprising grades IV/V. Class A AVMs are generally considered resect-
able, and class C AVMs are generally considered unresectable without compelling 
reason (recurrent hemorrhage, severe neurologic deficit, or associated aneurysms, 
for instance).

The Spetzler-Martin grading system improved upon earlier classification sys-
tems that recognized similar traits as important to surgical outcomes. Luessenhop 
and Gennarelli (1977) developed the first grading system in which they assigned a 
grade solely based on number of arterial feeders from a single vascular distribution 
(i.e., MCA, ACA, etc.) [13]. Luessenhop and Rosa (1984) developed a grading sys-
tem based on size, which carried over into the Spetzler-Martin system [14].

Shi and Chen (1986) developed a complex system taking into account not only 
size, eloquence/depth, and venous drainage but also arterial supply [15]. While 
more granular and subtle than the Spetzler-Martin system, it was quickly aban-
doned, likely as a result of its complexity.

Lawton and his group at UCSF suggest that further considerations are warranted 
beyond those that comprise the Spetzler-Martin system. In particular, grade III 
AVMs span a wide range of pathologies. These include small, eloquent, deep-drain-
ing AVMs, medium/deep-draining AVMs (III), and medium/eloquent AVMs alike 
(“III+”). Surely outcomes and surgical risk must differ between these types. They 
suggest the use of a supplementary scale taking into account age (<20  years, 
20–40 years, >40 years), presence of hemorrhage, and diffuseness or to what extent 
the brain parenchyma intervenes in the tangled vessels of the AVM. They reported 
an initial 300-patient analysis, and later 1000-patient analysis, that validates the 
improved outcome prediction with the addition of this system [16, 17].

All of the grading systems currently in use are now dated in their consideration 
of surgical resection as the sole treatment modality. As radiosurgery and interven-
tional techniques become more available, curative treatment is becoming a possibil-
ity for previously unresectable malformations. Patient stratification is not as simple 
as a five-point, or even ten-point, grading scale, and a host of patient and anatomical 
considerations must factor into the ultimate treatment plan.

 Risk Factors and Patient Selection

Management of patients with cerebral AVMs can be challenging, and recommenda-
tions for treatment require careful consideration of individual risk-benefit profiles. 
A surgeon’s and an institution’s experience with AVM management is important, 
particularly as multimodality management becomes more common; experts in each 
of the modalities should be available to contribute to a discussion of feasibility and 
associated risk for each patient.

A widely accepted indication for surgical intervention is prior hemorrhage; after 
an initial hemorrhage, annual rupture rates ranging from 6–15% in the first year [18, 
19] to 2–18% in subsequent years [5, 7, 18, 20–24] have been observed, and prior 
hemorrhage has been a nearly universal predictor of subsequent hemorrhage across 
most large series [5, 22, 23, 25–27]. Even for patients with high-grade AVMs, 
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rebleeding rates of 6% per year have been reported with 65% combined risk of per-
manent disability or death [28], suggesting that intervention may even be indicated 
for patients with AVMs classically considered high risk.

For management of unruptured AVMs, decision-making is more complex; surgi-
cal intervention must present a lower-risk profile than the natural history. In general, 
surgery is often considered for young patients with Spetzler-Martin grade I–II 
AVMs; furthermore, an additional supplementary scale incorporating age, prior 
hemorrhage, and nidus compactness suggests that surgery may carry acceptably low 
morbidity for a score ≤ 6 [16, 17]. In addition to surgical morbidity, patient and 
angioarchitectural factors that alter the natural history and are associated with 
increased risk of hemorrhage must be incorporated into the preoperative patient 
selection process.

 Patient Factors

Patient age is one of the most important factors to consider in patient selection for 
surgical intervention. As suggested by the modified Spetzler-Martin scale, age is a 
critical component for assessing surgical morbidity. In addition to having fewer 
comorbidities and greater ability to tolerate and recover from neurologic injury, 
younger patients have higher lifetime risk of hemorrhage, justifying more aggres-
sive treatment modalities. Some studies have identified increasing age as an inde-
pendent risk factor for hemorrhage  – either initial hemorrhagic presentation or 
re-hemorrhage – with one meta-analysis projecting a 30% increase in hemorrhage 
risk per decade [22, 26]; however, this has not been consistently supported across 
comparable large reviews [23, 25], and several cohort studies have in fact identified 
younger age as a risk factor for hemorrhage [5, 19]. Similarly, some cohort studies 
have identified gender [19, 29], race [30, 31], or history of hypertension [32, 33] as 
risk factors for hemorrhagic presentation; however, these results have not been 
widely studied. More recently, investigators have sought to identify genetic poly-
morphisms, primarily those involved with inflammatory and angiogenic pathways, 
associated with cerebral AVM diagnosis, hemorrhagic presentation, and outcome 
after treatment [34]. Finally, patient preference and lifestyle should be taken into 
account. Given the heterogeneity of data and spectrum of management options, 
thorough patient counseling is imperative. In addition, the psychosocial impact of 
the diagnosis should weigh into the patient’s decision-making process.

 Angioarchitectural Factors

Angiographic features associated with rupture of cerebral AVMs have been widely 
studied and have important implications for natural history risk. Table 17.2 sum-
marizes the angioarchitectural characteristics found to be independent risk factors 
for AVM hemorrhage at time of diagnosis or in follow-up in multivariate analyses. 
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General characteristics include size and location. Small size, typically defined as 
<3 cm, has been identified as a risk for hemorrhagic presentation [22, 23]; however, 
this may reflect a tendency for smaller lesions to escape diagnosis until they hemor-
rhage, compared to larger lesions which may present with other symptoms [35]. In 
contrast, multiple studies have either failed to find an association between AVM size 
and hemorrhage [25] or identified larger size [5, 23, 36] or diffuse morphology [24] 
as risk factors for subsequent hemorrhage. Deep, infratentorial, or “non-border-
zone” (single major arterial feeder) locations have all been associated with higher 
risk of bleeding at presentation or afterward [5, 19, 22, 25, 36, 37].

Hemodynamic factors and specific vascular features of both the arterial and 
venous macrocirculation may correlate with hemorrhage risk. Several studies have 
reported higher feeding artery pressures, typically associated with small AVMs, lon-
ger feeding artery length [38–41], perforating arterial feeders [42], or intranidal 
fistulae [43] as potential risk factors for hemorrhage. Arterial aneurysms, either 
feeding artery, intranidal, or remote, are not uncommon in AVM patients and have 
all been studied as potential risk factors. In a recent meta-analysis by Gross et al., 
18% of patients had an associated arterial aneurysm, half occurring in feeding arter-
ies, and presence of an aneurysm was a risk factor for hemorrhage, with a hazard 
ratio of 1.8 (95% CI 1.6–2.0) [25]. Other groups have stratified risk by aneurysm 
type and reported increased risk of hemorrhagic presentation with feeding artery 
aneurysms [44] and intranidal aneurysms [45]. Deep venous drainage has been con-
sistently implicated as an important angiographic feature of AVMs; however, stud-
ies have variably reported exclusively deep drainage versus a component of deep 
drainage as a risk factor for initial or subsequent hemorrhage [22, 23, 25, 26, 32, 42, 
45–48]. The number of draining veins has also been investigated, with authors 
reporting presence of a single draining vein as associated with rupture [24, 37, 46, 
47, 49], as have venous anomalies such as ectasias, stenosis, or occlusion [25, 33, 
37, 46, 49]. In an effort to clarify the significance of angioarchitectural characteris-
tics associated with hemorrhage and thus assist with clinical decision-making, 
Sahlein et al. proposed outflow impedance as a physiologic mechanism for increased 
risk of rupture. In addition to identifying a single draining vein as predictive of rup-

Table 17.2 Angioarchitectural characteristics associated with hemorrhagic presentation or 
re-hemorrhage of cerebral AVMs in multivariate analyses

Risk factor for hemorrhagic presentation Risk factor for subsequent hemorrhage

Small size [22, 32, 38, 44, 45, 47] Large size [5, 36]
Deep location [22, 37] Deep location [5, 19, 22, 49]
Infratentorial location [22, 37] Infratentorial location [5]
Non-borderzone location [22] Diffuse morphology [24]
Perforating feeders [42] Arterial aneurysms [25, 26]
Arterial aneurysms [22, 37, 44, 45] Deep venous drainage [20, 22, 27]
Deep venous drainage [22, 32, 38, 42, 44, 45, 47, 48] Single draining vein [24, 49]
Single draining vein [37, 47] Presence of venous varices/ectasias [49]
Presence of venous varices/ectasias [37]
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ture, they showed that patients with multiple draining veins and outflow stenosis 
had increased risk of rupture, comparable to those with single veins. Furthermore, 
an agreement analysis looking at other factors that have an unclear physiologic 
rationale for increasing risk (small size, deep drainage, deep location, absence of 
pial-to-pial collaterals) supported the hypothesis that the significance of these fac-
tors can be explained by association with more physiologically plausible factors 
that cause outflow impedance [33]. Importantly, such studies emphasize the need to 
consider how clinical and angioarchitectural characteristics of AVMs may alter a 
patient’s rupture risk.

 Preoperative Planning

Once the decision has been made to treat an AVM, comprehensive preoperative 
planning is critical to ensure safe, successful intervention. In general, surgical resec-
tion is an elective procedure. For life-threatening hemorrhage requiring emergency 
surgery, clot evacuation without attempting AVM resection is typically performed. 
For ruptured AVMs that are not immediately life-threatening, delayed resection (at 
least 1–2 weeks) is commonly advocated, as this allows time for the hematoma to 
liquefy, surrounding inflammatory changes to resolve, and recovery from temporary 
neurologic deficit, all of which are important for appropriate decision-making. 
Though acute intervention has been advocated by some [50], this does not allow 
time for the patient to recover from temporary deficit or to reassess the AVM archi-
tecture after hemorrhage, both of which have implications for choice of treatment 
modality.

In the setting of hemorrhage, especially if urgent surgery is necessary, head CT 
and CT angiogram may be sufficient preoperative imaging, as they allow for rapid 
diagnosis and assessment of angioarchitecture; however, elective preoperative plan-
ning should also include MRI and digital subtraction angiography (DSA). MRI and 
MR angiography (MRA) can provide significant insight into the surrounding brain 
tissue. Particularly for lesions located in the eloquent cortex, evolving techniques 
using fiber tractography and functional mapping may prove extremely useful for 
surgical planning [51]. Future innovations in MRI technique, such as radial phase-
contrast MRA, may improve noninvasive evaluation of AVM hemodynamics [52].

DSA remains the gold standard for evaluating AVMs and should be performed 
early after presentation with hemorrhage and again just prior to surgery. In addition 
to fully defining the feeding arteries and draining veins, it provides information 
about hemodynamics; furthermore, superselective microcatheterization of individ-
ual feeding pedicles can elucidate angioarchitectural characteristics associated with 
hemorrhage, such as nidal aneurysms or venous stenosis, that may otherwise be 
undetected [33, 53]. Preoperative embolization has emerged as an important step in 
the multidisciplinary management of AVMs. In the acute phase after hemorrhage, 
identification and embolization of the likely source of hemorrhage, such as intra- or 
perinidal aneurysms, may help reduce risk of early re-hemorrhage [54, 55]. 
Preoperative embolization has been shown to enhance the safety and efficacy of 
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surgery by reducing operative time and blood loss, with no significant difference in 
postoperative complications or long-term neurologic outcome [56]. Some series 
have additionally shown improved rates of major neurologic deficit, seizure, and 
death with embolization prior to surgical resection [57]. Embolization can be used 
to significantly shrink the nidus size and secure deep arterial feeders or associated 
aneurysms that may be difficult to access surgically, thus facilitating complete 
resection [58–62]; moreover, this may effectively decrease the Spetzler-Martin 
grade of the lesion, thus making previously inoperable lesions operable [63]. 
Though morbidity and mortality secondary to embolization remain low, particu-
larly with modern techniques and materials, the addition of superselective amytal 
testing can be utilized during the procedure to predict morbidity from vessel occlu-
sion and thus lower complication rate [64–68].

SRS prior to surgical resection has also been described. Steinberg et  al. first 
described a series of patients who underwent surgical resection of incompletely 
obliterated AVMs after SRS; they found the AVM to be less vascular, partially 
thrombosed, and more easily resected than patients who had not undergone SRS 
[69]. This was echoed in a later case report of a large AVM treated with staged SRS 
followed by resection, with authors describing gliotic brain tissue with an easily 
developed plane around the lesion [70]. More recent series have described favorable 
outcomes for surgery following SRS – radiosurgery significantly decreased lesion 
size and downgraded the Spetzler-Martin grade – thus facilitating resection with 
lower rates of preoperative embolization, shorter operative time, decreased blood 
loss and length of stay, and better functional outcome postoperatively [71–74]. Such 
results suggest that in carefully selected patients, namely, young patients with high-
grade AVMs initially considered inoperable, SRS may play a role in a multimodal-
ity treatment plan. See Fig. 17.1 for a case presentation of a ruptured AVM with an 
associated aneurysm.

 Surgical Techniques and Considerations

Surgical resection of AVMs remains among the most challenging lesions in the neu-
rosurgical arena. These cases often involve complex anatomy, long spans of extreme 
attention to detail, meticulous hemostasis, and extreme psychological stress. These 
factors can be combated with careful study of preoperative films, operative plan-
ning, and honest patient counseling.

Techniques

Positioning will vary based on location of lesion. Attention to positioning to allow 
for good venous return is important. In addition, if the femoral artery is accessible, 
an intraoperative angiogram should be planned for. In certain cases an immediate 
postoperative angiogram would be necessary.

Good communication with the anesthesia team, neuro-monitoring, and the scrub 
technicians is paramount. Neuro-navigation has started to play a bigger role and 
should also be coordinated beforehand. A large craniotomy is necessary with ade-
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a b

c d

e f

Fig. 17.1 Management of a ruptured left parietal AVM in a 25-year-old male. (a) Presentation CT 
with radiographic and clinical evidence of herniation. (b) s/p hemicraniectomy with evacuation of 
hematoma and no resection of AVM. (c) Angiogram showing an aneurysm on the peri-arterial 
bifurcation. (d) Coiling of aneurysm on POD 1. (e) Following 10 days of observant management, 
resection of AVM. (f) Intraoperative angiogram showing complete resection of AVM
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quate exposure of superficial arterial feeders or draining veins that are a distance 
from the nidus.

Vein preservation is crucial. Often, deciding which vessels are draining veins is 
among the first decisions to be made, especially in superficially draining AVMs. These 
draining vessels, due to arterialization, can be confused with arterial pedicles as well 
as passerby arteries. Careful preoperative examination of films will help prepare you 
for this decision. In addition, 3-D surgical planning platforms can assist (Fig. 17.2).

Resection of the AVM is usually carried out in a circumferential dissection and 
in a spiral fashion toward its depth. In cases where there are multiple draining veins, 
a decision to take a secondary draining vein for the purposes of exposure can be 
made. AVMs that track down to the ventricle usually have ependymal feeders, and 
these must be also coagulated, although it is usually the more difficult aspect of the 
case. As the resection nears completion, the draining vein can be noted to return to 
a darker color signifying a reduction in arterial shunting. If doubt remains, tempo-
rary clipping of the draining vein can be done to see if it is safe to disconnect.

Bipolar electrocautery forceps is one of the most important instruments in this 
surgery. Minimizing the adherence of the coagulated vessels to the bipolar tips is 
important for an efficient resection. Irrigating bipolar forceps or bipolars under con-
stant irrigation will reduce that adherence. In addition, newer bipolars with different 
metallic surfaces allow for a better heat sink capacity and less thermal spread. Constant 
cleaning of the tips and keeping them in ice water will also allow for efficacious use.

Hemostatic materials are helpful in managing small venous bleeding in the cav-
ity however should not be used for small arterial bleeding. Commonly, these arterial 
feeders will retract out of sight and can cause adjacent hematomas. These retracted 
vessels must be followed, even if further white matter dissection has to take place 
and be coagulated.

a b

Fig. 17.2 (a, b) Use of a surgical planning system for visualization of surface vessels, allowing for 
identification of surface arterial feeders and draining veins

O. Tanweer et al.



301

 Surgical Outcomes and Complications

Surgical outcomes have improved over time with better patient selection and risk 
stratification, clarification of angioarchitectural risk factors, and refinement of sur-
gical approaches; however, it is essential to critically evaluate treatment outcomes 
in comparison to the natural history risk. The goal of AVM resection is complete 
obliteration to mitigate the morbidity and mortality associated with the natural his-
tory. To this end, Laakso et al. studied the excess mortality experienced by patients 
diagnosed with an AVM and found that treatment reduced the excess mortality con-
ferred by an AVM diagnosis [6]. Obliteration rates after surgical resection are 
extremely high, with reported angiographic cure rates of 94–100% [34, 75, 76].

Outcomes by Spetzler-Martin Grade

Classification of functional outcomes varies by author; however, a common stratifi-
cation defines outcomes using modified Rankin scale (mRs), with a good outcome 
defined as ≤1 or ≤ 2. Postoperative complications may include hemorrhage, infarct, 
seizure, infection, need for CSF diversion, or, in extremely rare circumstances, ret-
rograde arterial or venous thrombosis or vasospasm. In their series of 232 patients 
with Spetzler-Martin grade I or II AVMs who underwent surgical resection, Potts 
et al. demonstrated a 94% complete obliteration rate with 93% of patients mRS ≤ 2 
and 97% of patients unchanged or improved postoperatively; furthermore, surgical 
mortality rate was only 0.4%, and only 3% of patients were neurologically worse 
postoperatively. These results were comparable to the summary of surgical series 
for grades I and II AVMs the authors reported, with mortality rates ranging from 0% 
to 2.2% (mean 0.3%) and morbidity rates ranging from 0% to 6.6% (mean 2.2%) 
[76]. Grade III AVMs represent a heterogeneous population, with four combinations 
of size, venous drainage, and eloquence, and reported surgical outcomes reflect this 
heterogeneity. Lawton et al. addressed this by analyzing a series of only grade III 
AVMs and proposing a modification of the Spetzler-Martin scale [75]. They 
achieved a 97.4% obliteration rate; notably, 25% of patients had undergone some 
prior treatment, and 75 of 76 patients were embolized preoperatively, with 2 hemor-
rhages attributed to the endovascular procedure. Postoperatively they reported three 
hemorrhages and a surgical mortality rate of 3.9%, for an overall surgical risk of 
8.0%. Good outcomes (mRS ≤ 2) were achieved in 78.7% of patients, and 3.9% of 
patients experienced permanent treatment-associated neurological morbidity. The 
authors further stratified patients by type of grade III AVM, reporting that patients 
with small AVMs (S1V1E1) did the best, with 97.1% unchanged or improved post-
operatively, compared to those with medium/deep AVMs (S2V1E0) or medium/
eloquent (S2V0E1), with 92.9% and 85.2% of patients unchanged or improved 
postoperatively, respectively. Surgical morbidity and mortality for grades IV and V 
AVMs are high, with rates of up to 26% morbidity and 3.2% mortality described in 
early series [77–80], prompting many to defer surgical resection for these lesions. 
More recent series have tended to utilize a multimodality approach more frequently 
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and have reported complete obliteration rates of 70–97.6%, with morbidity/mortal-
ity rates ranging from 10% to 23% [73, 80, 81]. When comparing outcomes after 
2000 with the historical cohort prior to 2000, some authors noted a nearly 50% 
reduction in poor outcomes [82].

Outcomes for Seizures

Persistent seizures or drug-resistant epilepsy are important indications for surgical 
resection of AVMs, as complete obliteration leads to the best outcomes for seizure 
control. Some modern series report seizure control rates (Engel class I or II) of 
93–100% [83, 84], though outcomes were not analyzed by type of preoperative 
seizure. In a series of 293 patients with sporadic seizures (41%), chronic seizures 
(35.9%), or drug-resistant epilepsy (23.3%) who underwent complete surgical 
resection, seizure control rates were favorable – 85.7% of patients with sporadic 
seizures, 80.5% with chronic seizures, and 58.3% with drug-resistant epilepsy were 
seizure-free [85]. Control rates in the drug-resistant subset improved to 80% for 
patients who underwent extended lesionectomy for seizure control.

Outcomes for ARUBA-Eligible Patients

“A Randomized Trial of Unruptured Brain AVMs” (ARUBA) was a prospective, 
multicenter, parallel design, nonblinded, randomized controlled trial designed to 
compare medical management alone to medical management with interventional 
therapy for prevention of death or stroke in patients with unruptured brain AVMs 
[86]. The study, which was halted early after interim analysis, concluded that medi-
cal management was superior to intervention for prevention of death or stroke in 
patients with unruptured AVMs followed for 33  months. This surprising result, 
which is at odds with much of the prior literature, was widely critiqued. Among 
comments on design, conduct, and result analysis, factors such as selection criteria, 
lack of standardization of the treatment arm, low enrollment rate, recruitment bias, 
short follow-up, and inappropriate conclusions were all frequently cited as problem-
atic [87]. Specifically, the low number of randomized patients compared to those 
who refused or were treated elsewhere, low number of surgically treated patients 
(18%), and high number of patients treated with radiosurgery (33%) or emboliza-
tion (32%) followed for a relatively short time period may have contributed to the 
study’s conclusion. In the wake of this study, the importance of solidifying the 
safety and efficacy of AVM resection was emphasized, and many groups published 
their experience with surgical intervention for patients who could have been eligible 
for the ARUBA trial. Authors primarily focused on Spetzler-Martin grades I and II 
AVMs, as these are the most favorable for surgery and the ones most likely to have 
been selected for treatment outside the randomization process of ARUBA, and rein-
forced the low morbidity and mortality associated with intervention [76, 88–92]. A 
systematic review of this literature included 6 studies with 956 patients; of studies 
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that included both surgery and radiosurgery with or without embolization, 50–58% 
of patients underwent surgical resection [93]. Compared to ARUBA, in which 
30.7% of patients in the treatment arm reached the primary endpoint of symptom-
atic stroke or death, these studies reported a mean rate of 8.0% stroke or death, 
which was similar to the rate for the medical arm (10.1%) of ARUBA. Similarly, the 
percentage of patients with poor functional outcomes (mRS ≥ 2) in the reviewed 
studies (mean 9.9%) was more comparable to that reported in the medical arm of 
ARUBA (14%) than the intervention arm (38.6%) [93]. The review summarized 
that in contrast to the ARUBA results, surgical intervention can effectively treat 
appropriately selected unruptured AVMs with a safety margin similar to that of 
medical management [93].
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