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OBJECTIVE Cerebellar arteriovenous malformations (AVMs) represent the majority of infratentorial AVMs and fre-
quently have a hemorrhagic presentation. In this multicenter study, the authors review outcomes of cerebellar AVMs 
after stereotactic radiosurgery (SRS).
METHODS Eight medical centers contributed data from 162 patients with cerebellar AVMs managed with SRS. Of 
these patients, 65% presented with hemorrhage. The median maximal nidus diameter was 2 cm. Favorable outcome 
was defined as AVM obliteration and no posttreatment hemorrhage or permanent radiation-induced complications 
(RICs). Patients were followed clinically and radiographically, with a median follow-up of 60 months (range 7–325 
months).
RESULTS The overall actuarial rates of obliteration at 3, 5, 7, and 10 years were 38.3%, 74.2%, 81.4%, and 86.1%, 
respectively, after single-session SRS. Obliteration and a favorable outcome were more likely to be achieved in patients 
treated with a margin dose greater than 18 Gy (p < 0.001 for both), demonstrating significantly better rates (83.3% and 
79%, respectively). The rate of latency preobliteration hemorrhage was 0.85%/year. Symptomatic post-SRS RICs devel-
oped in 4.5% of patients (n = 7). Predictors of a favorable outcome were a smaller nidus (p = 0.0001), no pre-SRS em-
bolization (p = 0.003), no prior hemorrhage (p = 0.0001), a higher margin dose (p = 0.0001), and a higher maximal dose 
(p = 0.009). The Spetzler-Martin grade was not found to be predictive of outcome. The Virginia Radiosurgery AVM Scale 
score (p = 0.0001) and the Radiosurgery-Based AVM Scale score (p = 0.0001) were predictive of a favorable outcome.
CONCLUSIONS SRS results in successful obliteration and a favorable outcome in the majority of patients with cerebel-
lar AVMs. Most patients will require a nidus dose of higher than 18 Gy to achieve these goals. Radiosurgical and not 
microsurgical scales were predictive of clinical outcome after SRS.
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Arteriovenous malformations (AVMs) are con-
genital vascular malformations with an incidence 
of 1:100,000.1 Infratentorial AVMs were first re-

ported by Clingenstein in 1908.21 Cerebellar AVMs rep-
resent the majority of infratentorial AVMs.3 These rare 
lesions account for 7%–15% of all intracranial AVMs in 
most large clinical series.3 Cerebellar AVMs have a noto-
riously high rate of hemorrhagic presentation, approach-
ing 70%–90%.3,7,16,29,33 This figure is almost double the 
initial hemorrhage rates seen for supratentorial AVMs.17 
As such, posterior fossa AVMs have a mortality rate as 
high as 60% for patients presenting with a nidus-related 
hemorrhage.4 The management of these neurovascular le-
sions is complicated by the anatomical constraints of the 
posterior fossa and the concentration of eloquent neuro-
logical structures. The smaller and limited volume of the 
posterior fossa does not allow for much volume expansion 
(due to AVM nidus hemorrhage or edema). Clinical mani-
festation and neurological decompensation ensues earlier 
than for equal-volume supratentorial hemorrhages.7,20,28

Unlike brainstem AVMs, cerebellar AVMs are often 
more superficially located and, in select cases, amenable 
to resection.7 Despite the immediate elimination of ni-
dus hemorrhage when resection achieves complete AVM 
obliteration, the morbidity and mortality associated with 
attempted surgical removal have prompted evaluation of 
other management modalities.29

The goal of stereotactic radiosurgery (SRS) is complete 
nidus vascular closure, thereby eliminating risk of future 
hemorrhage.27,40 Obliteration rates are reported to vary be-
tween 70% and 80%14,20 with a relatively low risk profile 
for adverse radiation effects,22 even when treating deep 
lesions that are less suitable for resection. However, the 
obliteration and complication rates afforded by SRS for 
cerebellar AVMs are mostly composed of a single institu-
tion’s experience and are subject to individual selection 
bias.7,14,20,22,40 The goals of this multicenter study were to 
assess the outcomes after SRS for cerebellar AVMs and to 
evaluate factors that affect the results.

Methods
Patient Population

Eight medical centers participating through the Inter-
national Gamma Knife Research Foundation (IGKRF) 
obtained individual institutional review board approvals 
to participate in this study. A total of 162 patients identi-
fied as having cerebellar AVMs underwent Gamma Knife 
radiosurgery (GKRS) between 1988 and 2015. At each 
center, retrospective review of clinical and radiological 
patient outcome parameters was performed. The follow-
ing centers contributed data for this study: the University 
of Virginia (67 patients), the University of Pittsburgh (58 
patients), Cleveland Clinic Foundation (13 patients), New 
York University (5 patients), Beaumont Health System (5 
patients), University of Sherbrooke, Centre de Recherché 
Clinique (5 patients), University of Pennsylvania (5 pa-
tients), and the University of Puerto Rico (4 patients).

The records of AVM patients who underwent Gamma 
Knife (Elekta AB) SRS during the period 1988–2015 were 
evaluated by clinicians at each center for study inclusion. 

A database with selected variables was created and sent 
to all participating centers. Participating centers reviewed 
the medical records of their patients, entered data, and 
removed all patient identifiers from the database. Pooled 
and de-identified data were screened by the IGKRF study 
coordinator for errors. Data were verified for compliance 
with protection of patient information. Any uncertainties 
or ambiguities in the data were addressed by the contribut-
ing center.

Patients were included in the study if they had a cere-
bellar AVM treated with SRS and a minimum of 6 months 
of neuroimaging and clinical follow-up after the proce-
dure. Patients with radiosurgery-induced complications 
(RICs) or hemorrhage within the first 6 months after SRS 
were also included. Patients treated with volume-staged or 
hypofractionated SRS were excluded. Demographic, med-
ical, and clinical parameters at different time points were 
logged. Detailed clinical and radiological presentations as 
well as outcome parameters were recorded. Neurological 
examination, complications, and deficits were recorded.

Cohort Overview
The specific patient and tumor attributes are detailed 

in Table 1. A total of 162 patients harboring cerebellar 
AVMs were included in the cohort. Males formed 50% 
of the cohort (n = 81), and the median age was 44 years 
(range 6–99 years). The median nidus volume was 2 ml 
(range 0.1–22 ml), and the median maximal nidus diam-
eter was 2 cm (range 1–5 cm). The majority of patients 
had a Spetzler-Martin31 Grade II AVM (48.8%, n = 79). 
The majority of AVMs (60.5%, n = 98) had a deep ve-
nous drainage. The most common Virginia Radiosurgery 
AVM Scale (VRAS) score35 noted was 1 (AVM volume 
< 2 ml, no history of hemorrhage, and not in an eloquent 
area) (38.3%, n = 62), followed by VRAS Score 2 (32.7%, 
n = 53), and VRAS Score 3 (14.2%, n = 23). The most 
common Radiosurgery-Based AVM Scale (RBAS) score25 
noted was RBAS as score of 2 (calculated as 0.1 × AVM 
volume + 0.02 × patient age + 0.3) (41.9%, n = 68), fol-
lowed by RBAS Score 1 (27.8%, n = 45) and RBAS Score 
3 (23.5%, n = 38).

As depicted in Table 1, 65.4% (n = 106) of patients ex-
perienced an AVM-related hemorrhage prior to SRS, and 
19.8% (n = 32) of AVMs had an accompanying aneurysm 
diagnosed and treated. The most common presenting 
feature was intracranial hemorrhage in 65.4% (n = 106) 
(Table 1). Prior resection of the nidus was performed in 
9.9% (n = 16) of patients, 9.9% (n = 16) of patients received 
prior radiation therapy, and 22.8% (n = 37) of patients un-
derwent prior AVM nidus embolization. For 60.5% (n = 
98) of patients, SRS was performed as a primary treatment 
(i.e., upfront SRS).

Radiosurgical Technique
Gamma Knife models U, B, C, 4C, and Perfexion were 

used through the years, depending on the technology 
available at the time of SRS at each participating center. 
The Leksell model G stereotactic frame (Elekta AB) was 
applied using local anesthetic supplemented by additional 
intravenous conscious sedation as needed. High-resolu-
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tion stereotactic MRI was then performed. In instances 
in which MRI was not feasible or when MRI distortion 
was a concern, a stereotactic CT scan was obtained. Thin-
slice axial and/or coronal plane images were obtained 
after intravenous contrast administration. Stereotactic 
cerebral angiography was incorporated in treatment plan-
ning for nidus definition. Multidisciplinary radiosurgery 
dose planning was then performed by the neurosurgeon 
in conjunction with a radiation oncologist and medical 
physicist.

In this series, the median margin and maximal doses 
delivered to the AVM margin were 22 Gy (range 10–35 
Gy) and 40 Gy (range 18–50 Gy), respectively. Dose selec-
tion relied on the factors of nidus volume, prior neurologi-
cal deficits, proximity to critical structures, and history, if 
any, of prior fractionated radiation therapy. Radiosurgical 
parameters are detailed in Table 1.

Clinical and Radiological Assessment After SRS
Following SRS, clinical and neuroimaging evalua-

tions were generally performed at follow-up intervals of 
6 months for the first 2 years after SRS and then yearly 
thereafter. Patient evaluations included neurological exam-
ination and neuroimaging at the respective treating center. 
Symptoms and signs were followed and logged, imaging 
was reviewed, and appropriate additional medical/surgical 
treatment was instituted. When there was no patent nidus 
shown on MRI and obliteration was suspected, the patient 
typically underwent diagnostic cerebral angiography to 
confirm nidus obliteration. If the AVM was still patent 3 
to 4 years after initial SRS, additional treatment with SRS 
was employed in select patients. However, outcome was 
assessed from the time of initial GKRS.

Every 1–5 years, imaging and clinical evaluations con-
tinued even after proof of obliteration to assess the devel-
opment of long-term complications. In patients for whom 
MRI was contraindicated (e.g., in the presence of a cardiac 
pacemaker), follow-up was performed using CT. Because 
participating institutions were tertiary referral centers, 
some patients underwent clinical follow-up evaluations 

TABLE 1. Patient-related parameters (n = 162 patients)

Characteristic Value

Median age (range) in yrs 44 (6–99)
Sex (F/M) 81:81
Nidus size
 Median vol (range) in ml 2 (0.1–22)
 Median max diameter (range) in cm 2 (1–5)
Median delay from diagnosis to SRS (range) in mos 5 (0–251)
Size
 Small (<3 cm) 141 (87%)
 Medium (3–6 cm) 20 (12.3%)
 Large (>6 cm) 1 (0.6%)
Eloquence of adjacent brain
 Noneloquent 105 (64.8%)
 Eloquent 57 (35.2%)
Venous drainage
 Superficial only 64 (39.5%)
 Deep 98 (60.5%)
Spetzler-Martin grade
 I 38 (23.5%)
 II 79 (48.8%)
 III 38 (23.5%)
 IV 7 (4.3%)
VRAS
 0 13 (8%)
 1 62 (38.3%)
 2 53 (32.7%)
 3 23 (14.2%)
 4 11 (6.8%)
RBAS
 0 11 (6.8%)
 1 45 (27.8%)
 2 68 (41.9%)
 3 38 (23.5%)
Prior intracranial hemorrhage 106 (65.4%)
Accompanied by aneurysm 32 (19.8%)
Presentation
 Asymptomatic 10 (6.2%)
 Headache 31 (19.1%)
 Seizure 2 (1.2%)
 Neurological deficit 13 (8%)
 Bleeding 106 (65.4%)
Prior surgery
 Microsurgical resection of nidus 16 (9.9%)
 VPS or EVD 1 (0.6%)
 No. of prior ops
  1 16 (9.9%)
  2 1 (0.6%)
  3 2 (1.2%)
  4 1 (0.6%)
Prior embolization 37 (22.8%)

CONTINUED IN NEXT COLUMN »

TABLE 1. Patient-related parameters (n = 162 patients)

Characteristic Value

Prior radiation therapy 16 (9.9%)
Median follow-up (range) in mos
 Clinical 60 (7–325)
 MRI 31 (6–220)
 Angiography 36 (6–325)
SRS parameters
 Median radiation dose (range) in Gy
  Margin 22 (10–35)
  Max 40 (18–50)
 Median isodose level (range) as % 50 (45–100)
 Median no. of shots (range) 2 (1–18)

EVD = external ventricular drain; max = maximal; VPS = ventriculoperitoneal 
shunt.

» CONTINUED FROM PREVIOUS COLUMN
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performed by their local physicians. For such patients, 
clinical notes and actual neuroimaging studies (i.e., not 
just the radiological reports) were received and reviewed 
by the treating clinicians who performed the SRS proce-
dure. The follow-up images were compared with the im-
ages obtained at the time of SRS. A favorable outcome 
was defined as complete AVM obliteration without laten-
cy interval hemorrhage or permanent symptomatic RICs. 
A case illustration is presented in Figs. 1 and 2.

Statistical Analysis
Data are presented as the median or mean and range 

for continuous variables, and as frequency and percentage 
for categorical variables. Calculations of normality were 
assessed graphically and statistically. Statistical analysis 
of categorical variables was carried out using chi-square 
and Fisher’s exact test association as appropriate. Statistics 
of means were carried out using an unpaired Student t-
test, both with and without equal variance (Levene’s test) 
as necessary and Wilcoxon rank-sum tests when variables 
were not normally distributed. Patient, AVM, and radio-
surgical characteristics were assessed in univariate anal-
ysis to test covariates predictive of outcome. Clinically 
significant variables and interaction expansion covariates 
were further assessed in both multivariable analyses as 
deemed relevant.

Eloquence (defined as the location in a region of critical 

neurological importance) was assessed according to the 
Spetzler-Martin grading scale,31 location defined accord-
ing to the modified RBAS,25 and the VRAS.35 In addition, 
competing risk survival analysis of AVM-free obliteration 
was calculated using the modified Kaplan-Meier method 
and Gray’s method.10 After confirming the assumption of 
proportional hazards, factors predictive of obliteration (p 
< 0.15) were entered into modified multivariate Cox re-
gression analysis to assess hazard ratios in the presence of 
competing mortality risk.9 Multivariate regression models 
and commonly used grading scales were assessed using 
area under the receiver operating characteristic curve; p 
values ≤ 0.05 were considered statistically significant. Sta-

FIG. 1. Case illustration. This 37-year-old woman presented with a 
posterior fossa hemorrhage from a large-nidus right cerebellar AVM 
(Spetzler-Martin Grade V, RBAS Score 2.34, VRAS Score 3). A and 
B: Axial T2-weighted images. C: Lateral angiogram. D and E: 3D MR 
angiographic reconstruction. The patient was initially treated conserva-
tively (no microsurgery).

FIG. 2. Case illustration, continued. The patient underwent GKRS in 
2007 and again in 2011 for a small remnant nidus. A–C: Axial T2-
weighted MR image (A), lateral angiogram (B), and anteroposterior 
angiogram (C) obtained at the time of repeat radiosurgery (2011), show-
ing a substantially smaller nidus retreated. D–F: Axial T2-weighted MR 
image (D), lateral angiogram (E), and anteroposterior angiogram (F) 
obtained 22 months after repeat radiosurgery, demonstrating complete 
AVM nidus obliteration. The patient suffered no latency hemorrhage, 
symptomatic RICs, or neurological deficits.
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tistical analyses were performed using Stata (version 14.0, 
StataCorp).

Results
Assessment of Obliteration

The different outcome parameters are summarized in 
Table 2. At a median follow-up of 60 months (range 7–325 
months), the rate of MRI and/or angiographic-confirmed 
obliteration was 68.2% (n = 105) at the last follow-up. 
Complete angiographic obliteration was confirmed in 
56.5% of patients (n = 87), and MRI obliteration was pres-
ent in another 11.7% (n = 18). The Kaplan-Meier actuarial 
rate of obliteration is demonstrated in Fig. 3. The actuarial 
rates of obliteration at 3, 5, 7, and 10 years after SRS were 
38.3%, 74.2%, 81.4%, and 86.1%, respectively. As shown 
in Table 3, patients treated with a higher margin dose were 
more likely to achieve AVM obliteration. This trend is 
further emphasized when reviewing patients treated with 
a margin dose greater than 18 Gy compared with those 
treated with a margin dose equal to or smaller than 18 Gy 
(50% [n = 35] vs 83.3% [n = 70], p < 0.001).

Predictors of earlier obliteration in univariate and mul-
tivariate Cox regression analyses are summarized in Table 
4. In univariate analysis, absence of prior endovascular 
embolization (p = 0.006, 95% CI 0.23–0.78), a smaller ni-
dus maximal diameter (p = 0.005, 95% CI 0.49–0.88), a 
higher margin dose (p = 0.0001, 95% CI 1.06–1.22), and a 
higher maximal dose (p = 0.015, 95% CI 1.00–1.07) were 
predictive of nidus obliteration. The Spetzler-Martin scale 
(each component of the scale and the grade), the presence 
of any RIC, the VRAS, and the RBAS were not noted to 
predict obliteration after SRS. In multivariate analysis, pri-
or partial microsurgical resection of the nidus (p = 0.024, 
95% CI 1.11–4.68), no prior endovascular embolization (p 

= 0.015, 95% CI 0.24–0.86), small maximal nidus diam-
eter (p = 0.003, 95% CI 0.44–0.85), and a higher margin 
dose (p = 0.016, 95% CI 1.02–1.19) predicted AVM nidus 
obliteration.

Post-SRS Complications
Post-SRS latency interval hemorrhage occurred in 

5.6% (n = 9) of patients. This result translates to an overall 
annual hemorrhage incidence of 0.85%. Latency post-SRS 
hemorrhage was 0.96%/year in the first 2 years and 0.8%/
year thereafter. No hemorrhages were observed in patients 
with angiographic or MRI confirmation of obliteration.

RICs were evident on imaging in 12.3% (n = 19) of 
patients, symptomatic in 4.5% (n = 7), and permanent in 
1.2% (n = 2). The risk of RICs as a function of margin dose 
is presented in Table 2. As noted, no clear correlation to 
margin dose could be assigned. An RIC did not result in 
obstructive hydrocephalus in any patient.

Assessment of Favorable Outcome
Ninety-two patients (62.2%) achieved a favorable out-

come (i.e., AVM nidus obliteration without latency inter-
val hemorrhage and no permanent SRS-associated RICs). 
As shown in Table 3, patients treated with a higher margin 
dose were more likely to achieve a favorable outcome. We 
found that patients who received an AVM margin dose 
greater than 18 Gy had a significantly greater likelihood of 
a favorable outcome compared with patients who received 
equal to or less than 18 Gy (52.2% [n = 35] vs 21% [n = 
17], p < 0.001).

Independent predictors of a favorable outcome in uni-
variate and multivariate logistic regression analyses are 
summarized in Table 4. In multivariate analysis, predic-
tors of a favorable outcome in the multivariate logistic re-
gression analysis were a smaller nidus maximal diameter 
(p = 0.001, 95% CI 1.50–4.91), the lack of prior endovas-

FIG. 3. Kaplan-Meier (KM) plot. Obliteration rate of the cerebellar AVMs 
each year with 95% confidence intervals. The actual number of patients 
at different time points is logged as well. Figure is available in color 
online only.

TABLE 2. Outcomes of patients who underwent SRS for their 
cerebellar AVMs

Outcome Parameter Value

Nidus obliteration (n = 154)
 Complete obliteration
  On MR & angiography 87 (56.5%)
  MR only 18 (11.7%)
  Total value 105 (68.2%)
  Median time to obliteration (range) in mos 60 (7–325)
 Subtotal/not obliterated 49 (31.8%)
Complications
 Post-GKRS hemorrhage (n = 161) 9 (5.6%)
 RICs
  Total 19 (12.3%)
  Radiographic 18 (11.6%)
  Symptomatic 7 (4.5%)
  Permanent 2 (1.2%)
 Mortality (n = 161) 12 (7.5%)
Unfavorable outcome (n = 148)* 56 (37.8%)

* Permanent RICs, or post-SRS latency period hemorrhage, or no nidus 
obliteration.
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cular embolization (p = 0.004, 95% CI 1.57–9.85), no prior 
hemorrhage (p = 0.009, 95% CI 1.32–7.41), and a higher 
margin dose (p = 0.045, 95% CI 0.69–0.99).

Discussion
Cerebellar AVMs provide a challenge for clinical de-

cision making. Such AVMs are associated with a higher 
risk of hemorrhage in comparison with supratentorial 
AVMs.4,6,12,29,36,38 Although complete surgical removal 
provides the benefit of early hemorrhage protection, it is 
associated with a higher risk profile. AVM microsurgery 
series reviewing all posterior fossa lesions have reported 
successful obliteration rates of 83%–100%, with morbid-
ity rates of 13%–25% and mortality rates of 7%–15% for 
all Spetzler-Martin grade AVMs.4,7,16,29 Of note, in surgical 
series, low-grade Spetzler-Martin AVMs formed the bulk 
of the cohort (62% of cerebellar AVMs in the study by Ro-
driquez-Hernandez et al. were Spetzler-Martin Grade I or 
II29), which is similar to our cohort. In addition, endovas-
cular treatment is rarely curative on its own as a primary 
modality for AVMs, having been shown to be effective in 
only 10%–20% of cases.24 Thus, embolization is typically 
used as a preoperative adjuvant to either resection or SRS, 
potentially reducing the nidus target volume to facilitate 
single-session SRS.30 Unfortunately, AVM embolization 
before SRS has negatively affected obliteration rates. Prior 
embolization served as a negative predictor of oblitera-
tion after SRS in several SRS series.2,13,21,26,27,35 In addition, 
AVM embolization (any location) carries a definite risk of 
complications, exceeding 10% in some reports.8

Radiosurgical Management of Cerebellar AVMs
A paucity of SRS outcomes data exists for cerebellar 

AVMs, with most reports constituting highly selective, 
single-institution series.7,14,20,22,40 We typically recommend 
waiting 6–12 weeks between rupture and SRS, allowing 
for the resolution of blood products that may obscure the 
borders of the nidus and hamper target delineation. Hemo-
siderin deposition has also been suggested to increase the 
radiosensitivity of normal parenchyma.32

Ding et al.7 performed a matched-cohort analysis of 60 
cerebellar AVMs treated with SRS to 180 supratentorial, 
lobar AVMs.7 Hemorrhagic presentation was significantly 

more common in the cerebellar AVM cohort (p < 0.001). 
The cumulative obliteration rate was 72%, with actuarial 
obliteration rates at 3 and 5 years of 51% and 71%, respec-
tively. Younger age (p = 0.019), a lack of prior embolization 
(p < 0.001), and small nidus volume (p = 0.034) were found 
to be independent predictors of obliteration. Cerebellar lo-
cation did not affect AVM radiosurgery outcomes.7

Bowden et al.4 recently reported their institutional 
experience treating cerebellar AVMs in a cohort of 64 
patients; 73% of patients presented with an intracranial 
hemorrhage. Deep venous drainage was noted in 66%. 
The actuarial rates of obliteration at 3, 4, 5, and 10 years 
were 53%, 69%, 76% and 76%, respectively. A permanent 
neurological deficit due to RICs was reported in 1 patient 
(1.6%) and transient symptomatic RICs were reported in 2 
(3.1%) additional patients.4

The diagnosis of an associated aneurysm has been 
shown by the Toronto study group6 as a significant risk 
factor for hemorrhage.15 Bowden et al.4 reported an associ-
ated aneurysm in 25% of cerebellar AVMs. Kouznetsov et 
al.18 compared the frequencies of cerebellar AVM preni-
dal aneurysm–related ruptures in cases of supra- and in-
fratentorial AVMs. Reviewing a cohort of 233 AVMs, the 
authors reported that 25 (11%) were in the posterior fossa; 
of these 25 cases, 22 (88%) presented with hemorrhage, 
including 9 patients (41%) who presented with hemorrhage 
due to a prenidal aneurysm rupture. Robert et al.28 report-
ed a cohort of 55 patients with cerebellar AVMs, with a 
hemorrhagic presentation reported for 81% and an asso-
ciated aneurysm in 45% of patients. Most authors agree 
that posterior fossa AVM hemorrhages are frequently as-
sociated with prenidal arterial aneurysms, which can be 
managed by endovascular or microvascular treatment.15,18

By combining the outcome data of centers participat-
ing in the IGKRF, we report the largest cohort of cerebel-
lar AVMs treated with SRS. The overall actuarial rate of 
obliteration at 5 years after SRS was 74.2%. Symptomatic 
RICs developed in 4.5% (n = 7). No patient developed hy-
drocephalus secondary to SRS perilesional swelling and 
resultant obstructive hydrocephalus. This fact highlights 
the relative safety of SRS to this region, despite the often-
voiced concerns of clinicians related to the delayed risk of 
hydrocephalus.

The current study also highlights the limitations of the 

TABLE 3. Dose distribution and rates of obliteration, unfavorable outcome, and RICs

Dose Distribution (Gy)
Obliteration Unfavorable Outcome RIC

Total No. % Total No. % Total No. %

<16 29 12 41.4 27 17 63 29 4 13.8
16–18 41 23 56.1 40 18 45 40 8 20
18–20 18 14 77.8 15 5 33.3 16 1 6.3
20–22 36 29 80.6 36 8 22.2 36 5 13.9
22–24 30 27 90 30 4 13.3 31 1 3.2
≤18 70 35 50 67 35 52.2 69 12 17.4
>18 84 70 83.3 81 17 21 83 7 8.4
Overall 154 105 68.2 148 52 35.1 152 19 12.5

“Total” refers to the number of patients treated at the specified dose for whom data are available for the specified variable. “No.” refers to the 
number of patients meeting the variable (obliteration, unfavorable outcome, or RIC). Boldface type indicates trends.
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TABLE 4. Influential factors of outcome after SRS for cerebellar AVM 

Potential Factors
Univariate Analysis Multivariate Analysis

OR p Value 95% CI OR p Value 95% CI

Influential factors of AVM obliteration (n = 154)*
 Age 1 0.530 0.99–1.02
 Sex 1 0.852 0.69–1.57
 Prior microsurgery 1.6 0.121 0.87–3.14 2.3 0.024 1.11–4.68
 Prior embolization 0.4 0.006 0.23–0.78 0.5 0.015 0.24–0.86
 Nidus diameter 0.6 0.005 0.49–0.88 0.6 0.003 0.44–0.85
 Treatment vol 0.9 0.155 0.87–1.02
 Prior radiotherapy 1.1 0.683 0.63–1.99
 Prior hemorrhage 0.7 0.124 0.41–1.11
 Margin dose 1.1 0.0001 1.06–1.22 1.1 0.016 1.02–1.19
 Max dose 1 0.015 1.00–1.07
 Spetzler-Martin grade
  Overall 1.1 0.617 0.83–1.36
  Nidus size 0.8 0.526 0.46–1.48
  Eloquence 1.2 0.361 0.79–1.87
  Venous drainage 1.1 0.594 0.74–1.71
 RIC
  Overall 0.8 0.607 0.36–1.82
  Radiographic 0.9 0.823 0.49–1.76
  Symptomatic 0.9 0.836 0.33–2.46
  Permanent 1.1 0.913 0.26–4.41
 RBAS 0.9 0.758 0.63–1.40
 VRAS 0.8 0.125 0.71–1.04
Influential factors of unfavorable outcome after AVM SRS (n = 148)†
 Age 1 0.298 0.99–1.03
 Sex 1.3 0.491 0.64–2.49
 Delay from diagnosis to SRS 1 0.656 0.98–1.01
 Prior radiotherapy 0.4 0.121 0.98–1.31
 Prior microsurgery 0.7 0.59 0.21–2.41
 Nidus treatment vol 1.4 0.0001 1.16–1.58
 Max nidus diameter 3.6 0.0001 2.05–6.21 2.7 0.001 1.50–4.91
 Prior embolization 3.6 0.003 1.50–7.48 3.9 0.004 1.57–9.85
 Prior hemorrhage 4.4 0.0001 2.08–9.17 3.1 0.009 1.32–7.41
 Margin dose 0.8 0.0001 0.69–0.88 0.8 0.045 0.69–0.99
 Isocenters 1.3 0.002 1.09–1.49 1.4 0.006 1.09–1.71
 Decreased max dose 0.9 0.009 0.89–0.98
 Spetzler-Martin grade
  Overall 1.4 0.134 0.91–2.08
  Nidus size 2.1 0.098 0.87–5.20
  Eloquence 1.5 0.239 0.76–3.02
  Venous drainage 0.8 0.687 0.44–1.71
RBAS 4.1 0.0001 1.94–8.79
VRAS 3.2 0.0001 2.02–5.08

Boldface type indicates statistical significance.
* Cox regression model.
† Logistic regression model. Unfavorable outcome means permanent RIC, post-GKRS hemorrhage, or no obliteration. 
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Spetzler-Martin grading system for predicting outcome of 
cerebellar AVMs after SRS. The Spetzler-Martin scale did 
not predict obliteration or favorable outcomes. However, 
both the VRAS and RBAS did predict outcomes after 
SRS for this cerebellar AVM cohort. We have previously 
shown the superior validity of the VRAS system over the 
RBAS.34 Our data suggest that the VRAS scale should be 
used when clinicians attempt to define outcomes of SRS 
prior to intervention for cerebellar AVMs.

Given the high propensity of cerebellar AVMs to pres-
ent with hemorrhage, SRS seems to provide significant 
stabilization of the nidus with an overall cumulative inci-
dence of 5.6% (n = 9) for hemorrhage occurring during the 
latency interval. The annual postradiosurgery hemorrhage 
rate was 0.85% prior to obliteration. This compares favor-
ably to a recent meta-analysis of more than 3900 patients 
that reported an annual hemorrhage risk of 4.5% for rup-
tured AVMs and 2.2% for unruptured lesions.11 The com-
plication rate associated with SRS reported in this series 
is lower than that reported in most microsurgical series. 
However, this report was not designed to compare SRS to 
microsurgical outcomes. Surgery is likely used for a dif-
ferent population of cerebellar AVMs.7,29

In the context of prospective AVM studies, such as 
ARUBA (A Randomized Trial of Unruptured Brain 
AVMs) and the SAIVM (Scottish Audit of Intracranial 
Vascular Malformations) trial, our findings support the 
role of SRS in conferring a durable and safe benefit over 
conservative management for patients with unruptured 
cerebellar AVMs. One should note, however, that 65.4% 
of patients (n = 106) in the current study presented with 
AVM nidus hemorrhage. In addition, some of the patients 
with unruptured AVMs underwent prior intervention with 
embolization (22.8%), fractionated external-beam radio-
therapy (9.9%), and/or microsurgical resection (9.9%), and 
would thus be ineligible for ARUBA. The current multi-
center cohort clearly defines a role for SRS in management 
of selected cerebellar AVMs.

Predictors of AVM Radiosurgery Outcomes
The different independent predictors of overall oblit-

eration in univariate and logistic regression analyses are 
summarized in Table 4. In keeping with previous re-
ports,23 both univariate and multivariate analyses support 
the concept that embolization before SRS negatively pre-
dicts AVM obliteration (p = 0.006 for univariate analy-
sis and p = 0.015 for multivariate analysis). In addition, 
a larger nidus diameter (p = 0.005 for univariate analysis 
and p = 0.003 for multivariate analysis) and lower margin 
dose (p = 0.0001 for univariate analysis and p = 0.016 for 
multivariate analysis) negatively affected results. The cur-
rent study strongly suggests that greater than 18 Gy be 
delivered to a cerebellar AVM at the time of initial SRS 
to afford a reasonable chance for obliteration. As detailed 
in Table 3, reviewing the outcome parameters for the en-
tire cohort may mask somewhat the efficacy and safety 
of SRS treatment with a higher margin dose. Patients 
treated with a margin dose greater than 18 Gy showed 
significantly better rates of obliteration and favorable out-
come (83.3% and 79%, respectively). This dose effect on 
outcome is further emphasized when reviewing patients 

treated with a margin dose of 22–24 Gy (90% and 86.7%, 
respectively).

Various factors may contribute to the failure of em-
bolization to improve obliteration rates in patients who 
then undergo SRS.2,25,35 Embolization has been shown to 
promote angiogenesis in AVMs, which may contribute 
to its failure to achieve complete obliteration.5 Pre-SRS 
embolization can also result in an irregular diffuse nidus 
architecture, which is difficult to target radiosurgically.37 
The use of dense radiopaque liquid adhesives often makes 
imaging of the remaining nidus problematic.

Study Limitations
This study represents the largest series presented to 

date of cerebellar AVMs treated with SRS. However, anal-
ysis remains limited by the retrospective nature of the data 
collected from each of the participating institutions. Some 
of the data (particularly from the University of Pittsburgh 
and the University of Virginia) were previously used to 
construct SRS AVM grading schemes (the RBAS and the 
VRAS, respectively). These overlapping cohorts represent 
a potential source for bias, but the length of follow-up in 
the current cohort is longer than those used to derive the 
original grading scales.

Although only 82.1% of cases of obliteration in this 
study were confirmed by angiography (MRI has been 
shown to be a reasonable substitute for angiography in 
determining obliteration in remaining patients),19 an ad-
ditional study limitation stems from the varied SRS treat-
ment strategies used in different Gamma Knife centers. 
These differences may manifest in a higher or a lower 
standard nidus prescription dose, or smaller/larger ni-
dus coverage. We believe that despite its limitations, this 
study’s multicenter design allows our findings to be gen-
eralizable to most AVM patients being considered for ra-
diosurgery.

Conclusions
The treatment of cerebellar AVMs is a formidable chal-

lenge due to the higher risk of morbidity and mortality of 
infratentorial AVMs. SRS, particularly with a dose greater 
than 18 Gy, affords high rates of nidus obliteration with an 
acceptable low incidence of latency period hemorrhage or 
permanent complications in the majority of patients treat-
ed. Despite different anatomical and angioarchitectural 
variations, SRS outcomes do not seem to be affected by 
cerebellar location. This finding contrasts those reported 
in microsurgical series where cerebellar location bore a 
negative prognostic effect. Radiosurgical grading systems 
such as VRAS (but not the Spetzler-Martin scale) provide 
a method to predict the long-term outcome for cerebellar 
AVM patients treated with SRS.
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