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BACKGROUND: Radiation-based treatment options of large intracranial arteriovenous
malformations (AVM) must balance the likelihood of obliteration with the risk of adverse
radiation effects (ARE).
OBJECTIVE: To analyze the efficacy and risks of volume-staged stereotactic radiosurgery
(VS-SRS) for AVM.
METHODS: Retrospective study of 34 AVM patients having VS-SRS between 1997 and 2012.
Amedianof 2 stages (range, 2-4)wasused to treat amedianAVMvolumeof 22.2 cm3 (range,
7.4-56.7). The median AVMmargin dose was 16 Gy (range, 14-18); the median radiosurgery-
based AVM score was 2.81 (range, 1.54-6.45). The median follow-up after VS-SRS was 8.2
years (range, 3-13.3).
RESULTS: Nidus obliteration was noted in 18 patients (53%) after VS-SRS. The rate of oblit-
eration was 14% at 3 years, 54% at 5 years, and 75% at 7 years. Six patients (18%) had 11
bleeds after VS-SRS. Two patients (6%) remained neurologically stable, 2 (6%) patients had
significant deficits, and 2 patients (6%) died. The actuarial risk of a first bleed after VS-SRS
was 6% at 1 year, 12% at 3 years, and 19% at 7 years. Six patients (18%) underwent repeat
SRS; all achieved nidus obliteration for an overall cure rate of 71%. Two patients (6%) had a
permanent ARE after VS-SRS or repeat SRS.
CONCLUSION: VS-SRS permitted large volume intracranial AVM to be treated with a low
rate of ARE. Further study is needed on dose escalation and decreasing the treatment
volume per stage to determine if this will increase the rate of obliteration with this
technique.
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S tereotactic radiosurgery (SRS) is an
accepted treatment option for many
patients with small- to moderated-

sized intracranial arteriovenous malformations
(AVM). It was established many years ago that
the primary factor associated with obliteration
after SRS is the radiation dose to the AVM.1-3
However, dose prescription must take into
account not only the chance of obliteration
but also the risk of adverse radiation effects

ABBREVIATIONS: ARE, adverse radiation effects;
AVM,arteriovenousmalformations; ICH, intracranial
hemorrhage; MRI, magnetic resonance imaging;
mRS, modified Rankin Score; SRS, stereotactic
radiosurgery; VS-SRS, volume-staged stereotactic
radiosurgery

(ARE).4-7 As a result, large volume AVM are
typically treated with reduced radiation doses
which are associated with a lower chance of oblit-
eration,8,9 so SRS is generally recommended
only for AVMs with an diameter of 3 cm or less
(approximately 14 cm3).

Embolization has been used as an adjunct
before SRS for large volume AVM.10,11 The
goal of pre-SRS embolization is permanent
volume reduction of the nidus without new
neurological deficits. Several drawbacks of this
approach include the morbidity associated with
embolization, the potential for recanalization,
and the fact that embolization may divide
the nidus into multiple compartments without
reducing the nidus size for SRS.12
Recognizing the limitations of pre-SRS

embolization motivated a number of centers
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FIGURE. Examples of the 3 different patient groups having VS-SRS. A, Example of group 1. T2-weighted MRI showing an
AVM in the right temporal lobe. The AVM was treated in 3 stages (volume, 53.9 cm3; margin dose, 15 Gy). B, Example of
group 2. Gadolinium-enhanced T1-weighted MRI showing an AVM in the left thalamus. The AVM was treated in 2 stages
(volume, 12.8 cm3; margin dose, 16 Gy). C, Example of group 3. T2-weighted MRI showing an AVM in the posterior left
frontal lobe. The AVM was treated in 2 stages (volume, 14.1 cm3; margin dose, 18 Gy).

to perform volume-staged SRS (VS-SRS) for patients with large-
volume AVM.13-19 Volume staging of large AVM into multiple
radiosurgical sessions permits a higher radiation dose to be
delivered to the entire AVM volume while reducing the radiation
exposure to the adjacent brain.18 In this report, we outline our
experience in 34 AVMpatients having VS-SRS between 1997 and
2012.

METHODS

Patients
All aspects of this study were approved by the Mayo Clinic Insti-

tutional Review Board, Rochester, Minnesota (IRB#16-001572), and
patients provided written consent to be included in this study. From a
prospective registry, 36 AVM patients were identified having VS-SRS
from 1997 to 2012. Two patients were excluded because they refused
research authorization (n = 1) or were lost to follow-up (n = 1). The
patients were separated into 3 groups based on the nidus location, size,
and SRS dosimetry (Figure). Group 1 patients (n= 24) had large volume
(>15 cm3) AVM with the majority of the nidus located in the cerebral
hemispheres. Group 2 patients (n = 5) had moderate-sized (7-13 cm3)
AVM located in the basal ganglia, thalamus, or brainstem. Group 3
patients (n= 5) had moderate-sized (11-15 cm3) AVMwith the majority
of the nidus located in the cerebral hemispheres but the intention was to
increase the prescribed radiation dose.

Radiosurgical Procedures
VS-SRS was performed using various versions (model B, model C,

Perfexion) of the Leksell Gamma Knife R© (Elekta Instruments, Norcross,
Georgia). Dose planning was based on a combination of stereotactic
biplanar angiography and magnetic resonance imaging (MRI). At the
first procedure, the total volume of the AVM was estimated and a deter-
mination of how many stages would be required to safely cover the nidus
with a radiation dose of 15 to 18 Gy. Group 1 patients were generally

treated using volumes of 10 to 15 cm3 per procedure, whereas group
2 and 3 patients were treated using volumes of 3 to 8 cm3. Whenever
possible, the portion of the AVM associated with themajor draining veins
was treated last to minimize the risk of venous outflow obstruction.

At each subsequent radiosurgical procedure, the patients underwent
stereotactic MRI and angiography with the previous dose plans super-
imposed on the updated imaging. Initially, this required transformation
of the dose plan using internal anatomic landmarks as reference points,
but more recent versions of GammaPlan R© (Elekta Instruments) have
automated this step. A new dose plan is then created to cover portions of
the AVM that were not treated during previous stages. This process was
continued at 3 to 6-month intervals until the entire AVM was irradiated.
Of note, the time between stages for patients treated after 2004 was
significantly shorter (median, 4 months) compared to patients treated
before 2004 (median, 6 months; P < .05).

Follow-up
Patient follow-up consisted of clinical examination and MRI at 1, 2,

and 4 years after VS-SRS. Patients’ functional status was classified based
on their modified Rankin Score (mRS). If follow-up MRI was consistent
with obliteration,20,21 then angiography was requested to confirm oblit-
eration. Some patients (n = 9) refused follow-up angiography despite
being informed that cerebral angiography remains the gold standard to
confirm obliteration. For those patients, obliteration was evaluated based
on most recent MR results. Also, patients with subtotal obliteration (no
identifiable nidus but persistent arteriovenous shunting) on follow-up
angiography were classified as obliterated because such patients are essen-
tially cured of the future risk of hemorrhage.22,23 Patients with residual
AVM on follow-up imaging were evaluated for repeat SRS or surgical
resection based on their age, clinical condition, and the AVM response
from VS-SRS.

Data collection for this study was completed in January 2015. Patient
outcomes were classified as excellent (complete obliteration, no new
deficit), good (complete obliteration, minor deficit), fair (complete oblit-
eration, major deficit), unchanged (residual AVM, no deficit), poor
(persistent AVM, any new deficit), and dead. Patients having surgery
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due to intracranial hemorrhage (ICH) or residual AVM were defined as
having incomplete obliteration and their mRS was based on their preop-
erative status. Follow-up after completion of VS-SRS was censored at last
evaluation (n= 29), AVM surgery (n= 3), or death (n= 2). The median
follow-up was 8.2 years (range, 3-13.3).

Statistical Analysis
The patient and dosimetric characteristics are presented based on the

3 different treatment groups, but due to the small number of patients
in groups 2 and 3, the results are presented as the entire patient cohort.
The Wilcoxon rank-sum test was used to assess continuous patient and
treatment characteristics between groups; the Fisher exact test was used
to assess proportional differences. Kaplan-Meier analysis was performed
from completion of VS-SRS to determine the rates of obliteration, ICH,
and mRS decline. Univariate analyses were completed with Cox propor-
tional hazards models. Statistical significance was defined as P < .05.

RESULTS

Patient Characteristics
Table 1 outlines the characteristics of the 3 patient groups.

Most patients (n = 24, 71%) had Spezler-Martin grade IV or
V AVM.24 The majority (n = 7) of the grade III AVM were
medium sized (3-6 cm) in eloquent locations.25 Group 2 patients
were younger compared to group 3 patients (P < .05), more
commonly presented with ICH compared to groups 1 and 3
(P < .01), and more commonly had deep AVM compared to
groups 1 and 3 (P < .01). Group 1 patients had larger diameter
AVM compared to group 2 (P < .01).

Radiosurgery
Table 2 shows the SRS parameters for the 3 patient groups. The

treatment volume per stage (P < .01), total AVM volume (P <

.01), and radiosurgery-based AVM score (P< .01) 26 were greater
for group 1 patients when compared to group 2 and 3 patients.
The treatment volume per stage (P< .05) and total AVM volume
(P < .05) were greater in group 3 patients compared to group 2
patients. The AVM margin dose was greater in group 3 patients
compared to group 1 patients (P < .01).

Nidus Obliteration After VS-SRS
Nidus obliteration was noted in 18 patients (53%) after

VS-SRS. Twelve patients (35%) had angiographic obliteration,
whereas 6 patients (18%) hadMRI obliteration. Themedian time
to obliteration was 43 months (range, 36-72). The rate of oblit-
eration was 14% at 3 years, 54% at 5 years, and 75% at 7 years.
No tested factor was associated with obliteration after VS-SRS
(Table 3).

Hemorrhage After VS-SRS
Two bleeds were seen in the cumulative time between stages

(19.2 years) for a crude annual ICH risk of 10.4%. One patient
(3%) had 2 ICH at 3 and 10 months after the first VS-SRS
procedure. Neither bleed caused a neurological deficit. A per-
nidal aneurysm was embolized after the second ICH and the
second stage was performed 15 months after the initial VS-SRS.
Six patients (18%) had 11 bleeds at a median of 38 months

(range, 11-70) after completion of VS-SRS for a crude annual
ICH risk of 4.6%. Two patients (6%) remained neurologically

TABLE 1. Patient Characteristics

Factor Group 1 (n= 24) Group 2 (n= 5) Group 3 (n= 5) Total (n= 34)

Gender (M/F) 10/14 1/4 1/4 12/22
Median age, yrs (range) 33 (6-49) 16 (15-35)d 44 (19-60) 31 (6-60)
Prior bleed 7 (29%) 5 (100%)c 0 (0%) 12 (35%)
Prior treatment
Embolization 3 (13%) 1 (20%) 0 (0%) 4 (12%)
Proton therapy 2 (8%) 1 (20%) 0 (0%) 3 (9%)
Ventriculoperitoneal shunt 0 (0%) 2 (40%) 0 (0%) 2 (6%)
Deep locationa 3 (13%) 5 (100%)c 0 (0%) 8 (24%)
Median maximum diameter, mm (range) 50 (38-80)c 30 (28-50) 44 (40-55) 48 (28-80)
Spetzler-Martin gradeb

II 2 (8%) 0 (%) 0 (0%) 2 (6%)
III– 0 (0%) 1 (20%) 0 (0%) 1 (3%)
III+ 5 (21%) 0 (0%) 2 (40%) 7 (31%)
IV 12 (50%) 4 (80%) 3 (60%) 19 (56%)
V 5 (21%) 0 (0%) 0 (0%) 5 (15%)

aBasal ganglia, thalamus, or brainstem.
bGrade III are subdivided based on the stratification of Lawton et al.25
cP < .01
dP < .05
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TABLE 2. Radiosurgery Parametersa

Factor Group 1 (n= 24) Group 2 (n= 5) Group 3 (n= 5) Total (n= 34)

Median no. of stages (range) 2 (2-4) 2 (2-2) 2 (2-2) 2 (2-4)
Median time between stages, months (range) 6 (3-15) 6 (4-7) 6 (5-11) 5 (3-15)
Median volume per stage, cm3 (range) 12.3 (5.7-20.7)c 5.1 (2.6-7.7) 6.9 (5.3-8.3)d 10.7 (2.6-20.7)
Median total AVM volume, cm3 (range) 25.1 (15.4-56.7)c 11.5 (7.4-12.8) 14.2 (11.1-15.1)d 22.2 (7.4-56.7)
Median margin dose per stage, Gy (range) 16 (14-16) 16 (16-18) 18 (18-18)c 16 (14-18)
Median RBAS (range)b 3.26 (1.90-6.45)c 2.07 (1.54-2.35) 2.29 (1.80-2.59) 2.81 (1.54-6.45)

aAVM, arteriovenous malformation; RBAS, radiosurgery-based AVM score.
bRBAS based on Pollock and Flickinger.
cP < .01
dP < .05

TABLE 3. Univariate Analysis of Factors Associated with Obliter-
ation and Hemorrhagea

Factor Obliteration Hemorrhage

Gender 1.6 (0.6-4.5), 0.36 2.2 (0.0-4.3), 0.95
Age 1.01 (0.98-1.04), 0.59 1.03 (0.97-1.09), 0.35
Prior bleed 0.8 (0.2-2.4), 0.64 1.9 (0.4-9.5), 0.42
Location (deep vs other) 0.6 (0.1-2.7), 0.51 1.4 (0.3-7.7), 0.69
AVM volume 0.98 (0.94-1.04), 0.40 1.02 (0.96-1.09), 0.49
Margin dose 1.10 (0.70-1.72), 0.69 1.45 (0.73-2.89), 0.29
Maximum dose 1.05 (0.84-1.31), 0.69 1.21 (0.85-1.70), 0.29
RBAS 0.81 (0.51-1.32), 0.41 1.36 (0.76-2.45), 0.30
Treatment group
Group 1 vs 2 0.51 (0.06-4.03), 0.52 1.02 (0.11-9.26), 0.98
Group 1 vs 3 1.50 (0.83-2.71), 0.18 0.99 (0.33-2.96), 0.98
Group 2 vs 3 4.98 (0.55-45.2), 0.15 0.89 (0.06-14.4), 0.94

Values presented are hazard ratios (95% confidence interval), P-value.
aAVM, arteriovenous malformation; RBAS, radiosurgery-based arteriovenous malfor-
mation score.

stable, 1 patient (3%) had a worsened hemiparesis, 1 patient (3%)
declined into a persistent vegetative state, and 2 patients (6%)
died. The actuarial risk of a first bleed after VS-SRS was 6% at
1 year, 12% at 3 years, and 19% at 7 years. No patient suffered an
ICH after angiography or MRI confirmed obliteration. No tested
factor was associated with ICH after VS-SRS (Table 3).

Adverse Radiation Effects
One patient (3%) had a symptomatic ARE after VS-SRS. Five

months after completion of VS-SRS, the patient had several tonic-
clonic seizures. Imaging showed no evidence of ICH, but there
were areas of increased signal on T2-weighted MRI. The patient
has required ongoing anticonvulsant therapy but remains neuro-
logically intact.

Additional Procedures
Six patients (18%) underwent repeat SRS at a median of 47

months (range, 37-53) after VS-SRS. None of these patients had
bled and all remained neurologically unchanged from the time

of VS-SRS. The median treatment volume at repeat SRS was
1.1 cm3 (range, 0.7-2.5). The median volume reduction from
VS-SRS to repeat SRS was 90% (range, 72-98). Patients were
treated with a median AVM margin dose of 18 Gy (range, 16-
18). All 6 patients had nidus obliteration shown by either angiog-
raphy (n = 4) or MRI (n = 2) at a median of 32 months (range,
26-97) after repeat SRS. Overall, 24 patients (71%) had nidus
obliteration after VS-SRS and repeat SRS. No patient bled after
repeat SRS. One patient had a developed diplopia and gait ataxia
1 year after repeat SRS of a brainstem AVM. Despite corticos-
teroid treatment, the deficits have persisted, significantly affecting
his day-to-day functioning.
Three patients (9%) underwent AVM resection at 40, 54,

and 70 months after VS-SRS, respectively. One patient (3%)
had an ICH but remained neurologically unchanged before
surgery, whereas 1 patient (3%) had an ICH and had a worsened
hemiparesis. One patient (3%) remained asymptomatic but had
enlargement of several venous varices together with areas of
increased signal on T2-weighted MRI. Complete AVM removal
was achieved in 2 patients. One remained neurologically intact,
but the second patient died from postoperative complications. A
partial resection was achieved in 1 patient. She remained neuro-
logically unchanged after surgery, but died 5 years later from
repeated ICH.

Outcomes
The patients’ mRS before VS-SRS were 0 to 1 (n = 31, 91%),

2 (n= 2, 6%), and 3 (n= 1, 3%). After VS-SRS, 6 patients (18%)
had a decline (median, –2) in their mRS at a median of 44months
(range, 5-59) after VS-SRS. The actuarial rate of mRS decline
after VS-SRSwas 3% at 1 year, 17% at 4 years, and 21% at 5 years.
Patient outcomes after VS-SRS were excellent (n = 17, 50%),
good (n = 1, 3%), unchanged (n = 12, 35%), poor (n = 2, 6%),
and dead (n = 2, 6%; Table 4). Overall outcomes, combining
VS-SRS and repeat SRS, were excellent (n = 22, 65%), good
(n = 1, 3%), fair (n = 1, 3%), unchanged (n = 6, 18%), poor
(n = 2, 6%), and dead (n = 6, 7%). No significant differences in
outcomes were noted between the three treatment groups.
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TABLE 4. Patient Outcomesa

Outcome Group 1 Group 2 Group 3 Total
(VS-SRS) (n= 24) (n= 5) (n= 5) (n= 34)

Excellent 12 (50%) 1 (20%) 4 (80%) 17 (50%)
Good 1 (4%) 0 (0%) 0 (0%) 1 (3%)
Fair 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Unchanged 9 (38%) 3 (60%) 0 (0%) 12 (35%)
Poor 2 (8%) 0 (0%) 0 (0%) 2 (6%)
Dead 0 (0%) 1 (20%) 1 (20%) 2 (6%)
Outcome (overall)
Excellent 15 (63%) 3 (60%) 4 (80%) 22 (65%)
Good 1 (4%) 0 (0%) 0 (0%) 1 (3%)
Fair 0 (0%) 1 (20%) 0 (0%) 1 (3%)
Unchanged 6 (25%) 0 (0%) 0 (0%) 6 (18%)
Poor 2 (8%) 0 (0%) 0 (0%) 2 (6%)
Dead 0 (0%) 1 (20%) 1 (20%) 2 (6%)

aVS-SRS, volume-staged stereotactic radiosurgery.
Overall outcomes combine the results of VS-SRS and repeat SRS.

DISCUSSION

Radiation-BasedManagement of Large AVM
The goals of radiation-based treatment approaches for patients

with large AVM are no different than for patients with small-
to moderate-sized AVM: protection against future ICH with
low morbidity. Unlike surgical resection which directly elimi-
nates the pathological arteriovenous shunting, radiation induces
endothelial cell proliferation causing progressive luminal closure
and gradual nidus obliteration.27 Despite some early papers which
showed an increased risk of bleeding after SRS, larger and more
detailed analyses of this topic have demonstrated that the risk of
ICH is either unchanged or decreased following AVM SRS.28-32
So, although bleeding during the latency interval remains one of
the primary drawbacks of radiation-based treatment of AVM, it
is the risk of ARE after SRS that has limited this technique for
patients with larger AVM. Nidus obliteration ranges from 70%
to 90% when the radiation dose to the AVM margin is 16 Gy
or more,1,2 but dose prescription must also take into account
the likelihood of ARE. Miyawaki et al33 reported that 27% of
patients having linear accelerator-based SRS for AVM > 14 cm3

had significant ARE. Nagy et al11 identified 564 patients having
SRS for AVM > 10 cm3 (median volume, 14.7 cm3) between
1986 and 2007. The rate of permanent ARE for patients (n= 90)
treated for AVM > 14 cm3 most recently (after 1999, when MRI
was used in conjunction with angiography for dose planning)
was 17%. Recognition and a better understanding of the dose–
volume relationship for post-SRS complications has resulted in
single-session SRS to be recommended generally for AVM with
an average maximum diameter of 3 cm or less (approximately
14 cm3).
One method that has been employed to facilitate the radiation-

based treatment of large AVM has been pre-SRS embolization.

Unlike embolization before surgery whose goal is flow reduction,
the goal of pre-SRS embolization is permanent volume reduction
of the nidus. However, for a number of reasons, it is unclear
that the benefits of pre-SRS embolization (reduced volume)
outweigh the potential problems with this approach. First, the
risk of neurological deficits from embolization must be factored
into the overall patient outcomes. Mathis et al34 reported
24 patients with large AVM (>14 cm3) having particulate
embolization followed by SRS. Two patients (8%) had temporary
deficits after embolization. Gobin et al35 reviewed 125 patients
having cyanoacrylate embolization in preparation for SRS. The
permanent morbidity and mortality in this series was 12.8%
and 1.6%, respectively. More recently Onyx has become widely
used in the treatment of intracranial AVM. Crowley et al36
found no difference in the neurological morbidity of Onyx
(n = 105) and cyanoacrylate embolizations (n = 229). The
incidence of neurological morbidity after Onyx embolization was
8.6%. Second, delayed nidus recanalization has been reported
in approximately 12% of patients after either particulate or glue
embolization.34,35 While it is believed that the recanalization
will be less common after pre-SRS Onyx embolization,37 cases
of recanalization after Onyx embolization have been reported so
more long-term data are needed to confirm this hypothesis.38
Third, pre-SRS embolization may make SRS more challenging
if the remaining nidus is difficult to clearly visualize or it has
been divided into multiple compartments.10,12 Fourth, it has
been shown that certain embolic agents cause dose attenuation,
and this could contribute to the lower obliteration rates noted
in patients having pre-SRS embolization.39,40 In summary, the
majority of studies have recognized that pre-SRS embolization
causes a lower obliteration rate,10-13,17,40 but some authors
argue that the negative effect relates to the complex angioarchi-
tecture of patient having pre-SRS and the use of older embolic
agents.37,41 Further study on pre-SRS Onyx embolization is
necessary to determine if this will prove to be a meaningful
adjunct in the radiation-based treatment of intracranial
AVM.

Results of VS-SRS for Large AVM
The first report on VS-SRS of large AVM was by Firlik

et al42 from the University of Pittsburgh in 1998. In this case
report, the authors describe a 57-year-old man with a Spezler-
Martin grade V AVM who had undergone a number of prior
embolization procedures and surgical ligation of feeding arteries
after suffering multiple ICH. Over an 18-month interval, the
AVM was irradiated in 3 separate SRS procedures, each time
covering a different anatomic component of the nidus. Three
years after VS-SRS, the patient had no further ICH and remained
neurologically unchanged. Thereafter, a number of centers began
treating select AVM patients with VS-SRS, and subsequent
studies were primarily aimed at describing the technique with
limited or no patient outcome data.18,43,44 A study comparing
the radiation dosimetry of 10 patients having VS-SRS at the
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TABLE 5. Published Results on VS-SRS for Intracranial AVMa

No. of Follow-up Volume Margin
Study patients (yrs) (cm3) dose (Gy) Obliteration Hemorrhage ARE

Huang et al 201215 18 NS 22.9 15 29% at 5 yrs 31% at 5 yrs 6%
Kano et al 201216 47 7.3 22.0 16 28% at 5 yrs 14% at 5 yrs 4%
Nagy et al 201617 76 NS 19.5 17.5 61% at 4 yrs 4.4%b 7%
Seymour et al 201619

1992 to March 2004 38 8.6 27.3 15.5 21% at 5 yrsc 31% at 5 yrs 16%
May 2004 to 2008 31 4.8 18.9 17 68% at 5 yrsc 24% at 5 yrs 3%
Present study, 2016 34 8.2 22.2 16 54% at 5 yrs 12% at 5 yrs 3%

aARE, adverse radiation effect; NS, not stated; VS-SRS, volume-staged stereotactic radiosurgery.
bCrude annual bleed rate for the first 3 years after VS-SRS.
cComplete or near-complete obliteration.

Mayo Clinic between 1997 and 1999 showed that compared
to hypothetical single-session procedures, the 12-Gy volume was
reduced by an average of 11.1%.18 The reduction of the non-
AVM 12-Gy volume was 27.2%. In 2006, Sirin et al45 provided
the first clinical results of VS-SRS for intracranial AVM.45 In this
paper, the clinical and radiological outcomes were shown for 28
patients treated before 2002. Obliteration was noted in 7 of 21
patients (33%) with follow-up of 3 or more years. Four patients
had an ICH after VS-SRS, but no patient had a permanent ARE.
This early experience showed that “staging” by volume, rather
than dose fractionation, was an effective method to reduce the
risk of ARE.
In the past 4 years, a number of studies on VS-SRS for

patients with intracranial AVM have been published that provide
a better understanding of the efficacy and risks of this technique
(Table 5). The complete or near-complete obliteration rate has
ranged from 28% to 68%, with higher obliteration rates noted
in patients receiving ≥17 Gy.15-17,19 Seymour et al19 noted
that 74% of patients receiving ≥17 Gy had complete or near-
complete obliteration at 5 years. They concluded that decreasing
the treatment volume per stage allows higher radiation doses per
fraction as a method to improve the obliteration rate without
increasing complications. We treated a small number of patients
(group 3 patients) using this approach and found that 4 of 5
patients had excellent outcomes. Conversely, it is unclear that
VS-SRS was of benefit to patients with moderate-sized AVM in
deep locations (group 2 patients). In these patients, only 1 of
5 patients had an excellent outcome. For these patients, low-
dose SRS with repeat SRS being performed as needed will likely
have equivalent outcomes to VS-SRS.8,9 Certainly, the studies
on VS-SRS have shown that this approach does reduce the risk
of ARE for patients with large intracranial AVM. The summed
risk of permanent ARE in recent reports was 6.6%, far less
than expected for a median AVM of approximately 22 cm3.
Lastly, the time between stages over the past 15 years has been
reduced from 6 to 2-3 months at most centers without an increase
in ARE.

Limitations
This was a single-center, retrospective analysis, and one must

be careful about comparing its results directly to other centers for
this heterogeneous patient population. In addition, our criteria of
obliteration included patients withMRI alone, whichmay overes-
timate the true incidence of obliteration within our series. Last,
the small number of patients in this series limited the ability to
identify significant factors related to obliteration, ICH, or ARE
after VS-SRS, and to detect differences in outcomes between the
3 treatment groups.

CONCLUSION

VS-SRS reduced the incidence of ARE in patients with large
intracranial AVM. Further investigation is warranted to identify
the best patients for this technique and whether dose escalation
of smaller volumes per stage will increase the obliteration rate
without increasing the chance of ARE.
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COMMENT

T his report describes the long-term outcomes of 34 patients from a
single institution with large AVMs that were treated with volume-

staged stereotactic radiosurgery (VS-SRS). Although SRS dosing of the
entire AVM nidus is considered the standard management strategy, it has
clearly been shown that such an approach with larger AVMs (<3 cm
diameter) results in a high risk of adverse radiation effects (AREs).
Treating a large nidus over multiple radiosurgical procedures spaced
temporally by 3-6 months have been attempted by this group as well
as others to achieve obliteration with a more acceptable toxicity profile.
With a median follow-up of 8.2 years, these authors report an AVM
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obliteration rate of 54% at 5 years with only a 3% risk of ARE which
compares quite favorably with other reports in the literature. In fact, the
ARE rate of only 3% is among the lowest reported rate overall for this
type of approach. One can speculate about what contributed to such
a low toxicity rate including technical factors such as treating regions
associated with major draining veins last whenever possible to reduce risk
of venous outflow obstruction or other patient selection factors. Inves-

tigating these possibilities will likely require either detailed analysis of
pooled series or possibly a prospective clinical trial. Overall, the reported
results certainly provide greater support for utilizing VS-SRS for these
difficult-to-manage patients.

Hui-Kuo George Shu
Atlanta, Georgia
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