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N S CLINICAL ARTICLE

J Neurosurg 124:163-174, 2016

Volume-staged radiosurgery for large arteriovenous
malformations: an evolving paradigm

*Zachary A. Seymour, MD,' Penny K. Sneed, MD,' Nalin Gupta, MD, PhD,23

Michael T. Lawton, MD,? Annette M. Molinaro, PhD,2* William Young, MD,?*
Christopher F. Dowd, MD,%¢ Van V. Halbach, MD,2¢ Randall T. Higashida, MD,?¢ and
Michael W. McDermott, MD"2

Departments of 'Radiation Oncology, 2Neurological Surgery, 3Pediatrics, “Epidemiology and Biostatistics, Anesthesia, and
6Radiology, University of California, San Francisco, California

OBJECTIVE Large arteriovenous malformations (AVMs) remain difficult to treat, and ideal treatment parameters for
volume-staged stereotactic radiosurgery (VS-SRS) are still unknown. The object of this study was to compare VS-SRS
treatment outcomes for AVMs larger than 10 ml during 2 eras; Era 1 was 1992-March 2004, and Era 2 was May 2004—
2008. In Era 2 the authors prospectively decreased the AVM treatment volume, increased the radiation dose per stage,
and shortened the interval between stages.

METHODS All cases of VS-SRS treatment for AVM performed at a single institution were retrospectively reviewed.

RESULTS Of 69 patients intended for VS-SRS, 63 completed all stages. The median patient age at the first stage of
VS-SRS was 34 years (range 9-68 years). The median modified radiosurgery-based AVM score (mRBAS), total AVM
volume, and volume per stage in Era 1 versus Era 2 were 3.6 versus 2.7, 27.3 ml versus 18.9 ml, and 15.0 ml versus 6.8
ml, respectively. The median radiation dose per stage was 15.5 Gy in Era 1 and 17.0 Gy in Era 2, and the median clinical
follow-up period in living patients was 8.6 years in Era 1 and 4.8 years in Era 2. All outcomes were measured from the
first stage of VS-SRS. Near or complete obliteration was more common in Era 2 (log-rank test, p = 0.0003), with 3- and
5-year probabilities of 5% and 21%, respectively, in Era 1 compared with 24% and 68% in Era 2. Radiosurgical dose,
AVM volume per stage, total AVM volume, era, compact nidus, Spetzler-Martin grade, and mRBAS were significantly
associated with near or complete obliteration on univariate analysis. Dose was a strong predictor of response (Cox
proportional hazards, p < 0.001, HR 6.99), with 3- and 5-year probabilities of near or complete obliteration of 5% and
16%, respectively, at a dose < 17 Gy versus 23% and 74% at a dose = 17 Gy. Dose per stage, compact nidus, and total
AVM volume remained significant predictors of near or complete obliteration on multivariate analysis. Seventeen patients
(25%) had salvage surgery, SRS, and/or embolization. Allowing for salvage therapy, the probability of cure was more
common in Era 2 (log-rank test, p = 0.0007) with 5-year probabilities of 0% in Era 1 versus 41% in Era 2. The strong
trend toward improved cure in Era 2 persisted on multivariate analysis even when considering mRBAS (Cox proportional
hazards, p = 0.055, HR 4.01, 95% CI 0.97-16.59). The complication rate was 29% in Era 1 compared with 13% in Era 2
(Cox proportional hazards, not significant).

CONCLUSIONS VS-SRS is an option to obliterate or downsize large AVMs. Decreasing the AVM treatment volume
per stage to < 8 ml with this technique allowed a higher dose per fraction and decreased time to response, as well as
improved rates of near obliteration and cure without increasing complications. Reducing the volume of these very large
lesions can facilitate a surgical approach for cure.

http://thejns.org/doi/abs/10.3171/2014.12.JNS141308
KEY WORDS radiosurgery; AVM; volume-staged radiosurgery; SRS; stereotactic radiosurgery

ABBREVIATIONS ARE = adverse radiation effect; AVM = arteriovenous malformation; Cl = confidence interval; CTCAE V4.0 = Common Terminology Criteria for Adverse
Events version 4.0; HR = hazard ratio; mRBAS = modified radiosurgery-based AVM score; SM = Spetzler-Martin; SRS = stereotactic radiosurgery; VRAS = Virginia Radio-
surgery AVM Scale; VS = volume staged.
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(SRS) are the primary modalities used in the treat-

ment of brain arteriovenous malformations (AVMs).
Most AVMs can be treated effectively with acceptable
morbidity by using one or all of these modalities. Surgical
removal is arguably the best option for small- to medium-
sized lesions, defined as Spetzler-Martin (SM) Grades I-
III, occurring in noneloquent and superficial regions of the
brain, particularly those with a history of hemorrhage.!!-*!
Complete resection is curative and eliminates the risk of
hemorrhage without a latent period. Large lesions, usually
SM Grades IV and V, have substantially higher surgical
complication rates and remain a therapeutic challenge.
The overall prevalence or natural history of large AVMs
1s not well known, but such lesions have also been associ-
ated with increased rates of hemorrhage.* In most reports,
lesion size is defined by the greatest maximal dimension
of the AVM nidus, and the incidence of AVMs larger than
2.5-3 c¢m varies from 30% to 62% in natural history stud-
ies.l”

Comparing clinical reports of SRS treatment for AVMs
to surgical series is not straightforward, as total AVM vol-
ume rather than SM grade is the most important factor
for SRS risk stratification.’ Select small AVMs (< 10 ml)
have a 3-year obliteration rate of 70%—95%.'%-2"2% Single-
session SRS for the treatment of SM Grade I-II AVMs
using a median radiation dose of 22 Gy can have an oblit-
eration rate as high as 90% at 5 years.'® Radiation dose
and treatment volume play important roles in the rates of
AVM obliteration; Pan et al. reported only a 25% overall
obliteration rate at 40 months for single-stage SRS to treat
AVM volumes larger than 15 ml using doses less than 17.5
Gy.?” SRS results by SM grade are exceptionally limited
for large or higher-risk lesions; one report showed no oblit-
erations in 4 patients with SM Grade V AVM treated in a
single session.?’

Different treatment paradigms for large inoperable
AVMs include single-stage SRS, embolization (definitive-
ly, pre-SRS, or post-SRS), SRS with planned salvage of sur-
gery or repeat SRS, proton-based SRS, fractionated SRS,
dose-staged SRS, and volume-staged (VS)-SRS, which is
an alternative approach where the nidus is divided into
separate volumes and treated in separate sessions while
minimizing overlap between stages.>~*8912.17.19.24.25.344143
The factors associated with obliteration following SRS in-
clude size and location of the AVM, margin dose, patient
age, and prior embolization; pre-SRS embolization may
obscure targeting and lower rates of successful obliteration
with SRS.273 Delayed recanalization following emboliza-
tion may leave up to 15% of patients susceptible to repeat
hemorrhage. In addition, embolization-related neurologi-
cal complications can occur in 4%—-40% of patients.>?’

VS-SRS has been described as a way to potentially im-
prove rates of obliteration and decrease the normal tissue
12-Gy volume by 27.3% and the overall 12-Gy volume
by 11% compared with a hypothetical single session of
SRS.* Volume staging also allows for potentially subleth-
al damage in normal tissue within the low-dose range to
be repaired, theoretically further decreasing the risk of a
symptomatic adverse radiation effect (ARE). The rates of
obliteration in the VS setting have varied, and predictors

S URGERY, embolization, and stereotactic radiosurgery
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of response, such as volume per stage, dose per stage, and
AVM architecture, have not been fully defined.>** Multi-
ple scales have been developed to estimate appropriateness
of SRS for the treatment of AVMSs, such as the modified
radiosurgery-based AVM grading system and the Virginia
Radiosurgery AVM Scale (VRAS).!182227.36.37 Some or all
of these grading systems may be reasonable predictors of
outcome, but none have been validated in the VS setting.
Gamma Knife radiosurgery began at our institution in
1991, and we first performed VS-SRS for large AVMs in
1992. In 2004 we prospectively changed the overall treat-
ment paradigm, as a dose-response relationship and predic-
tors of complications became established.>%!* We shifted to
using smaller treatment volumes per stage, shorter intervals
between stages, and higher radiation doses per stage. The
current review includes all 69 patients with large AVMs
who planned to undergo VS-SRS in the period from 1992
to 2008 and compares the outcomes from 2 treatment eras.

Methods

Patient Selection

All patients treated with SRS were entered into a pro-
spective database for all treatment characteristics and
patient demographics. In this review, all patients with an
AVM treated with SRS were retrospectively reviewed and
those whose SRS was completed with a volume-staged ap-
proach were included in an outcomes data analysis. Prior
to referral for SRS evaluation, patients were first reviewed
at the weekly multidisciplinary conference attended by
neurosurgeons and neurovascular interventional radiolo-
gists. Patients were then reviewed at a weekly multidisci-
plinary conference attended by radiation oncologists, neu-
rosurgeons, neuroradiologists, and a Gamma Knife coor-
dinator. Patients were recommended for a VS approach if
AVMs were larger than 10 ml or in nonsurgical locations,
or if the patient declined surgery. All patients provided
informed consent for treatment. The current retrospective
review was approved by the Committee for Human Re-
search at the University of California, San Francisco.

Radiosurgical Technique

The Leksell Gamma Knife system (Elekta AB) was
used to treat all patients. Model B was used from 2000 to
2001, models C and 4C from 2002 to 2007, and the Per-
fexion model starting in November 2007. Patients under-
went imaging with stereotactic cerebral angiography and
gadolinium-enhanced MRI and MRA with time-of-flight
sequence. Imaging data were imported into GammaPlan
software (Elekta AB) and used to delineate the target,
consisting of the entire AVM nidus on time-of-flight MRI
and angiographic registered imaging, without margin. A
treatment plan was developed to cover the entire target.
The plan was then separated into volumetric stages with
attempts to minimize dose overlap between stages, espe-
cially outside of the target (Fig. 1). The target was con-
firmed by a neurosurgeon, neurointerventionalist, and ra-
diation oncologist, and the treatment was approved by the
neurosurgeon and radiation oncologist. Dexamethasone,
10 mg, was given intravenously on the day of each stage
without taper.



FIG. 1. Example case of VS-SRS from Era 2 in a 22-year-old male with
a large frontal AVM with an mRBAS of 5.3 and SM grade of IV. A total
of 3 volume stages were completed for a total target volume of 31.78 ml.
Axial (A), coronal (B), and sagittal (C) MR images of the T1-weighted
postcontrast time-of-flight sequence. Figure is available in color online
only.

Subsequent stages were completed approximately ev-
ery 6 months in Era 1 and every 3—-4 months in Era 2.
New MRI with time-of-flight sequence was performed for
each stage to guide target localization. The coregistration
of multiple treatment stages was accomplished based on
anatomical landmarks and the coregistration capabilities
of the GammaPlan software for coordinate transforma-
tion. Fig. 1 shows an example of a third stage of treat-
ment with overlays of the prescription dose contours from
Stages 1 and 2. Any changes to initial planned stages were
only to align the treatment stage and not to compensate
for response, or lack thereof, in the previously treated vol-
ume. Some patients in the earliest years had fiducial screw
placement in the skull for relocalization with orthogonal
films for coregistration between stages for coordinate
transformation.?®

From 1992 to March 2004, defined as Era 1, large
AVMs were divided into 2 separate treatment volumes,
encompassing approximately 50% of the nidus in each
session, without size limits on the treatment volume per
stage. Because the present review spans nearly 2 decades,
radiation dose and AVM treatment volume per stage var-
ied based on clinical judgment, AVM size, and AVM lo-
cation, although doses > 15 Gy were used when deemed
safe. From May 2004 through 2008, defined as Era 2, we
prospectively decreased the treatment volume per stage to
= 8—10 ml, shortened the interval between stages from 6 to
3—4 months, and strongly encouraged prescribing at least
17 Gy.

Patient Follow-Up

Following the completion of all planned stages, pa-
tients were encouraged to undergo yearly brain MRI and
cerebral angiography at 3 years. If a residual nidus be-
came safely resectable, patients were counseled regard-
ing the risks and benefits of immediate surgical removal,
waiting for possible complete obliteration, or repeat SRS.

Volume-staged radiosurgery for large AVMs

Salvage treatment 3—5 years after SRS treatment—either
with surgery if the lesion was considered safely resectable
to eliminate the latent period or with additional SRS for
patients with a large nonresectable, persistent nidus—was
recommended in patients with a history of hemorrhage or
incomplete obliteration. Complications were scored ac-
cording to the Common Terminology Criteria for Adverse
Events version 4.0 (CTCAE V4.0).

Statistical Analysis

Each AVM was assigned an mRBAS, VRAS score, and
SM grade.*”*%37 Lesions were also classified according to
angioarchitecture such as the presence of a feeding artery
aneurysm, venous restriction, and nidus classification by
the treating physician as compact or diffuse.

The total AVM volume and volume per stage were mea-
sured by the planning software at the time of treatment. To
assess volumetric response in the follow-up period, each
lesion was also measured in 3 orthogonal dimensions and
the product was divided by 2 at the time of treatment and
on follow-up imaging, which was used as a surrogate for
lesion volume. Lesion responses were classified as “no re-
sponse” (< 25% reduction in nidus volume), “partial re-
sponse” (= 25% reduction), or “near obliteration” (= 75%
reduction) based on MRI or angiography. Complete oblit-
eration was scored only in cases where cerebral angiogram
confirmed complete obliteration.?! A patient was consid-
ered cured if complete obliteration occurred following the
initial cycle of VS-SRS or after successful salvage treat-
ment with complete removal or complete obliteration of
the nidus, as confirmed on angiography. Adverse radiation
effect (ARE) was determined using MRI interpretation
and clinical history.

The Wilcoxon rank-sum test was used to assess differ-
ences in patient characteristics by dose and era. Given the
inherent disparity in follow-up between the 2 cohorts, we
assessed survival, hemorrhage, and response over time.
End points were measured from the first stage of VS-
SRS using Kaplan-Meier methodology. Response, cure,
and hemorrhage events were assessed with censoring
nonevents at the date of the last imaging follow-up, and
subsets were compared using the log-rank test. In assess-
ing overall survival, patients were censored on the date
of the last clinical follow-up. Univariate and multivariate
analyses were completed with Cox proportional hazards
models. Multivariate models were evaluated for colineari-
ty between parameters and appropriateness of each model
tested. All tests were evaluated at an alpha = 0.05 level of
significance.

Results

Patient and AVM Characteristics and Treatment
Parameters

There were 38 Era 1 patients and 31 Era 2 patients. See
Table 1 for patient and AVM characteristics and treatment
parameters. The median age at the time of the first stage
was 34 years (range 9-68 years). Of the 149 planned stag-
es in the 69 patients, 143 stages were completed in 63 pa-
tients. One patient from Era 1 had a dramatic response to
the first stage and was observed instead of recommended
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TABLE 1. Demographics, treatment parameters, salvage, and follow-up by era and prescribed dose

Parameter Era1 Era 2 p Value* <17 Gy 217 Gy p Value*
No. of patients 38 31 — 36 (33inEra1)  33(28inEra2) —
No. of patients completing all stages (%) 33 (87) 30 (97) — 32 (89) 31 (94) —
Median age in yrs (range) 33 (10-68) 35 (9-62) 0.96 33 (10-68) 35 (9-62) 0.86
Mean mRS score (range) 1.24 (0-3) 1.29 (0-3) 0.72 1.21(0-3) 1.31 (0-3) 0.54
Prior hemorrhage (%) 15 (39) 11 (35) 0.74 14 (39) 12 (36) 0.83
Prior attempted resection (%) 2(5) 2 (6)
Prior embolization (%) 20 (53) 5 (16) 0.0018 19 (53) 6 (18) 0.003
Location (%)
Deep vs cortical only 14 (37) 15 (48) 0.34 14 (39) 15 (45) 0.58
Frontal 23 (60) 21(68) 24 (67) 20 (61)
Temporal 14 (37) 11 (35) 12 (33) 13 (39)
Parietal 22 (58) 14 (45) 22 (61) 14 (42)
Occipital 9 (24) 7(22) 8(22) 8 (24)
Thalamus 10 (26) 6 (19) 10 (28) 6 (18)
Basal ganglia 14 (37) 13 (42) 14 (39) 13 (39)
Corpus callosum 6 (16) 5(16) 6 (17) 5(15)
Intraventricular 0(0) 2 (6) 0(0) 2 (6)
Angioarchitecture (%)
Nidal aneurysm 4 (10) 4(13) 0.76 4(1) 4(12) 0.90
Feeding artery aneurysm 2(5) 9(29) 0.0077  2(6) 9(27) 0.015
Compact vs diffuse 17 (45) 17 (55) 0.41 13 (36) 21 (64) 0.023
Venous restriction 15 (39) 15 (48) 0.46 14 (39) 16 (48) 0.43
Deep venous drainage 29 (76) 24(77) 0.91 29 (80) 24 (73) 0.44
SM gradet (%) 0.0030 0.0002
11 4(1) 10 (32) 3(9) 11 (34)
\Y 14 (40) 16 (52) 13 (38) 17 (53)
v 17 (48) 5 (16) 18 (53) 4(12)
Largest diameter (%) 0.0014 0.0001
unknown 3(8) 0 2 (6) 1(3)
=3-6 cm 16 (42) 26 (84) 14 (39) 28 (85)
>6.cm 19 (50) 5 (16) 20 (56) 4(12)
Eloquence (%) 36 (95) 28 (90) 0.48 35 (97) 29 (88) 0.14
mRBASt
Median 3.6 2.7 0.0012 3.8 2.7 <0.0001
Range 2.3-71 1.5-7.8 2.3-7.8 15-5.7
<2 0(0) 4(13) 0(0) 4(13)
2.01-2.50 2 (6) 6 (19) 1(3) 7(22)
2.51-3.00 5 (16) 8 (26) 4(13) 9 (28)
>3 24.(77) 13 (42) 25 (83) 12 (38)
VRAS score (%) 0.64 0.54
2 1(3) 3(10) 0 4(12)
3 23 (60) 17 (55) 3 (64) 17 (52)
4 14 (37) 11 (35) 13 (36) 12 (36)
Stages planned (%) 0.0021 0.39
2 37(97) (71) 32(89) 27 (82)
3 1(3) 8 (26) 4 (1) 5(15)
4 0 1(3) 1(3)
Median dose/stage in Gy (range) 15.5(12.0-18.0)  17.0 (16.0-18.0)  <0.0001 15.5(12.0-16.8)  17.25(17.0-18.0)  <0.0001
Median total AVM target vol in ml (range) 27.3 (13.5-68.0) 18 9 (8.6-65.9) 0.0020 29.2 (16.2-68.0) 16 8 (8.6-50.4) <0.0001
Median target vol/stage in ml (range) 15 0(71-38.7) .8(4.3-14.5)  <0.0001 15 1(5.2-38.7) 7.0 (4.3-11.9) <0.0001
Median interval btwn stages in mos (range)§ .8(3.1-31.1) .7 (2.0-6.7) 0.0003 .8 (3.1-31.1) .7(2.0-6.7) 0.0007
(continued)
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TABLE 1. Demographics, treatment parameters, salvage, and follow-up by era and prescribed dose (continued)

Parameter Era 1 Era2 p Value* <17 Gy 217 Gy p Value*
Salvage therapies (%)
Any 11 (29) 6 (19) 0.36 10 (28) 7(21) 0.53
SRS only 2 (5) 0 2 (6) 0
SRS + embolization or surgery 6 (16) 0 4 (1) 2 (6)
Embolization only 2(5) 0 2 (6) 0
Surgery only 1(3) 6(19) 2 (6) 5(15)
Median clinical FU in living patients in yrs 8.6 (0.1-21.5) 4.8 (0.2-8.8) 0.035 8.3(0.1-21.5) 4.3(0.2-19.4) 0.034
(range)
Median imaging FU in living patients in yrs 7.2 (0-21.4) 4.5(0.1-7.6) 0.044 6.5 (0-21.4) 3.6 (0.1-13.9) 0.021
(range)

FU = follow-up; mRS = modified Rankin scale.
* Wilcoxon rank-sum test.

1 Missing information in 3 patients.

T Missing information in 7 patients.

§ Excluding a 5.4-year interval between Stage 1 and Stage 2 due to insurance and personal issues in 1 Era 2 patient who ultimately completed all 4 planned stages of

VS-SRS.

for completion of VS-SRS; the AVM failed to obliterate,
and 14 years later the patient eventually had treatment for
the remaining nidus volume and later salvage surgery.
Four other Era 1 patients failed to complete VS-SRS due
to death from an aneurysm hemorrhage (n = 1), loss of
insurance (n = 1), and loss to follow-up (n = 2). One patient
from Era 2 with Grade 2 ARE-associated edema declined
further treatment.

Response and Obliteration After SRS

The crude rates of at least partial response, near oblit-
eration only, complete obliteration from initial SRS, and
cure allowing for salvage therapy were 58%, 11%, 13%,
and 26%, respectively, for Era 1 compared with 71%,29%,
13%, and 32%, respectively, for Era 2 (Table 2). There
were significantly shorter clinical and imaging follow-up
periods in living patients in Era 2 (Table 1). When assess-
ing each end point by Kaplan-Meier analysis, there were
greater probabilities of at least partial response, near oblit-
eration, and complete obliteration from initial VS-SRS in
Era 2 (log-rank test, p = 0.027,0.0004, and 0.037; Table 2
and Figs. 2 and 3). Of the 9 patients achieving complete
obliteration without salvage therapy, 5 were from Era 1
and 4 were from Era 2. The median time to complete oblit-
eration was 9.9 years for Era 1 versus 4.6 years for Era 2.

Using a dose of = 17 Gy per stage was strongly asso-
ciated with at least partial response and near obliteration
(log-rank test, p = 0.0025 and p = 0.0001; Table 2 and
Fig. 4). The 3-year probabilities of at least partial response
were 44% with a dose < 17 Gy versus 88% with a dose
= 17 Gy, and the 3-year probabilities of near obliteration
were 5% with < 17 Gy versus 23% with = 17 Gy. Over-
all rates of complete obliteration were 14% with < 17 Gy
and 12% with = 17 Gy, but the median time to complete
obliteration was 9.9 years with < 17 Gy versus 4.6 years
with = 17 Gy. Dose = 17 Gy was significantly associated
with a higher probability of near or complete obliteration
(Cox proportional hazards, p < 0.001, HR 6.99, 95% CI
2.40-20.32; Table 3).

On univariate analysis, additional factors were asso-

ciated with an increased probability of near or complete
obliteration, including dose as a continuous variable, total
AVM volume, AVM volume per stage, compact nidus, SM
grade, and mRBAS (Table 3). Patient age, deep location of
the AVM, and prior hemorrhage were not associated with
response in this series; however, a trend toward decreased
probability of near or complete obliteration was seen with
prior embolization (p = 0.096). Time to response was mea-
sured from the last treatment, although additional analysis
was done to evaluate if the different treatment intervals
between eras would result in different outcomes with re-
gard to response. The small differences in timing between
the 2 eras, when measured from the first or last treatment,
did not alter the results.

Era, dose = 17 Gy, and treatment volume per stage were
not evaluated together in multivariate analyses, as these
parameters were highly correlated with one another. Each
of these factors is a surrogate for the era (see Table 2),
and the inclusion of any of the 3 factors independently
did not alter the outcome of the multivariate analysis. The
mRBAS was not evaluated with total AVM volume, as
this is a factor within the scale. On multivariate analysis
of near or complete obliteration evaluating total AVM vol-
ume, dose < 17 Gy versus = 17 Gy, and compact archi-
tecture, all 3 parameters remained significant (Table 4).
In addition, when evaluating multivariate analysis with
mRBAS, the results did not change; mRBAS was still a
significant predictor of response (p = 0.013, HR 0.55,95%
CI 0.34-0.88). History of prior embolization was not a
significant factor, nor did it become significant with inclu-
sion in any multivariate model evaluated.

Salvage Therapy and Cure

Seventeen patients underwent 1 or more salvage thera-
pies at a median of 56.0 months (range 22.5-169.2 months
for the first or only salvage treatment). Eight patients had
salvage SRS at a median of 61.8 months (range 46.3-169.2
months), and 12 patients had salvage surgery at a median
of 73.9 months (range 22.5-223.9 months). Of the 20 pa-
tients who were cured, 9 were cured with salvage surgery

J Neurosurg Volume 124 « January 2016 167



Z. A. Seymour et al.

TABLE 2. Outcomes by era and prescribed dose*

End Point Era1(n=38) Era2(n=31) pValuet <17Gy(n=36) =217Cy(n=33) p Valuet
At least partial response
Crude 58 7 0.027 56 73 0.0025
3yrs 46 (30-66) 87 (711-97) 44 (28-65) 88 (72-97)
5yrs 71 (52-87) 92 (76-99) 70 (50-87) 92 (77-99)
Near obliteration only
Crude " 29 0.0004 8 30 0.0001
3yrs 5 (1-28) 24 (11-49) 5 (1-28) 23 (10-47)
5yrs 21 (8-46) — 16 (5-41) —
Complete obliteration
Crude 13 13 0.037 14 12 0.13
3yrs 0 0 0 0
5yrs 0 13 (3-41) 0 13 (3-41)
Near or complete obliteration
Crude 24 42 0.0003 22 42 0.0001
3yrs 5 (1-28) 24 (11-49) 5 (1-28) 23 (10-47)
5yrs 21 (8-46) 68 (46-88) 16 (5-41) 74 (52-92)
Cure allowing for salvage
Crude 26 32 0.0007 25 33 0.0073
3yrs 0 11 (3-37) 5(1-32) 5(1-29)
5yrs 0 41 (22-67) 5(1-32) 35 (17-61)
Hemorrhage after SRS
Crude 29 23 0.77 33 18 0.31
3yrs 27 (14-47) 24 (11-46) 31 (17-51) 19 (8-40)
5yrs 31 (17-52) 24 (11-46) 35 (20-56) 19 (8-40)
Survival
Crude 79 87 0.57 75 91 0.19
3yrs 88 (70-95) 89 (69-96) 84 (66-93) 93 (74-98)
5yrs 80 (60-91) 84 (63-94) 76 (56-88) 88 (68-96)
SRS complications
Crude 29 13 0.23 28 15 0.43
1yrs 12 (5-29) 7 (2-26) 12 (5-29) 7 (2-25)
3yrs 30 (17-50) 11 (4-31) 27 (14-4T7) 15 (6-35)

* Values are expressed as percentages with their 95% confidence intervals.

t Log-rank test.

and 2 with salvage SRS and surgery combined (Table 1).
Crude rates of cure were 26% in Era 1 and 32% in Era 2.
Four additional patients (1 from Era 1 and 3 from Era 2)
with partial (n = 1) or near (n = 3) obliteration on MRI de-
clined to undergo angiographic evaluation and/or curative
surgery. The median time to cure was 9.1 years for 10 pa-
tients from Era 1 (range 5.1-18.4 years) compared with 3.9
years for 10 patients from Era 2 (range 1.9-7.6 years). The
actuarial probability of cure was significantly improved in
Era 2 (log-rank test, p = 0.0007; Table 2 and Fig. 5) with
a S-year probability of 0% for Era 1 versus 41% for Era
2. Cure was also associated with SRS dose, with 5-year
probabilities of 5% for a dose < 17 Gy versus 35% for a
dose = 17 Gy (log-rank test, p = 0.0073). Using multivari-
ate analysis to adjust for mRBAS, there was a trend toward
a higher probability of cure in Era 2 (p = 0.055, HR 4.01,
95% C10.97-16.59).

Complications After VS-SRS
A total of 15 patients experienced 18 radiation-induced
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symptomatic neurological complications, including 11
temporary and 7 persistent complications. Three patients
had CTCAE V4.0 Grade 3 toxicity, but none experienced
Grade 4 toxicity or higher. The most common complica-
tion was temporary ARE-associated headache and swell-
ing, which occurred in 7 patients. Visual field cut occurred
in 5 patients, which was most commonly a quadrantanopia,
and resolved in 2 patients with the use of steroids. Mild
worsening of baseline hemiparesis occurred in 3 patients,
which ultimately resolved with the use of steroids in 2 pa-
tients. One of the 3 patients developed new-onset seizures
that were stabilized by medications, one patient developed
aphasia with chronic steroid dependence at last follow-up,
and one patient developed symptomatic radiation-induced
cyst. Two additional patients developed an asymptomatic
radiation-induced cystic change that required no interven-
tion, remained stable during follow-up imaging, and was
not counted as a complication. Of the 12 patients treated
with salvage surgery, none experienced significant post-
surgical complications.
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FIG. 2. Time to at least partial (= 25%) obliteration of the nidus mea-
sured from the first stage of VS-SRS in all patients, comparing 2 treat-
ment eras.

The overall complication rate was 29% in Era 1 com-
pared with 13% in Era 2. Persistent complications occurred
in 16% of Era 1 patients versus 3% of Era 2 patients. Actu-
arial risk of complications or persistent complications was
not significantly different when evaluating by era, dose, or
overall volume.

Hemorrhage and Survival After VS-SRS

Hemorrhage occurred on 23 occasions in 18 patients af-
ter VS-SRS; 11 patients experienced 15 hemorrhages in Era
1, and 7 patients experienced 8 hemorrhages in Era 2. The
rate of mortality per bleed was 39%. With 411 patient years
of follow-up, there was a 5.6% annual risk of hemorrhage.
Assuming a 7% risk of repeat hemorrhage in the st year
after a hemorrhage and otherwise a 4% annual risk, we
would have estimated 16.8 hypothetical post-SRS hemor-
rhage events compared with 23 actual hemorrhage events.

There were 12 deaths, including 8 Era 1 patients and
4 Era 2 patients. Nine patients died from AVM-related
hemorrhage, 1 patient died of an untreated cerebral artery
aneurysm, 1 patient died of a seizure disorder that was
present prior to VS-SRS, and 1 patient died of unknown
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FIG. 3. Time to near (= 75%) or complete obliteration of the nidus mea-
sured from the first stage of VS-SRS in all patients, comparing 2 treat-
ment eras.
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FIG. 4. Time to near (= 75%) or complete obliteration of nidus measured
from the first stage of VS-SRS in all patients, comparing 2 dose levels (<
17 Gy vs = 17 Gy).

causes. There were no significant differences in survival
times or freedom from hemorrhage for Era 1 versus Era 2
or for a dose < 17 Gy versus = 17 Gy (Table 2 and Fig. 6).

Discussion
Results of Non-VS-SRS Approaches for Large AVMs

Obliteration of large AVMs with acceptable morbidity
remains a therapeutic challenge. There are many treat-
ment options for these large lesions without an accepted
gold standard. Currently, without a preponderance of data
to guide practitioners in how to optimize outcomes and
minimize complications, all treatment options may be rea-
sonable approaches in select patients.

Hattangadi et al. reported a 15% overall obliteration
rate at a median of 62.5 months after proton-based SRS for
large AVMs with a median volume of 22.9 ml.”> Among
31 patients with AVMs > 10 ml who were treated with
dose-staged Gamma Knife radiosurgery (with a planned
second dose of 12-16 Gy to the residual nidus 3 years after
initial SRS), 26 patients received a second dose stage and 7
received a third dose stage; there was one obliteration after
the first stage. Complete obliteration occurred in 16 of 21
evaluable patients, but for almost all patients this approach
required at least 6 years before obliteration was achieved.*?
With hypofractionated linear accelerator (LINAC)—based
treatment of 5 Gy x 6 fractions, the overall obliteration rate
was 22% in 18 evaluable patients after 5 years of follow-up
study, but the rate was only 8% among patients with a >
14-ml residual nidus after pre-SRS embolization.*!

Results of VS-SRS for Large AVMs

Kano et al. retrospectively reviewed 47 patients treated
with VS-SRS for large AVMs and found a strong asso-
ciation on univariate and multivariate analyses for an im-
proved response with an increasing dose (= 17 Gy)."* The
overall obliteration rate in their study was 23% for initial
VS-SRS with 7% and 28% probabilities of obliteration at
3 and 5 years. Among patients treated with = 17 Gy, how-
ever, the rate of obliteration including salvage therapy im-
proved to 62% at 5 years. The overall obliteration rate in
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TABLE 3. Univariate analysis for near or complete obliteration

Near or Complete Obliteration Cure

Parameter p Value* HRTt (95% Cl) p Value* HRTt (95% Cl)
Age # 0.74 1.01(0.97-1.04) 0.72 1.01(0.97-1.04)
Sex (0=F;1=M) 0.40 0.69 (0.30-1.62) 0.92 1.05 (0.43-2.56)
Era1vs2 0.001 5.82 (2.02-16.80) 0.003 7.82 (2.00-30.62)
Total AVM vol 0.004 0.93 (0.88-0.98) 0.053 0.96 (0.91-1.00)
AVM vol per stage <0.001 0.74 (0.63-0.87) 0.001 0.81(0.72-0.92)
Dose per stage <0.001 2.54 (1.53-4.21) 0.002 1.91 (1.26-2.87)
Dose 217 Gy (0 = no; 1 = yes) <0.001 6.99 (2.40-20.32) 0.011 3.66 (1.35-9.95)
Prior hemorrhage (0 = no; 1 = yes) 0.93 0.96 (0.38-2.38) 0.63 1.25(0.49-3.18)
Prior embolization (0 = no; 1 = yes) 0.096 0.45 (0.17-1.15) 0.68 1.21 (0.48-3.06)
Compact nidus (0 = no; 1 = yes) 0.005 417 (1.53-11.37) 0.18 1.92 (0.73-5.01)
Location (0 = cortical only; 1 = deept) 0.44 1.40 (0.60-3.26) 0.25 0.57 (0.21-1.50)
SM grade 0.017 0.51(0.29-0.88) 0.44 0.79 (0.44-1.43)
mRBAS 0.005 0.49 (0.30-0.81) 0.028 0.58 (0.36-0.94)
VRAS score 0.42 0.73 (0.34-1.57) 0.78 1.11(0.52-2.38)

* Cox proportional hazards model.

t Larger hazard ratio means greater probability of near or complete obliteration.

T Deep = involving the thalamus, basal ganglia, or ventricle.

their high-dose subset was higher than would be predicted
by mRBAS. Our study, which represents the largest review
of VS-SRS for AVM to date, reveals slightly lower over-
all rates of obliteration, particularly notable in Era 1, with
0% obliteration by 5 years after treatment. This poor rate
of response provided the impetus for us to prospectively
change our treatment paradigm. Our 68% and 41% 5-year
probabilities of near or complete obliteration and cure, re-
spectively, for Era 2 are more in line with the results re-
ported by Kano et al.

Definition of Obliteration

The definition of obliteration in most reviews is based
on either MRI or angiographic obliteration and may over-
estimate the rate of cure, as obliteration on MRI is 84%
predictive of obliteration on angiography.?! Hemorrhage
has been noted in patients with only MRI-confirmed
obliteration, suggesting that these lesions may still have
hemorrhagic potential.’” Our practice of obtaining an an-
giogram after 3 or more years and requiring angiographic
confirmation of obliteration, rather than MRI confirmation
alone, may artificially lower our rates of complete oblitera-
tion and cure. In addition, 2 patients in Era 2 with near

TABLE 4. Multivariate analysis for near or complete obliteration

Parameter p Value* HRY (95% ClI)
Total AVM vol 0.014 0.94 (0.90-0.99)
Dose 217 Gy (0 = no; 1 = yes) 0.010 5.34 (1.50-18.95)
Compact nidus (0 = no; 1 = yes) 0.045 2.87 (1.02-8.04)

* Cox proportional hazards model.
t Larger hazard ratio means greater probability of near or complete oblitera-
tion.
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obliteration on MRI declined to undergo angiographic
evaluation, and if not cured, they would appear to be good
candidates for surgical removal of the residual nidus.

Predictors of Response

Radiation dose, compact nidus architecture, and total
AVM volume appear to be important factors in predict-
ing response, and they remained significant in appropri-
ate multivariate models. A dose = 17 Gy was associated
with a 5-fold increase in the likelihood of near or complete
obliteration on multivariate analysis. Era and dose are irre-
vocably intertwined in this series, although the persistent
nature of dose as the most important factor for response,
even when considering total AVM volume, suggests that
further volume staging with higher doses per stage may
have benefitted patients in Era 1.
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FIG. 5. Time to cure, allowing for salvage therapy, measured from the
first stage of VS-SRS in all patients, comparing 2 treatment eras.
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FIG. 6. Time to first hemorrhage post-SRS from the first stage of VS-
SRS in all patients, comparing 2 treatment eras.

Our findings agree with previous reports that a higher
margin dose is a strong predictor of response in a given
AVM.!6 Kano et al. noted improved responses in the VS
setting with doses of = 17 and = 18 Gy, suggesting a con-
tinued dose-response curve.”* Flickinger et al. modeled
dose responsiveness of AVM obliteration and did not find
diminishing responsiveness until = 23 Gy.° These findings
suggest that further volume staging may improve response
by allowing higher doses, possibly = 18 Gy per stage,
along with a smaller volume per stage and increased num-
ber of stages. It may also be possible to improve outcomes
in even smaller lesions than those reported here with the
use of volume staging.

A cohort comparison, as in this analysis of nonrandom-
ized historical cohorts, has inherent limitations. Given the
changes in management over time, such as a growing re-
luctance to embolize, increased experience with SRS for
AVM, improved imaging and treatment planning tech-
niques, a patient base with more moderately sized AVMs,
and more aggressive use of salvage therapy, the cohorts
were not balanced. Most of these factors, other than total
AVM volume and possibly embolization, are unlikely fac-
tors to predict greater volumetric reductions observed in
Era 2 and with doses = 17 Gy. Furthermore, the multivari-
ate analysis of at least near obliteration suggests that the
differences, including total AVM volume and prior embo-
lization, were less important factors than dose per stage
and compact nidal architecture. Increased dose per stage
was also significantly associated with an increased prob-
ability of cure (p = 0.011, HR 3.66,95% CI 1.35-9.95).

Another limitation of this evaluation is the use of near
or complete obliteration, a relative volumetric-based re-
sponse, and cure as end points rather than obliteration.
This limitation is partly attributable to the use of surgery
as salvage treatment in this series, which was employed
to limit the latent period in select patients. Almost all se-
ries that estimate the rate of total obliteration after SRS
allow for SRS salvage, which may artificially increase the
probability of obliteration. The probability of complete
obliteration from initial SRS for large AVMs in all retro-
spective reviews is low. Most patients will be candidates
for salvage therapy, as partial response may not reduce the

Volume-staged radiosurgery for large AVMs

risk of hemorrhage in the latent period. However, decreas-
ing volume of the residual nidus prior to salvage therapy is
a reasonable goal, and increasing the volumetric response
could speed the time to safe surgical salvage, as AVM size
is associated with response, hemorrhage, and complica-
tions in either initial or retreatment settings.!420-28-37

Salvage Therapy and Cure

Assessment of cure for large AVMs is complicated, as
most patients will not be cured. Obliteration is a delayed
phenomenon, and outcomes may be confounded by sal-
vage therapy, which has been reported to affect the prob-
ability of complete obliteration in nearly all reviews. Sur-
gery, which remains the gold standard for safely resectable
lesions, has been used with good outcomes in the salvage
setting for initially unresectable AVMs.!** Radiosurgery
reduces the volume of the nidus as well as possibly the op-
erative morbidity in previously unresectable lesions. Our
goal is, in part, to facilitate surgery since most patients
will not experience obliteration after VS-SRS, which has
been demonstrated in all series on these large lesions, or
patients will experience obliteration only in a protracted
manner. Partially obliterated lesions may not have a lower
risk of hemorrhage, but increasing the dose per stage may
allow for a reduced latent period from initial therapy, re-
duce the volume at the time of salvage therapy, and poten-
tially decrease the time to salvage surgery, which would
eliminate the latent period.

In our series, crude rates of cure were similar in each
era, but with a significantly shorter time to cure in Era 2 (p
= 0.0007). Surgical salvage was involved in the treatment
of 11 of 20 patients achieving cure, reinforcing the need
for multimodality care for many of these patients. The fact
that none experienced significant complications related to
their resection suggests that changes related to SRS and
volumetric reduction in the nidus may improve the safety
and efficacy of resection.* Currently, there are no estab-
lished guidelines for salvage therapy. Given the very high
rate of salvage therapy necessary to cure patients with
large AVMs, evaluation of cure alone may underestimate
changes in response to the initial modality of care, as pat-
terns of salvage therapy change over time. The ideal time
for surgery after SRS is unknown, but within this series
the practice of salvage surgery appeared to be safe at more
than 3 years after VS-SRS.

Models Predicting Response

In our series, even when adjusting for mRBAS, there
was a strong trend toward improved rates of cure in Era
2 (p = 0.055, HR 4.01, 95% CI 0.97-16.59) despite a me-
dian follow-up of only 4.8 years, a period when we would
expect many patients to just start achieving obliteration.
This suggests that cure was more likely when controlling
for the most dominant factors affecting response and cure,
including overall AVM volume, patient age, and AVM lo-
cation. In many respects, it may not be appropriate to as-
sess patients treated with VS-SRS by using the mRBAS,
VRAS score, or SM grade. The SM grade was based on
retrospective analysis of surgical toxicity outcomes in pa-
tients thought to be curable through surgery, and mRBAS
and VR AS score have only been assessed in single-session
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SRS with an end point of complete obliteration rather than
degree of response.!'?73 Size is the dominant driving fac-
tor in all models to date and is undoubtedly a very im-
portant prognostic factor, but volume-staging allows dis-
association of total volume and prescribed dose. Grading
scales associated with single-session SRS and surgery will
need to be reevaluated in the VS setting. Higher response
rates were achieved in these large AVMs than would be
expected by mRBAS alone,” and the mRBAS appeared to
be a reasonable predictor of response and cure in this se-
ries. The size stratification of the VRAS score, while being
an excellent predictor of cure for small- to medium-sized
AVMs near the cutoff of 4 ml for the highest-risk group,
may limit its application to larger AVMs.

Complications

Complication rates in this study appear similar to those
in other published series of large AVMs treated with SRS,
which range from 10% to 43%.? In a series by Vernim-
men et al., there was a 23% risk of transient AREs and a
6% risk of persistent late effects following proton thera-
py for AVM, including 43% of patients with lesions > 14
ml.* Blackburn et al. reported 20% persistent neurological
deficits related to embolization followed by single-session
SRS for large AVMs, though this included aggressive em-
bolization prior to SRS and the median residual volume
was only 8.9 ml? Our complication rate also appeared
lower than that in the largest recent series by Veznedaro-
glu et al. on LINAC-based SRS using 7 Gy x 6 fractions,
which resulted in an 83% obliteration rate in the high-dose
group but a 43% risk of Grade 4 toxicity overall, requiring
dose de-escalation to 30 Gy and inferior outcomes.*’ Pan
et al. also reported a 37% moderate ARE and a 12% severe
ARE with single-session SRS at median doses of 17.7 Gy
for AVM volumes of 10-20 ml and 16 Gy for volumes
> 20 ml.» While dose-staging as reported by Yamamoto
et al. was associated with only a 6.5% complication rate,
there was a hemorrhage rate of 22.6% due to an extended
latent period (similar to the hemorrhage risk in our se-
ries).* Comparison with surgical series is tenuous due to
patient selection bias, but risks of major neurological com-
plications after resection have been reported to be 21.6%
and 16.7% for SM Grades IV and V, respectively.!! Even
selected patients with SM Grade III AVMs that are large
and in eloquent regions have a 14.8% risk of neurological
deficit after resection.?!

With a VS approach, the ideal timing between fractions
is unknown, but this study shows that a reduction in the
interval between stages to 3 months appears safe with the
dose staging described. An increased interval may only
delay obliteration without increasing safety, and a reduc-
tion in the interval may not allow for an asymptomatic
treatment response to dissipate and may lead to more is-
sues with AREs when treatments are delivered in short
succession.

Hemorrhage and Survival

Despite improved time to response and cure rates in Era
2, the overall rates of survival and hemorrhage were not
different between the 2 eras. The rate of post-SRS hem-
orrhage was high. It is unclear if the high rate of hemor-
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rhage was related to a natural predilection for hemorrhage
in these large AVMs, patient selection, or short interval
follow-up around the time of previous hemorrhage. We did
not have adequate imaging data to account for all risk fac-
tors for hemorrhage prior to treatment, such as the number
of draining veins, to fully estimate the risk of hemorrhage
for comparison with other reports. Reviews of single-ses-
sion SRS for AVM have suggested a stable or decreased
overall risk of hemorrhage after SRS, such as reported
by Yen et al. in 1400 AVM patients with an annual hem-
orrhage risk of 2.5% following SRS compared with the
previous risk of 2%. Similarly, Kano et al. described 996
AVM patients treated with SRS who had an annual hemor-
rhage risk of 3.4% pre-SRS versus 1.3% post-SRS. How-
ever, these reports were predominately focused on small
AVMs.B44 Karlsson et al. documented an annual hemor-
rhage risk of 7% in patients post-SRS with AVMs > 9 ml,
which appears similar to the rate in this report.!” Kano et
al. also noted a 36% rate of hemorrhage at 10 years after
SRS.15 Our 39% mortality rate in patients who had a hem-
orrhage was higher than the accepted risk of 10%—-30%
mortality per hemorrhage.” The high rates of hemorrhage
and hemorrhage-related mortality reinforce the high-risk
nature of these large AVMs.

Conclusions

The ideal treatment for large AVMs is unknown, but
VS-SRS is an option for initial treatment. Decreasing the
AVM treatment volume per stage to < 8—10 ml allowed for
a higher dose per fraction (= 17 Gy) and decreased time
to response, as well as increased rates of near obliteration
and cure without increasing complications. Obliteration
rates of large AVMs remain low, although partial response
or near obliteration may expedite safe resection in previ-
ously unresectable lesions. Patients should be evaluated
for repeat SRS or surgical salvage if there is failure to
achieve obliteration at 3 years’ follow-up, as many patients
will require multimodal treatment for cure.
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