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Microsurgery Versus Stereotactic Radiosurgery for
Brain Arteriovenous Malformations: A Matched

Cohort Study

BACKGROUND: Microsurgery (MS) and stereotactic radiosurgery (SRS) remain the
preferred interventions for the curative treatment of brain arteriovenous malformations
(AVM), but their relative efficacy remains incompletely defined.

OBJECTIVE: To compare the outcomes of MS to SRS for AVMs through a retrospective,
matched cohort study.

METHODS: We evaluated institutional databases of AVM patients who underwent MS and
SRS. MS-treated patients were matched, in a 1:1 ratio based on patient and AVM character-
istics, to SRS-treated patients. Statistical analyses were performed to compare outcomes
data between the 2 cohorts. The primary outcome was defined as AVM obliteration without
a new permanent neurological deficit.

RESULTS: The matched MS and SRS cohorts were each comprised of 59 patients. Both
radiological (85 vs 11 mo; P < .001) and clinical (92 vs 12 mo; P < .001) follow-up were
significantly longer for the SRS cohort. The primary outcome was achieved in 69% of each
cohort. The MS cohort had a significantly higher obliteration rate (98% vs 72%; P = .001),
but also had a significantly higher rate of new permanent deficit (31% vs 10%; P = .011). The
posttreatment hemorrhage rate was significantly higher for the SRS cohort (10% for SRS vs
0% for MS; P=.027). In subgroup analyses of ruptured and unruptured AVMs, no significant

differences between the primary outcomes were observed.

CONCLUSION: For patients with comparable AVMs, MS and SRS afford similar rates of
deficit-free obliteration. Nidal obliteration is more frequently achieved with MS, but this
intervention also incurs a greater risk of new permanent neurological deficit.
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management of brain arteriovenous
malformations (AVM) include micro-
surgery (MS), stereotactic radiosurgery (SRS),
and embolization.!”' At many cerebrovas-

T he interventions used in the contemporary

ABBREVIATIONS: ARUBA, A Randomized Trial
of Unruptured Brain AVMs; AVM, arteriovenous
malformations; CT, computed tomography; MRI,
magnetic resonance imaging; MS, Microsurgery;
OR, odds ratio; RBAS, modified radiosurgery-based
AVM score; RIC, radiation-induced changes; SM,
Spetzler-Martin; SRS, stereotactic radiosurgery;
VRAS, Virginia Radiosurgery AVM Scale
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cular centers, MS and SRS are the modalities
of choice for the definitive treatment of an
AVM, while nidal embolization is primarily
reserved for preoperative devascularization,
pre-SRS  volume reduction, or occlusion
of high-risk arterial feeders.2811-18  Since
MS is preferentially employed for superfi-
cially located, noneloquent AVMs, and SRS
is preferentially employed for deep-seated,
eloquent lesions, a rigorous comparison of
the 2 interventions is lacking.!”*’ Previously
published series that juxtaposed MS- and SRS-
treated AVMs did not account for differences
in baseline patient and AVM factors.28-3!1
Therefore, the this retrospective,
matched cohort study is to directly compare the
outcomes of MS to SRS for comparable AVMs.

aim of
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METHODS
Study Design

We retrospectively reviewed institutional review board approved
databases of consecutive AVM patients who underwent MS and SRS at
our institution from 2001 to 2013. Patient consent was not required
by the committee due to the retrospective nature of the review and
deidentification of data presented. The inclusion criteria for MS cohort
and SRS cohort-eligible patients were as follows: (1) age > 18 yr; (2)
sufficient data regarding baseline patient, AVM, and treatment factors;
(3) AVM treatment with either MS or single-session SRS; (4) available
posttreatment radiological and clinical outcomes data; and (5) for SRS
cohort-eligible patients, a minimum follow-up duration of 2 yr.

SRS Procedure

All SRS procedures were performed using the Gamma Knife (Elekta
AB, Stockholm, Sweden). Our institution’s technique has been previously
described in detail.> All patients underwent pre-SRS catheter angiog-
raphy and stereotactic thin-slice (slice width < 1mm) magnetic resonance
imaging (MRI) or computed tomography (CT). Dose planning was
performed using the Kula software (Kula Software LLC, Gaithersburg,
Maryland) until June 1994, and then the Gamma Plan software (Elekta
AB) thereafter.

MS Procedure

All patients underwent preoperative catheter angiography to evaluate
the AVM’s angioarchitecture and either MRI or CT for surgical planning.
The specific surgical approach and use of electrophysiological neuromon-
itoring or neuronavigation were dependent on AVM location and the
preferences of four treating neurosurgeons. The operating microscope
and standard microsurgical techniques were used to perform the AVM
resection. Postoperatively, patients were monitored in our neurological
intensive care unit. A brain CT was routinely performed within 12 h of
surgery to evaluate for postoperative hemorrhage.

Baseline Data

Baseline data comprised patient, AVM, and treatment variables.
Patient variables included age and gender, AVM variables included prior
hemorrhage, maximum diameter, venous drainage pattern, location, and
presence of AVM-associated arterial aneurysm, Spetzler—Martin (SM)
grade, and prior embolization.’® The treatment variable was modality
of intervention. The supplemented grade was determined for each MS-
and SRS-treated patient.** The AVM nidus volume, as calculated during
SRS treatment planning, Virginia Radiosurgery AVM Scale (VRAS),
and modified radiosurgery-based AVM score (RBAS) were calculated
for each SRS-treated patient.>>?> SRS treatment parameters included
margin dose, isodose line, and number of isocenters.

Follow-up

MS-treated patients typically underwent a postoperative angiogram
during the same hospitalization as the surgery and had clinical follow-
up at postoperative intervals of 2 wk, and 3 mo, and 1 yr, and then
annually thereafter. SRS-treated patients underwent MRI every 6 mo
for the first 2 yr after SRS, and then annually thereafter. Confirmatory
catheter angiography was recommended to patients who were deter-
mined to have AVM obliteration on MRI. SRS-treated patients with
obliterated nidi were recommended to undergo MRI every 2 to 5 yr to
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monitor for delayed, long-term complications. Additional neuroimaging
was obtained for patients with new or worsening neurological symptoms.

Obliteration was defined as the absence of flow voids on MRI or a
lack of abnormal arteriovenous shunting on catheter angiography. For
SRS-treated patients, radiation-induced changes (RIC) were defined as
perinidal T2-weighted hyperintensities on MRI and classified as radio-
logical, symptomatic, or permanent; and cyst formation was defined as
the development of a cystic cavity within or adjacent to the region of
the original AVM nidus. The primary outcome of this study was defined
as AVM obliteration without a new permanent neurological deficit. The
secondary outcomes were obliteration, and development of a new deficit,
and posttreatment hemorrhage.

Statistical Analysis

The MS cohort was matched manually, in a 1:1 ratio without
replacement using the nearest neighbor method based on age, sex, prior
hemorrhage, deep venous drainage, AVM nidus location, maximum
AVM diameter, AVM-associated aneurysms, and SM grade, to the
SRS cohort-eligible patients. All statistical analyses were performed
using Stata (version 14.2, College Station, Texas). The aforementioned
patient and AVM variables were compared between cohorts. Continuous
variables were compared using Students # or Mann—Whitney U-tests,
as appropriate. Categorical variables were compared using Pearson’s chi-
square or Fisher’s exact tests, as appropriate. We performed univariate
logistic regression analyses to assess the relationships between inter-
vention and the primary and secondary outcomes. The findings from the
logistic regression analyses were adjusted for variables with P < .20 in the
comparison between the 2 cohorts. Subgroup analyses were performed
for ruptured and unruptured AVMs. Statistical significance was defined
as P < .05, and all tests were 2-tailed. Missing data were not imputed.

RESULTS

Characteristics of the MS and SRS Cohorts

The MS and SRS databases comprised 68 and 1400 patients,
respectively. After the application of inclusion and exclusion
criteria, the cohorts comprised 59 and 763 patients, respectively.
Nine MS-treated patients were excluded due to lack of follow-
up. The matching process yielded a total of 118 AVM patients,
comprised of 59 in each of the MS and SRS cohorts. Table 1
compares the patient, AVM, and treatment characteristics of the
matched MS and SRS cohorts. There were no significant differ-
ences between the baseline characteristics of the 2 cohorts. The
mean ages of the MS and SRS cohorts were 38.6 and 34.6 yr,
respectively (P = .135). The mean maximum AVM diameters
of the MS and SRS cohorts were 2.3 and 2.4 cm, respectively
(P = .452). The SM grades were I-II for 69% and III-1V for
31% of each cohort. The incidences of prior AVM embolization
for the MS and SRS cohorts were 41% and 27%, respectively
(P = .120). The SRS cohort had significantly longer radiological
(85 vs 11 mo; P < .001) and clinical (92 vs 12 mo; P < .001)
follow-up.

We performed subgroup analyses for the MS and SRS
outcomes of ruptured and unruptured AVMs Table 2 compares
the patient, nidal, and treatment characteristics of the ruptured
AVMs in the MS and SRS cohorts. There were no significant
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TABLE 1. Comparison of the Patient, AVM, and Treatment Characteristics of the Matched Microsurgery and Stereotactic Radiosurgery Cohorts

Microsurgery

Stereotactic
radiosurgery

(n=59) (n=59) P-value

Age, yr (SD) 38.6 (16.6) 34.6 (12.4) 1352
Male gender, n (%) 29 (49.2) 28 (47.5) .8542
Prior AVM hemorrhage, n (%) 44 (74.6) 40 (67.8) 4162
Maximum AVM diameter, n (%) 1.0002

<3cm 44 (74.6) 44 (74.6)

3-6cm 15 (25.4) 15 (25.4)
Mean, cm (SD) 23(1.2) 2.4 (1.0) 4522
AVM volume, mL (SD) - 53(5.0) -
Deep venous drainage, n (%) 35 (59.3) 33 (55.9) 7092
AVM location, n (%) 486°

Supratentorial 49 (83.0) 46 (78.0)

Infratentorial 10 (17.0) 13 (22.0)
Eloquent AVM location, n (%) 26 (44.1) 25 (42.4) .853
AVM-associated aneurysms, n (%) .651°

Intranidal 11(18.6) 7 (1.9)

Prenidal 9(15.3) 7 (11.9)
SM grade, n (%) 1.000?

| 10 (17.0) 10 (17.0)

1] 31(52.5) 31(52.5)

n 12 (20.3) 12 (20.3)

\% 6(10.2) 6(10.2)
Supplemented SM grade, n (%) -

| 10 (17.0) 8(13.6)

1] 14 (23.7) 19 (32.2)

I} 26 (44.1) 24 (40.7)

\Y 9(15.3) 8 (13.6)
Prior AVM embolization, n (%) 24 (40.7) 16 (27.1) 120
SRS margin dose, Gy (SD) - 21.0 (4.2) -
Isodose line, % (SD) - 55.2(13.1) -
Isocenters, n (SD) - 2.8(2.) -
VRAS, n (%) -

0 - 1(17)

1 - 13 (22.0)

2 - 17 (28.8)

3 - 19 (32.2)

4 - 9(15.3)
RBAS, n (%) -

<1.00 - 19 (32.2)

1.01-1.50 - 26 (44.1)

1.51-2.00 - 10 (17.0)

> 2.00 - 4(6.8)
Radiological follow-up, mo (SD) 11.2 (19.8) 85.0 (56.1) <.001
Clinical follow-up, mo (SD) 12.2 (22.4) 92.1(58.3) <.001

SM = Spetzler-Martin; SRS = stereotactic radiosurgery; VRAS = Virginia Radiosurgery AVM Scale; RBAS = modified radiosurgery-based AVM score; n = number; SD = standard

deviation. Bold values indicates statistical significance at a P-value of <0.05.
@Matched covariates.

differences between the baseline characteristics of MS- and SRS-
treated ruptured AVMs. Ruptured AVMs in the SRS cohort had
significantly longer radiological (11 vs 83 mo; P < .001) and
clinical (13 vs 90 mo; P < .001) follow-up durations. Table 3
compares the patient, nidal, and treatment characteristics of the

698 | VOLUME 84 | NUMBER3 | MARCH 2019

unruptured AVMs in the MS and SRS cohorts. Deep venous
drainage was significantly more common in MS-treated unrup-
tured AVMs (87% vs 47%; P = .017). Unruptured AVMs in the
SRS cohort had significantly longer radiological (13 vs 90 mo;
P < .001) and clinical (97 vs 9 mo; P < .001) follow-up.

www.neurosurgery-online.com
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TABLE 2. Comparison of the Patient, Nidal, and Treatment Characteristics of the Ruptured AVMs in the Microsurgery and Stereotactic Radio-

surgery Cohorts
Stereotactic
Microsurgery radiosurgery
(n=44) (n =40) P-value
Age, yr (SD) 38.6 (17.5) 327 (13.1) .088
Male gender, n (%) 23 (52.3) 19 (47.5) 662
Maximum AVM diameter, n (%) .584

<3cm 33(75.0) 32(80.0)

3-6 cm 1 (25.0) 8(20.0)

Mean, cm (SD) 2.2(1.2) 2.2(1.0) .833
AVM volume, mL (SD) - 4.0 (3.1) -
Deep venous drainage, n (%) 22 (50.0) 24 (60.0) 358
AVM location, n (%) 449

Supratentorial 34 (77.3) 28 (70.0)

Infratentorial 10 (22.7) 12 (30.0)

Eloguent AVM location, n (%) 18 (40.9) 16 (40.0) 932
AVM-associated aneurysms, n (%) 530

Intranidal 8(18.2) 5(12.5)

Prenidal 7 (15.9) 3(7.5)

SM grade, n (%) 1.000

| 8(18.2) 8(20.0)

Il 23(52.3) 20 (50.0)

] 9(20.5) 8(20.0)

\Y% 4(9.0) 4(10.0)

Supplemented SM grade, n (%) -

| 10 (22.7) 8(20.0)

Il 12 (27.3) 19 (47.5)

1l 22 (50.0) 13 (32.5)

vV 0(0) 0(0)

Prior AVM embolization, n (%) 15 (34.1) 10 (25.0) 363
SRS margin dose, Gy (SD) - 22.0(3.7) -
Isodose line, % (SD) - 56.6 (13.1) -
Isocenters, n (SD) - 275(2.3) -
VRAS, n (%) -

0 - 0(0.0)

1 - 8(20.0)

2 - 12 (30.0)

3 - 11(27.5)

4 - 9 (22.5)

RBAS, n (%) -

<1.00 - 16 (40.0)

1.01-1.50 - 17 (42.5)

1.51-2.00 - 7 (17.5)

> 2.00 - 0(0.0)

Radiological follow-up, mo (SD) 10.6 (19.8) 82.6 (56.9) <.001
Clinical follow-up, mo (SD) 13.4 (24.8) 89.7 (60.5) <.001

SM = Spetzler-Martin; SRS = stereotactic radiosurgery; VRAS = Virginia Radiosurgery AVM Scale; RBAS = modified radiosurgery-based AVM score; n = number; SD = standard

deviation. Bold values indicates statistical significance at a P-value of <0.05.

Outcomes of the MS vs SRS Cohorts

Table 4 compares the primary and secondary outcomes
between the SRS vs MS cohorts. The primary outcome was
achieved in 41 patients (69%) in each cohort (P = 1.000).
After adjusting for age and prior AVM embolization, a significant

NEUROSURGERY

difference was not found in the rate of primary outcome between
the 2 cohorts.

The AVM obliteration rate was significantly higher in the MS
cohort (98% vs 72%; P = .003). This difference remained signif-
icant, in favor of MS, after adjusting for the covariates (odds ratio

VOLUME 84 | NUMBER3 | MARCH2019 | 699
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TABLE 3. Comparison of the Patient, Nidal, and Treatment Characteristics of the Unruptured AVMs of the Microsurgery and Stereotactic Radio-

surgery Cohorts
Stereotactic
Microsurgery radiosurgery
(n=15) (n=19) P-value
Age, yr (SD) 38.7 (14.1) 38.5(9.9) .950
Male gender, n (%) 6 (40.0) 9(47.4) 667
Maximum AVM diameter, n (%) 715

< 3cm 1(73.3) 12 (63.2)

3-6cm 4(26.7) 7 (36.8)

Mean, cm (SD) 25(1.2) 2.8(1.2) 571
AVM volume, mL (SD) - 7.8(7.2) -
Deep venous drainage, n (%) 13 (86.7) 9 (47.4) 017
AVM location, n (%) 1.000

Supratentorial 15 (100.0) 18 (94.7)

Infratentorial 0 (0.0) 1(5.3)

Eloquent AVM location, n (%) 8(53.3) 9(47.4) 730
AVM-associated aneurysms, n (%) .880

Intranidal 3(20.0) 2(10.5)

Prenidal 2(13.3) 4(21.0)

SM grade, n (%) 1.000

| 2(13.3) 2(10.5)

Il 8(53.3) 11(57.9)

1] 3(20.0) 4 (21.1)

I\ 2(13.3) 2(10.5)

Supplemented SM grade, n (%) -

| 0(0) 0(0)

Il 2(13.3) 0(0)

1 4(26.7) 11(57.9)

\% 9 (60.0) 8 (42.1)

Prior AVM embolization, n (%) 9 (60.0) 6 (31.6) .097
SRS margin dose, Gy (SD) - 18.7 (4.5) -
Isodose line, % (SD) - 52.2 (13.0) -
Isocenters, n (SD) - 3.1(1.9) -
VRAS, n (%) -

0 - 1(5.3)

1 - 5(26.3)

2 - 5(26.3)

3 - 8 (42.1)

4 - 0(0.0)

RBAS, n (%) -

<1.00 - 3(15.8)

1.01-1.50 - 9(47.4)

1.51-2.00 - 3(15.8)

>2.00 - 4(210)

Radiological follow-up, mo (SD) 12.8 (20.6) 90.0 (55.6) <.001
Clinical follow-up, mo (SD) 8.7(13.2) 97.0 (54.8) <.001

SM = Spetzler-Martin; SRS = stereotactic radiosurgery; VRAS = Virginia Radiosurgery AVM Scale; RBAS = modified radiosurgery-based AVM score; n = number; SD = standard

deviation. Bold values indicates statistical significance at a P-value of <0.05.

[OR] = 39.536; P = .001). AVM obliteration was confirmed by
catheter angiography in 81% (35/43 patients) and 97% (56/58
patients) of the SRS and MS cohorts, respectively. The rate of
new neurological deficit was also significantly higher in the MS
(31% vs 10%; P = .009). This difference remained significant,

700 | VOLUME 84 | NUMBER3 | MARCH 2019

in favor of MS, after adjusting for the covariates (OR = 3.758;
P=.011).

The posttreatment hemorrhage rates were significantly higher
for the SRS cohort compared to the MS cohort (10% vs 0%;
P = .027). In the SRS cohort, RIC was radiologically evident

www.neurosurgery-online.com
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Including the Subgroup Analyses of Ruptured and Unruptured AVMs

TABLE 4. Comparisons of the Primary and Secondary Outcomes Between the Matched Stereotactic Radiosurgery and Microsurgery Cohorts,

Stereotactic Unadjusted
radiosurgery Microsurgery OR[95% Cl] P-value Adjusted OR [95% ClI] P-value
Overall
Primary outcome
Obliteration without new deficit, n (%) 41/59 (69.5) 41/59 (69.5) 1.000 1.000 1.192 [0.518-2.744] @ 6792
[0.457-2.190]
Secondary outcome
Obliteration, n (%) 43/59 (72.3) 58/59 (98.3) 21.581 .003 39.536 [4.498-347.475]° .001°
[2.755-169.061]
New deficit, n (%) 6/59 (10.2) 18/59 (30.5) 3.878 .009 3758 [1.347-10.489]2 .011°
[1.413-10.646]
Hemorrhage, n (%) 6/59 (10.2) 0/59 (0) NA® .027 NA® NA®
Ruptured AVMs
Primary outcome
Obliteration without new deficit, n (%) 33/40 (82.5) 33/44 (75.0) 0.636 405 0.661[0.224-1.952]° 453P
[0.220-1.843]
Secondary outcome
Obliteration, n (%) 34/40 (85.0) 43/44 (97.7) 7.588 .066 7.591[0.849-67.8841° .070°
[0.871-66.080]
New deficit, n (%) 2/40 (5.0) 11/44 (25.0) 6.333 .022 6.175 [1.256-30.349]° .025°
[1.308-30.661]
Hemorrhage, n (%) 4/40 (10.0) 0/44 (0) NA® .047f NA® NA®
Unruptured AVMs
Primary outcome
Obliteration without new deficit, n (%) 8/19 (42.1) 8/15 (53.3) 1.571 .516 1.655 [0.309-8.859]¢ .556¢
[0.402-6.142]
Secondary outcome
Obliteration, n (%) 9/19 (47.4) 15/15 (100.0) NAd .001 NAC NAd
New deficit, n (%) 4/19 (21.1) 7/15 (46.7) 3.281 120 4.351[0.707-26.776]° 113¢
[0.733-14.683]
Hemorrhage, n (%) 2/19 (10.5) 0/15 (0) NA® 492f NA® NA®

OR = odds ratio; Cl = confidence interval; AVM = arteriovenous malformation; NA = not applicable; n = number. Bold values indicates statistical significance at a P-value of <0.05.

@Adjusted for age, and prior AVM embolization.

bAdjusted for age.

¢Adjusted for prior AVM embolization, and deep venous drainage.

dAll nonruptured AVMs in the microsurgery cohort achieved obliteration.
¢No posttreatment hemorrhage occurred in the microsurgery cohort.
fFisher’s exact test.

in 18 patients (31%), symptomatic in 6 (10%), and permanent
in 2 (3.4%) patients. Post-SRS cyst development occurred in 1
(1.7%) patient. Ventriculo-peritoneal shunt placement, surgical
treatment for wound infection, and surgical intervention for
cerebrospinal fluid leak were necessary in 2 (3.4%), 2 (3.4%), and
1 (1.7%) patients of the MS cohort.

Table 5 compares the primary and secondary outcomes
between the MS vs SRS cohorts, stratified by SM and supple-
mented SM grades. There were no significant differences between
MS and SRS cohorts in the rate of primary outcome achieved
for each SM grade or for a supplemented SM grade cutoff of 6.
The obliteration rate was significantly higher in the MS cohort for
SM grade II (100% vs 77%, P = .011) and III (100% vs 58%,
P = .037) AVMs. Patients with a supplemented SM grade < 6

NEURO

had a higher obliteration rate after MS (100% vs 76%, P < .001),
but also had a higher rate of new neurological deficit (28% vs 7%,
P =.005).

Outcomes of MS vs SRS for Ruptured AVMs

In the subgroup analysis of ruptured AVMs, the primary
outcome was achieved in 83% of the SRS and 75% of the MS
cohorts (Table 4). This difference remained nonsignificant after
adjusting for age. The AVM obliteration rates were not signifi-
cantly different for ruptured AVMs between the SRS (85%) and
MS (98%) cohorts. This difference remained nonsignificant after
adjusting for age. The rate of new neurological deficit was signif-
icantly higher for ruptured AVMs in the MS cohort (25% vs 5%;
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TABLE5. Comparison of the Primary and Secondary Outcomes Between the Matched Microsurgery and Stereotactic Radiosurgery Cohorts, Strat-
ified by Spetzler-Martin and Supplemented Spetzler-Martin Grades

Microsurgery Stereotactic radiosurgery P-value
Overall
SM
Obliteration without new deficit, n (%) 7/10 (70.0) 9/10 (90.0) .582
Obliteration, n (%) 10/10 (100.0) 9/10 (90.0) 1.000
New deficit, n (%) 3/10 (30.0) 0/10 (0) 21
Hemorrhage, n (%) 0/10 (0) 1/10 (10.0) 1.000
SMII
Obliteration without new deficit, n (%) 24/31(77.4) 22/31(71.0) 562
Obliteration, n (%) 31/31(100.0) 24/31(77.4) 0n
New deficit, n (%) 7/31(22.6) 3/31(9.7) 301
Hemorrhage, n (%) 0/31(0) 4/31(12.9) 113
SM Il
Obliteration without new deficit, n (%) 7/12 (58.3) 7/12 (58.3) 1.000
Obliteration, n (%) 12/12 (100.0) 7/12 (58.3) .037
New deficit, n (%) 5/12 (41.7) 2/12 (16.7) 371
Hemorrhage, n (%) 0/12 (0) 0/12 (0) 1.000
SM IV
Obliteration without new deficit, n (%) 3/6 (50.0) 3/6 (50.0) 1.000
Obliteration, n (%) 5/6 (83.3) 3/6 (50.0) .545
New deficit, n (%) 3/6 (50.0) 1/6 (16.7) .545
Hemorrhage, n (%) 0/6 (0) 1/6 (16.7) 1.000
Total supplemented SM < 6
Obliteration without new deficit, n (%) 38/53 (71.7) 39/54 (72.2) .952
Obliteration, n (%) 53/53 (100.0) 41/54 (75.9) <.001
New deficit, n (%) 15/53 (28.3) 4/54 (7.4) .005
Hemorrhage, n (%) 0/53 (0) 5/54 (9.3) .057
Total supplemented SM > 6
Obliteration without new deficit, n (%) 3/6 (50.0) 2/5 (40.0) 1.000
Obliteration, n (%) 5/6 (83.3) 2/5 (40.0) 242
New deficit, n (%) 3/6 (50.0) 2/5 (40.0) 1.000
Hemorrhage, n (%) 0/6 (0) 1/5 (20.0) 455
Ruptured AVMs
SM
Obliteration without new deficit, n (%) 5/8 (62.5) 7/8 (87.5) 569
Obliteration, n (%) 8/8 (100.0) 7/8 (87.5) 1.000
New deficit, n (%) 3/8 (37.5) 0/8 (0) 200
Hemorrhage, n (%) 0/8 (0) 1/8 (12.5) 1.000
SMII
Obliteration without new deficit, n (%) 21/23 (91.3) 17/20 (85.0) .650
Obliteration, n (%) 23/23 (100.0) 18/20 (90.0) 210
New deficit, n (%) 2/23 (8.7) 2/20 (10.0) 1.000
Hemorrhage, n (%) 0/23 (0) 2/20 (10.0) 210
SM I
Obliteration without new deficit, n (%) 5/9 (55.6) 6/8 (75.0) .620
Obliteration, n (%) 9/9 (100.0) 6/8 (75.0) 206
New deficit, n (%) 4/9 (44.4) 0/8 (0) .082
Hemorrhage, n (%) 0/9 (0) 0/8 (0) 1.000
SM IV
Obliteration without new deficit, n (%) 2/4 (50.0) 3/4 (75.0) 1.000
Obliteration, n (%) 3/4 (75.0) 3/4(75.0) 1.000
New deficit, n (%) 2/4 (50.0) 0/4 (0) 429
Hemorrhage, n (%) 0/4 (0) 1/4 (25.0) 1.000
Total supplemented SM < 6
Obliteration without new deficit, n (%) 32/41(78.1) 32/39 (82.1) .655
Obliteration, n (%) 41/41 (100.0) 33/39 (84.6) 0n
New deficit, n (%) 9/41(22.0) 2/39 (5.1) .029
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TABLE 5 —continued
Microsurgery Stereotactic radiosurgery P-value
Hemorrhage, n (%) 0/41(0) 3/39(7.7) m
Total supplemented SM > 6
Obliteration without new deficit, n (%) 1/3(33.3) 1/1(100.0) 1.000
Obliteration, n (%) 2/3 (66.7) 1/1(100.0) 1.000
New deficit, n (%) 2/3 (66.7) 0/1(0) 1.000
Hemorrhage, n (%) 0/3 (0) 1/1(100.0) 250
Unruptured AVMs
SMI
Obliteration without new deficit, n (%) 2/2 (100.0) 2/2(100.0) 1.000
Obliteration, n (%) 2/2 (100.0) 2/2 (100.0) 1.000
New deficit, n (%) 0/2 (0) 0/2 (0) 1.000
Hemorrhage, n (%) 0/2 (0) 0/2(0) 1.000
SMII
Obliteration without new deficit, n (%) 3/8(37.5) 5/11 (45.5) 1.000
Obliteration, n (%) 8/8 (100.0) 6/11 (54.6) .045
New deficit, n (%) 5/8 (62.5) 1/1(9.) .041
Hemorrhage, n (%) 0/8 (0) 2/11(18.2) 485
SMII
Obliteration without new deficit, n (%) 2/3 (66.7) 1/4 (25.0) 486
Obliteration, n (%) 3/3(100.0) 1/4 (25.0) 143
New deficit, n (%) 1/3 (33.3) 2/4 (50.0) 1.000
Hemorrhage, n (%) 0/3 (0) 0/4 (0) 1.000
SM IV
Obliteration without new deficit, n (%) 1/2 (50.0) 0/2 (0) 1.000
Obliteration, n (%) 2/2 (100.0) 0/2(0) 333
New deficit, n (%) 1/2 (50.0) 1/2 (50.0) 1.000
Hemorrhage, n (%) 0/2(0) 0/2(0) 1.000
Total supplemented SM < 6
Obliteration without new deficit, n (%) 6/12 (50.0) 7/15 (46.7) .863
Obliteration, n (%) 12/12 (100.0) 8/15 (53.3) .008
New deficit, n (%) 6/12 (50.0) 2/15 (13.3) .087
Hemorrhage, n (%) 0/12 (0) 2/15 (13.3) 487
Total supplemented SM > 6
Obliteration without new deficit, n (%) 2/3 (66.7) 1/4 (25.0) 486
Obliteration, n (%) 3/3 (100.0) 1/4 (25.0) 143
New deficit, n (%) 1/3(333) 2/4 (50.0) 1.000
Hemorrhage, n (%) 0/3(0) 0/4 (0) 1.000

SM = Spetzler-Martin; AVM = arteriovenous malformation; n = number. Bold values indicates statistical significance at a P-value of <0.05.

P = .022). This difference remained significant, in favor of MS,
after adjusting for the covariates (OR = 6.175; P = .025). The
posttreatment hemorrhage rates for ruptured AVMs were signif-
icantly higher for the SRS cohort compared to the MS cohort
(10% vs 0%; P = .047).

Subgroup analyses by SM and supplemented SM grades for
ruptured AVMs showed no significant differences between the
MS and SRS cohorts in the rate of primary outcome achieved
for each SM grade or for a supplemented SM grade cutoff of 6
(Table 5). Ruptured AVMs with a supplemented SM grade < 6
had a higher obliteration rate after MS (100% vs 85%, P=.011),
but also had a higher rate of new neurological deficit (22% vs 5%,
P =.029).

NEURO

Outcomes for MS vs SRS for Unruptured AVMs

In the subgroup analysis of unruptured AVMs, the primary
outcome was achieved in 42% of the SRS and 53% of the MS
cohorts (Table 4). This difference remained nonsignificant after
adjusting for prior AVM embolization and deep venous drainage.
The obliteration rate was significantly higher for unruptured
AVMs in the MS cohort (100% vs 47%; P = .001). The rates of
new neurological deficit for unruptured AVMs were not signif-
icantly different between SRS (21%) and MS (47%) cohorts.
This difference remained nonsignificant after adjusting for the
covariates. The posttreatment hemorrhage rates were 10.5% for
the SRS (2/19 patients) and 0% for the MS (0/15 patients)
cohorts (P = .492).
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Subgroup analysis by SM and supplemented SM grades for
unruptured AVMs showed no significant differences in primary
outcome between the MS and SRS cohorts in the rate of primary
outcome achieved for each SM grade or for a supplemented SM
grade cutoff of 6 (Table 5). For unruptured SM grade 11 AVMs,
the rates of obliteration (100% vs 55%, P = .045) and new neuro-
logical deficit (63% vs 9%, P = .041) were both significantly
higher in the MS cohort. Unruptured AVMs with a supplemented
SM grade < 6 had a higher obliteration rate after MS (100%
vs 53%, P = .008), but also had a higher rate of new neuro-
logical deficit, which trended toward significance (50% vs 13%,
P =.087).

DISCUSSION

The primary goal of brain AVM treatment is the prevention
of hemorrhagic stroke, which is achieved by complete nidal
occlusion and elimination of arteriovenous shunting.36 Currently,
MS remains the gold standard of treatment, since it confers
immediate and durable protection from AVM hemorrhage if
angiographic cure is achieved. MS outcomes have been well
documented in the literature, largely by single-center, retro-
spective cohort studies.**?”*! The SM grading scale is the most
commonly used classification for estimating the operative risk of
MS, based on AVM features alone.> More recently, a supple-
mentary grading system, factoring in patient age, prior AVM
hemorrhage, and nidal morphology, has been devised to improve
the predictive accuracy of the SM grade for neurological outcomes
after MS.53* A review of 7 MS series comprising 1476 AVM
patients reported high obliteration rates of 90% to 100% across
all SM grades.19 However, the rates of poor outcome, increased
substantially with SM grade; 4% for grade I, 10% for grade II,
18% for grade I11, 31% for grade IV, and 37% for grade V. Due to
the elevated risk of operative morbidity and mortality associated
with resection of SM grade IV and V AVMs, MS is not routinely
employed for these lesions. Kim et al® analyzed a multicenter
cohort of 1009 AVM patients who underwent MS and recom-
mended a combined SM and supplementary grade of 6 be used
as a cutoff for AVM operability. Patients with a supplemented SM
grade < 6 had a 0% to 24% risk of functional decline after MS,
whereas those with a supplemented SM grade > 6 had a 39% to
63% risk of worsening.

Single-session SRS is a minimally invasive therapeutic alter-
native to MS that is ideally suited for small- to medium-sized
AVMs that carry an unacceptably high surgical morbidity, or for
patients who are unwilling or unable to undergo a craniotomy.*®
The VRAS and RBAS are the most notable grading scales used to
predict SRS outcomes for AVMs.?>:3> Obliteration rates after SRS
are related to AVM volume and margin dose, but they generally
range from 60% to 80% within 3 to 5 yr of treatment.*>%* In
a recent multicenter study of 2236 SRS-treated AVMs, Starke
et al'? reported an obliteration rate of 65% and a favorable
outcome (defined as obliteration without post-SRS hemorrhage
or permanent RIC) in 60% after a mean follow-up of 7 yr. The
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disadvantage of SRS compared to MS for AVMs is the latency
between treatment and obliteration, which typically spans 0.5 to
3 yr, and the delayed presentation of procedural complications.
Until complete endoluminal closure of the AVM is achieved by
SRS, patients remain at risk for hemorrhage during the latency
period.* Post-SRS RIC also tends to manifest before obliteration
and causes neurological symptoms in approximately 10% of cases.
Even after obliteration is achieved, delayed complications, such
as cyst formation, can occur in approximately 1% to 3% of SRS-
treated AVM patients after a mean latency period of 6.5 yr.*

Although the individual merits and risks of MS and SRS
have been extensively characterized in the literature, the compar-
ative effectiveness of these 2 modalities has been poorly studied,
due to an absence of rigorous analyses. This may be attributed
to the multidisciplinary approach used at most cerebrovascular
centers for determining the management of AVM patients, which
results in substantially different demographic and nidal charac-
teristics between those treated with MS versus SRS. In contrast,
many patients who underwent SRS at our institution were
derived from an international referral base, while those who
underwent MS tended to be regional referrals. As a result, we
are uniquely positioned to perform the first ever matched cohort
study comparing the outcomes of MS versus SRS for AVMs. That
is, AVM patients who might otherwise be treated with MS at
a different center were, instead, referred to our institution for
SRS, and therefore treated with the latter modality. The primary
outcome (ie, AVM obliteration without a new permanent neuro-
logical deficit) was achieved in the same proportion of patients
in each cohort (69%). As one would expect, treatment with MS
was significantly more likely to achieve obliteration (P = .001).
However, this came at the cost of a significantly greater risk of
new deficit in the MS cohort (P = .011). That is, the most
common reason the primary outcome was not achieved in the
MS cohort was a new neurological deficit, whereas the most
common reason the primary outcome was not achieved in the
SRS cohort was a lack of obliteration. Thus, in unruptured AVMs,
SRS may be more appealing to patients given the lower risk of new
neurological deficits. In addition, subgroup analyses by SM and
supplementary SM grades demonstrated no difference in primary
outcome between the 2 cohorts. The risk of posttreatment hemor-
rhage was significantly higher for the SRS cohort compared to
the MS cohort (P = .027). A total of 6 hemorrhages over 404
patient-years in the SRS cohort translate into an annual hemor-
rhagic risk of 1.5%, consistent with prior studies.’® However,
patients with post-MS deficits can recover neurological function
over time. Therefore, given the significantly longer follow-up
duration (P < .001) of the SRS cohort, it is possible that the
discrepancy in posttreatment neurological deficit rates between
the 2 treatment modalities may decrease over time.

Limitations

We acknowledge that our study has several limitations that
should be considered when interpreting its findings. The retro-
spective, single-center design subjects this study to the selection,
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treatment, and referral biases of our institution and its treating
physicians. Despite matching baseline patient and AVM charac-
teristics, there may have been other covariates that were not
accounted for by the matching process. It should be also recog-
nized that this study was not designed to compare the outcomes
of MS or SRS to those of curative embolization or conservative
management. Additionally, MS was only compared to single-
session SRS. Therefore, comparisons cannot be drawn between
MS and either staged SRS (ie, dose- or volume-staged) for large
AVMs or repeat SRS for residual AVMs.*->2

In our subgroup analyses of ruptured and unruptured AVMs,
no differences were found in the primary outcome between
treatment with MS or SRS. MS-treated patients with ruptured
AVMs had higher rates of new deficit (? = .025) with similar
obliteration rates compared to those treated with SRS. However,
ruptured AVM patients who presented with large-volume, corti-
cally based or cerebellar hemorrhages underwent urgent surgical
intervention. Although the matching process included a history
of prior AVM hemorrhage, we were unable to account for the
size or severity of the hemorrhage at the ictus of AVM rupture.
Therefore, it is possible that AVM hemorrhages in the SRS cohort
were less debilitating than in the MS cohort, which may confound
our results.’®>

For patients with unruptured AVMs, MS achieved a signif-
icantly higher rate of obliteration (P = .001), while the rates
of new deficit were not significantly different between the 2
cohorts. However, due to the small number of unruptured
AVMs in each treatment cohort, the subgroup analysis may have
been underpowered to detect a significant difference in neuro-
logical outcomes. Therefore, one cannot extrapolate a definitive
benefit of MS over SRS for unruptured AVMs based on our
results. We emphasize this limitation, given the substantial and
ongoing controversy regarding the merits of intervention versus
conservative management for unruptured AVMs. Despite the
findings of worse outcomes from intervention than conservative
management from A Randomized Trial of Unruptured Brain
AVMs (ARUBA) and the Scottish Audit of Intracranial Vascular
Malformations prospective AVM cohort study, multiple retro-
spective, single-arm interventional studies have been published,
each reporting reasonable outcomes for the treatment of appro-
priately selected patients with unruptured AVMs.>4-6¢

The findings of this study may not be generalizable to all
AVMs, since pediatric patients were excluded and there were no
SM V AVMs.“7% We did not design the study to evaluate the
effect of partial AVM embolization on MS and SRS outcomes,
and we were also unable to account for the potentially disparate
objectives of upfront nidal embolization prior to MS versus
SRS.15-71-73 Iny addition, embolization may have divergent effects
on SRS versus MS, as obliteration rates of SRS may be dampened
by preprocedural embolization.’> Due to the nature of being
a tertiary referral center for AVM treatment, detailed clinical
follow-up regarding functional status, Engel classification of
seizure outcomes, and quality of life could not be obtained
for some patients.”?"7480 As with any retrospective study, the
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current one even though matched is subject to the inherent biases
of a retrospective design including selection and referral biases.
Although the mean radiological follow-up period for the SRS
cohort was 7 yr, we acknowledge that the employment of a 2-yr
minimum follow-up is somewhat arbitrary, and may not reflect
the maximum potential of SRS. That is, a minimum follow-
up duration of 2 yr in the SRS cohort may bias our results
toward less favorable outcomes, due to an insufficiently long
latency period after SRS to allow for AVM obliteration. However,
a longer minimum follow-up (eg, 3 yr) could, conversely, bias
our results toward more favorable outcomes by underrepresenting
the proportion of AVMs that failed to achieved obliteration
after SRS.

Finally, obliteration was determined by MRI alone in 3%
and 19% of the MS and SRS cohorts, respectively, although
previous studies have shown MRI to be an acceptably accurate
substitute to angiography for evaluating nidal patency after
SRS.81-83 O’Connor et al®® reported a significant correlation
between MRI accuracy in evaluating AVM obliteration after SRS
and nidus volume; for a nidal volume > 2.8 mL, MRI had an
accuracy of 90%, whereas for a nidal volume < 2.8 mL, MRI
had an accuracy of 70%. In a more recent study by Lee et al®!
evaluating the predictive value of MRI in assessing AVM oblit-
eration after SRS between 2 blinded observers, the investigators
found sensitivities of 85% and 77%), and specificities of 89% and
95%. Despite the utility of MRI for determining post-SRS oblit-
eration, angiography remains the gold standard in confirming
obliteration.

CONCLUSION

MS and SRS afford equivalent rates of deficit-free AVM oblit-
eration for patients with angioarchitecturally comparable nidi.
MS-treated AVM patients were more likely to achieve nidal oblit-
eration, but they also incurred a greater risk of new permanent
neurological deficit. Higher quality evidence is needed to better
define the optimal treatment approach for AVMs in which
patients are both eligible and willing to undergo SRS and MS.
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COMMENTS

I n this excellent study, the authors found that the primary outcome

of AVM obliteration without a new permanent neurological deficit,
in patients who underwent either microsurgical resection (MS) or stereo-
tactic radiosurgery (SRS), was identical at 69%. This was derived using
a matched cohort design of 59 patients in each group who underwent
MS or SRS from an institutional database spanning 13 years, comprising
68 and 1400 patients treated with microsurgery or radiosurgery, respec-
tively. The authors’ ability to match microsurgical cases with comparable
radiosurgical ones, of which the majority were Spetzler-Martin grades
I-11, and previously ruptured, stems from the substantial institutional
referrals specifically for radiosurgery. Not surprisingly, the rates of oblit-
eration as well as new neurological deficit were significantly higher in
the microsurgical cohort. This is contrasted to the 72% obliteration and
10% post-treatment hemorrhage rates in the SRS cohort. Therefore, the
primary outcome was not achieved in the MS cohort most commonly
due to a new neurological deficit, whereas the reason for not achieving
the primary outcome in the SRS cohort was most often due to lack of
obliteration. Although the cohorts are small and thus limit subgroup
comparisons, the findings further elucidate the outcomes that can be
achieved for carefully selected patients. However, concluding that long-
term outcomes with MS or SRS are equivalent, because the primary
outcome as variably defined for each group is comparable, would be an
extreme oversimplification.

Judy Huang
Baltimore, Maryland
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CHEN ET AL

he management of brain arteriovenous malformations (AVMs) is

controversial and dependent on a center’s experience and expertise.
In general, microsurgery (MS) and stereotactic radiosurgery (SRS) are
considered primary curative modalities, and endovascular embolization
is reserved for adjunct therapy. Despite its flaws, ARUBA appropri-
ately advanced the discussion regarding the treatment of unruptured
AVMs and subsequently numerous clinical outcome studies have been
published.

This manuscript describes the first matched cohort study comparing
MS and SRS for the treatment of AVMs MS had higher rates of
radiographic obliteration but higher rates of new neurological deficit
compared to SRS leading to similar rates of deficit-free obliteration
overall and regardless of grade or rupture status in subgroup analysis.
The authors acknowledge that follow-up was significantly longer in the
SRS cohort. In addition, the modified Rankin scale or similar disability
index was not employed for the outcome analysis, so it is unknown to
what extent the new deficits affected overall outcome.
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The overwhelming majority (95.4%) of AVMs at this center were
treated with SRS over a 13-year period (1400 and 68 patients,
respectively). While not a criticism of this center’s expertise or referral
patterns, this finding demonstrates an obvious bias toward the use of
SRS in AVM management. The patients were appropriately matched;
however, this imbalance favors SRS outcomes. In keeping with this,
the rates of new deficit are higher than those published in recent
surgical series especially for low grade and unruptured AVMs It is well-
established that MS has higher upfront neurological risks and higher
rates of obliteration than SRS, but the equivalency of the 2 modalities
for deficit-free obliteration is likely not as clear-cut as presented in this
manuscript.

John Nerva
Louis Kim
Seattle, Washington
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