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Treatment of Arteriovenous 
Malformations of the Brain with 
Combined Embolization and 
Stereotactic Radiosurgery: 
Results After 1 and 2 Years 

857 

Seven patients with large arteriovenous malformations (AVMs) of the brain were 
selected for combined therapy with particulate embolization, followed by radiosurgery 
of the residual nidus. The goal of embolization was to reduce the patient nidus to a size 
that facilitated successful stereotactic radiosurgery. Angiograms obtained 1 and 2 years 
after radiosurgery were evaluated for changes in nidus size, flow rate, and feeding and 
draining vessels. One year after stereotactic radiosurgery, one AVM was angiographi
cally undetectable. Three other AVMs demonstrated a volume reduction of greater than 
50%, in addition to decreased shunt speed and altered angioarchitecture at 1-year 
follow-up. At 2-year follow-ups, two of seven AVMs were cured, and an additional two 
of seven had a greater than 98% reduction in nidus volume. Although one patient 
experienced a transient deficit from embolotherapy, none of our patients suffered a new 
neurologic deficit or a hemorrhage during the follow-up period. 

Our data support the efficacy of combined embolotherapy and radiosurgery for 
definitive therapy of selected large AVMs of the brain. 

AJNR 11:857-864, September/October 1990 

The efficacy of intersecting-gamma-beam radiosurgical treatment of arteriove
nous malformations (AVMs) has been demonstrated. Although first described in 
1951 by Leksell [1 ), modifications of the stereotactically focused method by Steiner 
et al. in 1970 [1 - 4) allowed treatment and extended follow-up of a large number 
of patients with intracranial AVMs. The physical characteristics of the original 179-
source cobalt-50 (6°Co) gamma unit of Steiner limited the maximum diameter of 
the treated AVM nidus to 28 mm or less, but statistical evaluation of data, including 
larger lesions as well as those 28 mm or smaller, shows an overall2-year cure rate 
of 84% [2]. 

In 1987, we installed a modified version of the original 6°Co gamma unit of 
Steiner. This unit uses 201 6°Co sources and has improved computer-targeting 
capabil ities. However, lesions larger than approximately 34-36 mm in maximum 
diameter still present formidable problems for safe and accurate isodose coverage 
[4] . Evaluation of subsets of these larger lesions is currently under way (Steiner L, 
personal communication). 

By combining partial embolization of AVMs with radiosurgery of the remaining 
nidus, we postulated that we could obtain cures in patients who otherwise would 
not be candidates for radiosurgery alone. We present 1- and 2-year follow-up 
results of the initial seven patients treated with the combined approach. 

Materials and Methods 

Seven patients (four men and three women 25-57 years old) were referred for angiographic 
evaluation and staged embolization of AVMs before stereotactic radiosurgical therapy. The 
average greatest diameter of the nidus before embolization was 41 .1 mm (range, 35-58 mm). 
Biplane magnification angiography of the supplying vessels was performed. Rapid fi lming 
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sequences (four or six per second for 3 sec) depicted the angioar
chitectural details of supplying vessels . Planning of superselective 
embolization was based on the expected difficulty in catheterizing 
the respective feeding pedicles; the expected size reduction was 
based on the sacrifice of those pedicles . 

During the embolization procedure, a 2.4-French Tracker-18 cath
eter (Target Therapeutics, Inc., Los Angeles , CA) was introduced 
coaxially through the diagnostic angiography catheter. The Tracker 
catheter was advanced superselectively into the feeding pedicles 
over a 0.016-in . (0 .04-cm) steerable guidewire. The real-time digital 
fluoroscopic subtraction angiographic road-mapping technique was 
used for guidance. When a feeding pedicle was entered, digital 
subtraction angiography was performed to ensure that normal paren
chyma was not also supplied by the pedicle. In addition , 20-75 mg 
of amobarbital sodium (depending on the size and flow rate of the 
pedicle) were administered through the in-dwelling Tracker catheter, 
and a tailored neurologic examination was performed. The develop
ment of a new neurologic deficit absolutely precluded embolization 
from that catheter position. Once a safe catheter position was con
firmed by provocation with amobarbital sodium, particulate emboli
zation was performed. Embolic materials included either polyvinyl 
alcohol (PVA) particles or silk suture material or both. Silk suture was 
used when large arteriovenous shunts within the nidus precluded 
occlusion with PVA. Embolic materials were suspended in iodinated 
contrast material to allow continuous real-time subtracted fluoro
scopic control of the embolization [5). We used periodic digital 
subtraction angiography to monitor shunt speed and detect normal 
vessels. If normal vessels were visualized during real-time digital 
subtraction angiography, amobarbital sodium provocation was 
repeated. 

Embolization of a pedicle was terminated when flow to the AVM 
was reduced significantly or became stagnant. Staged pedicle em
bolization was performed with the goal of maximally reducing the 
nidus size while maintaining an adequate margin of safety. To guard 
against the development of normal perfusion pressure breakthrough 
secondary to major changes in the hemodynamics of the lesion, we 
used restraint in decreasing the volume of the lesion during any one 
embolization session. Most patients had several embolization ses
sions. At the completion of the embolization procedure, an angiogram 
was obtained with radiopaque sizing rings taped to the patient's 
scalp. Patients were maintained on corticosteroids for 48 hr after 
embolization and were monitored in a dedicated neurosurgical nursing 
unit. 

Stereotactic radiosurgery was performed 1-3 months after com
pletion of staged embolization. A stereotactic head frame was affixed 
to the patient 's head for the radiosurgical procedure, and biplane 
angiography was performed to allow coordinate computation . Radia
tion was administered according to precalculated, individualized iso
dose curves. 

One-year follow-up angiography was performed in each patient . In 
addition , 2-year follow-up angiograms were available for evaluation 
in four patients. Preembolization, postembolization, and postradio
surgery AVM volumes were estimated for each patient using the 
formula for a prolated ellipse, with correction for varying geometric 
magnification factors. The percentages of AVM volume reduction by 
embolization and stereotactic radiosurgery were also calculated for 
each patient. 

Results 

AVM characteristics, embolization details, AVM volume 
reduction data following embolization , and stereotactic radio
surgery follow-up data are presented in Table 1. The pre-
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Fig. 1.-Case 1. A and 8, Anteropos
terior (A) and lateral (8) right internal 
carotid artery angiograms before em
bolization show right frontal arteriove
nous malformation (maximum nidus di
ameter preembolization, 35 mm). 

C and D, Anteroposterior (C) and 
lateral (D) right internal carotid artery 
angiograms after embolization of right 
orbitofrontal supply with polyvinyl al
cohol show 22% volume reduction in 
nidus size (maximum nidus diameter 
postembolization, 27 mm). 

E and F, Anteroposterior (E) and lat
eral (F) right internal carotid artery an
giograms 1 year after stereotactic ra
diosurgery show complete obliteration 
of nidus. 

A 

c 

E 

senting symptoms included hemorrhage (n = 4), seizures 
(n = 3), hemiparesis (n = 1 ), headaches (n = 2), and aphasia 
(n = 1 ). Three patients had more than one symptom. Two 
AVMs were located in the temporal lobe. One AVM was 

tl 
D 

F 

located in each of the following lobes: frontal , frontoparietal, 
temporoparietal, parietal , and occipital. The average greatest 
diameter of the nidus before embolization was 41 .1 mm 
(range, 35-58 mm). 
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A 8 

E F 

Of the seven AVMs, three were embolized with PVA alone, 
three were embolized with lengths of silk suture, and one 
was embolized with a combination of PVA and silk. The 
average percent AVM volume reduction following emboliza-

Fig. 2.-Case 6. A and B, Anteropos
terior (A) and lateral (8) left internal 
carotid artery angiograms after left cra
niotomy from previous attempted re
section of arteriovenous malformation 
(maximum nidus diameter preemboli
zation, 40 mm). 

C and D, Anteroposterior (C) and 
lateral (0) left internal carotid artery 
angiograms after embolization with silk 
alone show 23% reduction in nidus vol
ume (maximum nidus diameter post
embolization, 34 mm). 

E and F, Anteroposterior (E) and lat
eral (F) left common carotid angie
grams 1 year after radiosurgery. Pre
viously embolized portion of nidus has 
recanalized (arrowheads). Note recruit
ment of dural feeders (arrows). 

tion was 23.6% (range, 1 0-42.2%). The average greatest 
diameter of the nidus after embolization was 33.4 mm (range, 
24-50 mm). The rationale for attempting to radiosurgically 
treat the AVM whose diameter exceeded 36 mm following 
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embolization was based on symptom severity, surgical inac
cessibility , and the inability to further embolize safely. One 
patient experienced a transient neurologic complication of 
embolization: A catheter perforation of an anterior choroidal 
artery resulted in a transient left hemiparesis. However, no 
permanent neurologic complications resulted from emboliza
tion. 

One year after radiosurgery, an AVM volume reduction of 
greater than 50% was demonstrated in four patients. One of 
these AVMs, which had been embolized with PVA alone, was 
completely obliterated (Fig . 1 ). In three patients, minimal 
change in nidus volume was seen at 1-year follow-up. In one 
of these patients (case 6), whose AVM had been embolized 
with silk alone, a 12% increase in AVM volume was seen 
after 1 year (Fig. 2). Two-year follow-up angiograms were 
available for evaluation in four patients. Two years after 
radiosurgery, one additional AVM was cured (Fig . 3), two 
AVMs had greater than 98% volume reductions (Fig. 4), and 
one A VM showed little change when compared with preradio
surgical data. 

Thus, the combined 1- and 2-year follow-up results were 
as follows: Two of seven AVMs were cured, two of seven 
AVMs showed greater than 98% volume reductions, and 
three of seven AVMs showed minimal changes in size. The 
average greatest diameter of the nidus (preradiosurgery) for 
those AVMs that had significant volume reduction was 29 
mm (range, 24-32 mm). The average greatest diameter of 
the nidus (before radiosurgery) for those A VMs that showed 
minimal change was 40 mm (range, 34-50 mm). 

One patient in whom medication compliance was question
able experienced an increased frequency of seizures after 
radiosurgery. No new neurologic deficits followed radiosur
gery. 

Angiograms of those patients whose lesions diminished 
demonstrated marked decrease in the diameter of the individ
ual feeding vessel as well as the vessels within the nidus. 
Shunt speed was slowed markedly. These changes are 
thought to indicate progressive obliteration of the arteriove
nous communications themselves and probably reflect prolif
eration of the vascular intima. Thus far, recanalization of the 
embolized nidus (Fig . 2) has been demonstrated in only one 
patient (case 6). This patient had a large AVM with a predom
inantly fistulous component that was embolized with silk 
alone. The portions of the remaining lesions that were em
bolized, but excluded from the irradiated field, have not re
canalized. 

Discussion 

The therapy of cerebral AVMs has long been one of the 
more perplexing problems in medicine, compounded by the 
variability of their natural history [6 , 7]. In selected cases, 
either surgical resection alone, or surgery combined with 
staged embolization, has generally been considered to be 
optimal therapy [8-16]. However, even with optimal case 
selection, the combined embolization/surgical therapeutic ap
proach still has significant associated mortality and morbidity. 
In a series of 28 AVMs treated by combined embolization and 
surgical excision , the mortality rate was 3.6% and the mor-

bidity rate was 17.9% [10]. In addition , some AVMs , such as 
those involving eloquent regions of the brain or those whose 
position prevents adequate surgical exposure, are not suita
ble for excision. 

Stereotactic radiosurgical therapy of AVMs using either 
Bragg-Peak proton beams, helium ion beam, or convergent 
6°Co gamma beams has met with a variety of success rates 
[17 -21]. A 20% total obliteration rate during a 2- to 16-year 
follow-up period was reported by Kjellberg et al. [17] using 
Bragg-Peak proton-beam irradiation. At follow-up, 56% of the 
75 patients in their series had greater than 50% reductions in 
AVM size at follow-up. Marks et al. [18] reported a 20% total 
obliteration rate at 1 year, a 50% total obliteration rate at 2 
years, and a 55% obliteration rate at 3 years in their series of 
20 high-flow AVMs treated with Bragg-Peak helium ion radio
surgery. However, new neuroradiologic deficits developed in 
approximately 25% of their patients following radiosurgery 
[19]. More recently, Betti et al. [20] reported a total AVM 
obliteration rate of 66% after 2 years in a series of 41 patients 
treated with stereotactic radiosurgery using a linear acceler
ator. Success rates were much greater for lesions smaller 
than 25 mm in maximum diameter. After radiosurgery, new 
neurologic deficits developed in 3% of their patients. Data on 
166 A VM patients treated with 6°Co stereotactic radiosurgery 
yielded a 34% total cure rate at 1-year follow-up and an 84% 
cure rate at 2-year follow-up [2] . In that series, a new neuro
logic deficit developed in 2% of patients following radiosur
gery. 

Defining the endpoint of embolization when treating AVMs 
can be difficult. In cases amenable to surgical excision, the 
goals of embolization are to reduce flow through the A VM 
nidus and through veins draining the nidus, to normalize 
pressures in pedicles feeding the AVM, and possibly to elim
inate feeding pedicles that are surgically inaccessible. Rarely 
can AVMs be obliterated completely and permanently by 
embolization techniques alone [11]. In most cases, as the 
embolization proceeds, a critical point is reached, at which 
time the dynamics of flow shift away from the A VM and 
toward normal brain . At this point, the probability of injuring 
normal vessels and of inducing neurologic damage becomes 
significant. 

In our series, the endpoint of embolization was defined by 
the current limits of stereotactic radiosurgical technology, as 
well as by the safety margin of further attempted embolization . 
The goal of embolization was to reduce A VM size sufficiently 
to be amenable to radiosurgical therapy. Nonsphericallesions 
less than approximately 34-36 mm in maximum diameter 
were most amenable to stereotactic radiosurgery [ 4]. If 
greater reduction of AVM size could be achieved safely with 
embolization , that procedure was performed, since the suc
cess rate of stereotactic radiosurgery is greater with smaller 
AVMs [4] . The combination of superselective embolization 
and amobarbital sodium provocation imparts a desirable mar
gin of relative safety, or at least a predictable risk of injury. A 
staged embolization approach guards against the develop
ment of the normal perfusion pressure breakthrough syn
drome [22 , 23]. 

Although the number of patients in our series is small , 
preliminary results of our combined embolization/stereotactic 
radiosurgery therapy are encouraging . Two of our seven 
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Fig. 3.-Case 5. A and 8 , Anteroposterior (A) and 
lateral (8) right common carotid angiograms before 
embolization (maximum nidus diameter preemboliza
tion, 35 mm). 

C and D, Anteroposterior (C) and lateral (D) right 
internal carotid angiograms after embolization with 
polyvinyl alcohol show 39% reduction in nidus volume 
(maximum nidus diameter postembolization, 24 mm). 

E and F, Anteroposterior (E) and lateral (F) right 
internal artery angiograms 1 year after stereotactic 
radiosurgery show 83% reduction in nidus volume. 
Note also decreased shunting through arteriovenous 
malformation. 

G and H, Anteroposterior (G) and lateral (H) right 
internal carotid angiograms 2 years after stereotactic 
radiosurgery show obliteration of nidus. Residual vas
cular irregularities in radiation port are best seen on 
lateral projection (arrowheads); however, there was 
no evidence of early venous drainage. 



Fig. 4.-Case 4. A and 8, Anteroposterior (A) and 
lateral (8) right internal carotid artery angiograms 
before embolization (maximum diameter preemboli
zation, 37 mm). 

C and D, Anteroposterior (C) and lateral (D) right 
internal carotid artery angiograms after embolization 
with silk show 16% reduction in nidus volume (maxi
mum nidus diameter postembolization, 34 mm). 

E and F, Anteroposterior (E) and lateral (F) right 
internal carotid artery angiograms 1 year after radio
surgery show 57% reduction in nidus volume. 

G and H, 2 years after stereotactic radiosurgery 
there is greater than 98% reduction in nidus volume. 
Note residual nidus (arrowheads) and early draining 
vein (arrows). 

A B 

c D 
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patients were cured at 2-year follow-up. Two other patients 
had greater than 98% AVM volume reductions, and we pre
sume their AVMs eventually will be obliterated. Even after 
embolization, the size of three AVMs approximated or ex
ceeded that which is optimally treated by stereotactic radio
surgery. Two of these large AVMs with predominantly fistu
lous components were embolized with silk alone in order to 
eliminate the fistula. These AVMs tended to have less favor
able outcomes after radiosurgical therapy. 

In our experience, the combination of embolotherapy and 
stereotactic radiosurgery is relatively safe and shows great 
promise for the therapy of heretofore untreatable AVMs. As 
additional patients are examined and treated, and as improved 
embolization techniques are developed, we expect that cure 
rates can be improved. 
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