RESEARCH—HUMAN—CLINICAL STUDIES

Stereotactic Radiosurgery for Arteriovenous
Malformations Located in Deep Critical Regions

BACKGROUND: Radiosurgery is widely used to treat deep eloquent arteriovenous
malformations (AVMs).

OBJECTIVE: To evaluate how anatomic location, AVM size, and treatment parameters
define outcome.

METHODS: Retrospective analysis of 356 thalamic/basal ganglia and 160 brainstem
AVMs treated with gamma knife radiosurgery.

RESULTS: Median volume was 2 cm? (range, 0.02-50) for supratentorial and 0.5 cm3
(range, 0.01-40) for brainstem AVMs; the marginal treatment doses were 17.5 to 25 Gy.
After single treatment, obliteration was achieved in 65% of the brainstem, in 69% of the
supratentorial, and 40% of the peritectal AVMs. Obliteration of lesions <4 cm? was better
in the brainstem (70%) and in the supratentorium (80%), but not in the peritectal region
(40%). Complications were rare (6%-15%) and mild (=modified Rankin scale [MRS] 2).
Rebleed rate increased with size, but was not higher than before treatment. AVMs
>4 cm? in the brainstem were treated with unacceptable morbidity and low cure rate.
Obliteration of large supratentorial AVMs was 65% to 47% with more complications
=MRS3. Repeat radiosurgical treatment led to obliteration in 66% of the cases
with minor morbidity.

CONCLUSION: Deep eloquent AVMs <4 cm? can be treated safely and effectively with
radiosurgery. Obliteration of peritectal AVMs is significantly lower after a single treat-
ment. However, morbidity is low, and repeat treatment leads to good obliteration.
Radiosurgical treatment >4 cm? in the brainstem is not recommended. Supratentorial
deep AVMs >8 cm? can be treated with radiosurgery with higher risk and lower
obliteration rate. However, these lesions are difficult to treat with other treatment
modalities, and a 50% success rate makes radiosurgery a good alternative even in this
challenging group.
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eep highly eloquent arteriovenous mal-
D formations (AVMs), located either in the

thalamus/basal ganglia or in the brain-
stem, behave more aggressively than other AVMs.
Deep location has been found to be an inde-
pendent risk factor for hemorrhage,l'7 and the
majority of these lesions present with hemor-
rhage, leaving 62% to 85.5% of the surviving
patients with permanent neurological deficits. 510
The natural history is therefore dire: conserva-
tively managed thalamic/basal ganglia AVMs

ABBREVIATIONS: AVM, arteriovenous malforma-
tions; MRS, modified Rankin scale
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have a 43% 10-year mortality® and brainstem
AVMs have a similarly bad prognosis.'"'*
Because of their deep critical location and
multiple small feeders, these lesions are often
unattractive for both surgical and endovascular
treatments, and therefore referred for radiosurgery.
Radiosurgery induces progressive hyalinization,
proliferation of myofibroblasts, and subsequent
thrombo-obliteration, leading to complete radio-
logical obliteration in 50% to 80% of the AVMs
within 2 to 4 years with low morbidity,'*">
depending on size and location.'® Being a min-
imally invasive and low-risk treatment, it serves a
real management alternative for these challenging
lesions. However, given that the annual rebleed
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risk after the presenting hemorrhage may reach 34% initially,* the
latency period between radiosurgery and obliteration carries signi-
ficant additional risk of morbidity and mortality, prompting an
carlier definitive management by some critics of radiosurgery.'”

Most of the published large radiosurgical series include only few
deep AVMs and do not analyze them separately,'®'52% and the
few articles published specifically focusing on this AVM group are
based on a relatively low number of patients (less than a hundred),
allowing only limited analysis.*'**'*” Moreover, in the widely
used grading systems,]é’28 for example, there is no distinction
between the outcomes of brainstem and thalamic/basal ganglia
lesions. Can we consider these 2 groups similar? Do they
constitute a homogenous population or do particular anatomic
subgroups behave differently? Answering these questions requires
large patient populations; therefore, aiming to address these issues
we analyzed 356 patients with AVM in the thalamic/basal ganglia
and 160 in the brainstem treated in Sheffield during the past
20 years. We wanted to know how anatomic location and size
affect outcome and to find the optimal technical parameters and
the limitations of radiosurgery.

PATIENTS AND METHODS

Patient Population and Anatomic Considerations

Since 1986, over 10 000 patients have been treated in Sheffield, with
about 4350 of them having AVMs. Of these, we selected for retrospec-
tive analysis those treated between 1985 and 2008, with 356 deep
supratentorial (thalamus/basal ganglia) lesions (420 treatments) and
160 brainstem lesions (197 treatments). There was a slight male pre-
ponderance (55%). We defined 4 groups for analysis: thalamic/basal ganglia
(located in the thalamus, basal ganglia, internal capsule, third ventricle,
the medial periventricular region of the lateral ventricles, and splenium),
“peritectal diencephalon” (supratentorial lesions close to the quadrigeminal
cistern including the medial pulvinar and pineal region, superior to basal
veins), midbrain/tectal, and pontine/medullar (including the middle
cerebellar peduncle, anterior to the plane of fourth ventricle) location
(Table 1, Figure 1). 26% of the midbrain/tectal lesions were cisternal, 42%
were partially parenchymal (superficial), and 32% were deep parenchymal.
Thirty-nine percent of the lesions located in the pons/medulla were cisternal,
30.5% were partially parenchymal, and 30.5% were deep parenchymal. The
median lesion volumes (range) were 2.01 (0.018-49.74), 1.32 (0.028-13),
0.53 (0.009-18.3), and 0.47 cm? (0.0165-39) in the thalamic/basal ganglia,
peritectal, midbrain, and pontine/medullar groups, respectively.

Previous surgery was performed (mainly restricted to clot evacuation)
on 7.8%, 3.8%, 3.8%, and 7%, and embolization attempt on 8.1%,
5.7%, 5.1%, and 1.4% of the thalamic/basal ganglia, peritectal, midbrain,
and pontine/medullar patients, respectively.

Treatment Details

Focus (KULA based software modified in-house) was used for dose
planning before 1994, and GammaPlan (Elekta AB, Stockholm, Sweden)
thereafter. Treatment was initially performed with an early gamma knife
model (RBS 5000, Nucletec, Geneva, Switzerland), which was replaced
by Gamma Knife Model C (Elekta AB, Stockholm, Sweden) in 2001.
Stereotactic catheter angiography was performed for all treatments.
Magnetic resonance imaging (MRI) was gradually introduced for treatment
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TABLE 1. Localization and Presentation of Deep Eloquent
Arteriovenous Malformations Treated Between 1985 and 2008
With Gamma Knife Radiosurgery in Sheffield
No. %
Location
Thalamic/basal ganglia 303
Thalamic 161 53
Basal ganglia 56 18.5
Capsular 20 6.5
Lateral ventricle 21 7
Third ventricle 9 3
Splenium 15 5
Hypothalamus 6 2
Undefined 25 8
Peritectal diencephalon 53
Pineal 21 40
Medial pulvinar 32 60
Brainstem 160
Midbrain 84 525
Other brainstem 76 47.5
Cerebellopontine angle 42 26.25
Pontine 24 15
Fourth ventricle 7 4.25
Pontomedullar 3 2
Presentation
Thalamic/basal ganglia
Hemorrhage 232 81
Seizures 16 5
Focal neurological deficit 26 9
Headaches 3 1
Incidental 12 4
Peritectal diencephalon
Hemorrhage 43 81
Focal neurological deficit 4 7.5
Headaches 1 2
Incidental 5 9.5
Midbrain
Hemorrhage 68 87
Focal neurological deficit 7 9
Headaches 1 13
Incidental 2 2.7
Pons/medulla
Hemorrhage 55 78.5
Focal neurological deficit 14 20
Trigeminal neuralgia 7 10
Incidental 1 15

planning of AVMs after 1996, and since 2001 no treatment has been
planned without axial imaging. Our standard marginal dose is 25 Gy for
AVMs, and what we used initially irrespective of size and location. More
recently, we have been reducing doses for the eloquently placed lesions (as the
material in this article), for large lesions, for patients younger than 16 years,
and for patients previously undergoing radiotherapy, but rarely below
17.5 Gy.*® Detailed treatment parameters are given in the Results section.

Follow-Up and Statistical Analysis

Our current protocol is to perform first an MRI and Magnetic
Resonance Digital Substraction Angiography 2 years after treatment.*”°
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FIGURE 1. Examples of anatomic subgroups of deep eloquent AVMs with their treatment plan. Thalamus/basal ganglia (A), peritectal diencephalon (B), midbrain/tectum
(C), and pons/medulla (D).
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If these show no residual, catheter angiography is performed at 2 years. If
persisting nidus is demonstrated on MRI scanning, catheter angiography
is performed 3 to 4 years after treatment, and patients with persisting
nidus are scheduled for further treatment at approximately 4 years. We
also recommend regular clinical follow-up every 6 months until
obliteration in uncomplicated cases. Follow-up imaging is reviewed by
our multidisciplinary team consisting of expert radiosurgeons and
neuroradiologists and recorded in the clinical notes and our prospective
radiosurgical database. All follow-up information was obtained from
clinical notes and our database. Of the 356 patients treated with
thalamic/basal ganglia (including peritectal) AVMs, 321 had available
follow-up information, 267 with full radiological follow-up. Of the 160
patients treated with brainstem lesions, 140 had follow-up information,
108 having full radiological follow-up.

Annual hemorrhage rates were calculated by dividing the number of
hemorrhages with the number of observation years. Posttreatment
hemorrhage rates for nonobliterated AVMs were counted with the
follow-up years from the treatment to the last available clinical infor-
mation. For obliterated AVMs, we used an average posttreatment year
estimated from the last known nonobliterated state and the first detection
of obliteration with the assumption that AVMs do not fully obliterate
within the first year after treatment (eg, if an AVM was shown to be
obliterated 2 years after treatment, we calculated with 1.5 years, and
if the 2-year follow-up image showed residual nidus, but the 4-year
angiogram demonstrated obliteration, we calculated with 3 years).

We grade obliteration response with the following grades: 0, no detectable
changes; 1, only minimal changes; 2, partial response with substantial
reduction in nidus size (“near total” obliteration — persisting early draining
vein with or without hardly detectable nidus — is graded as 2+); 3, some
residual abnormal vasculature without early draining vein; and 4, complete
radiological obliteration. For simplicity, we use 3 categories in this study:
Gr0-1 (less than 25% of nidus reduction), Gr2 (substantial reduction in
nidus size, but early draining vein persists), and Gr3-4 (safe), as described.?°

For statistical analysis of size dependence we defined discrete size
intervals as the following: the smallest lesions were no larger than 1 cm in
diameter (volume, 0.52 cm?), followed by the 1- to 2-cm (0.52-4 cm?),
and 2- to 2.5-cm (4-8 cm?®) size groups, and the largest size group
included all lesions larger than 2.5 cm (8 cm?). The only exception was
the peritectal group, where it seemed reasonable to pool the second and
third size ranges into a single 1- to 2.5-cm range (0.52-8 cm?). Of note,
large numbers only allowed detailed analysis of size dependence in the
thalamic/basal ganglia group. We used Mann-Whitney U, Fisher exact/
X2 test, and 2-tailed Spearman correlation for statistical analysis, and
95% confidence intervals are given, as appropriate.

RESULTS

Presentation, Pretreatment Hemorrhages,
and Morbidity

The majority of patients (at least 80%) presented with hemor-
rhages (Table 1) with a median age of presentation (range) of
27 (4-69), 30 (3-72), 40 (3-67), and 37.5 years (0.15-67) in the
thalamic/basal ganglia, peritectal, midbrain, and pontine/medullar
groups, respectively. Thalamic/basal ganglia lesions presented and
bled significantly earlier than both brainstem groups (P < .001).

The percentage of hemorrhagic presentation was higher in
smallerlesions (Table 2). The annual first pretreatment hemorrhage
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TABLE 2. Percentage of Patients With Hemorrhage Before
Treatment in Different Subgroups®

<0.52 cm® 0.52to4cm?® 4to8cm?* >8 cm3
Midbrain 95 92 70 50
Peritectal 83 79.5 50
Pons/medulla 90.5 78 67 40
Thal/BG 96 87.5 74 69

“Values are percentages. Thal/BG, thalamus/basal ganglia.

rates were between 2% and 3% with a tendency of higher rates
in smaller thalamic/basal ganglia lesions in comparison with
other locations and to larger lesions in the thalamus/basal ganglia
(Table 3, Figure 2). The median age at treatment was 32 (5-72),
36 (9-73), 40 (11-67), and 43 years (5-70) in the thalamic/basal
ganglia, peritectal, midbrain, and pontine/medullar groups, res-
pectively. The mean time between presentation and treatment was
4 years in the supratentorial group and 2 years in the brainstem
group. This delay allowed us to calculate pretreatment rebleed
rates, which were higher in all groups and increased with size in the
thalamic/basal ganglia group (Table 3, Figure 2).

At the time of the treatment, 40% to 60% of patients had
neurological deficits (measured by the modified Rankin scale
[MRS]?)), mainly as a result of previous hemorrhages, less
frequently due to focal neurological deficit without hemorrhages,
or as a result of previous intervention, with the rate and severity

depending on location (Figure 3).

Obliteration

Obliteration rates in the midbrain and in the peritectal region
were approximately half of the obliteration rates found in the pons/
medulla and in the thalamus/basal ganglia 2 years after the
treatment. Conversely, hardly any response (Gr0-1) was seen in
more midbrain and peritectal lesions than in the pons/medulla and
thalamus/basal ganglia (Figure 4, left panel). At 4 years, 41% of
the midbrain, 42.5% of the peritectal, 65% of the pontine/
medullar, and 69% of the thalamic/basal ganglia lesions were
obliterated, while the proportion of those lesions that hardly
responded remained high in the midbrain (19.6%) and in the
peritectal group (15%), but low in the pons/medulla (6%) and
thalamus/basal ganglia (8%). The difference in obliteration rates
at 4 years was significant (nonparametric analysis of variance,
P < .001; posttest showed significant difference between
thalamic/basal ganglia and midbrain, P < .01) (Figure 4, right).

Correlation was also found between size and obliteration:
a clear tendency to lower obliteration rates is demonstrated in
larger lesions in all anatomic locations, which is significant in the
thalamic/basal ganglia group (2 < .001) (Table 4). Of note, none
of the few brainstem and peritectal lesions larger than 8 cm?
were obliterated. The spatial relation to parenchyma and cisterna in
the brainstem did not correlate to obliteration rates (not shown).
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TABLE 3. Annual Hemorrhage Rates Before and After the First Radiosurgical Treatment”

1st Ever Before Treatment

Rebleed Before Treatment

Posttreatment

Thal/BG
<0.52 cm3 3.05%, Cl: 2.35-3.75 (72 bleeds in 2354 y)
0.52 to 4 cm3®  3.05%, Cl: 2.4-3.7 (89 bleeds in 2923 y)
4 to 8 cm? 2.55%, Cl: 1.-3.4 (33 bleeds in 1287 y)
>8 cm?3 2.2%, Cl: 1.45-2.95 (32 bleeds in 1459 y)
Peritectal 2.3%, Cl: 1.6-3.0 (43 bleeds in 1845 y)
Midbrain 2.2%, Cl: 1.7-2.7 (68 bleeds in 3061 y)

Pons/medulla 2%, Cl: 1.5-2.5 (55 bleeds in 2716 y)

7.9%, Cl: 2.55-13.3 (8 bleeds in 101 y)
10%, Cl: 6.5-13.5 (26 bleeds in 259 y)
9.25%, Cl: 5.85-12.65 (26 bleeds in 281 y)
16.25%, Cl: 11.7-20.9 (41 bleeds in 252 y)
5.1%, Cl: 1.1-9.2 (6 bleeds in 117 y)

11%, Cl: 5.7-16.3 (15 bleeds in 136 y)
6.5%, Cl: 2.1-10.8 (8 bleeds in 124 y)

1.3%, ClI: 0-3.13 (2 bleeds in 153 y)
2.89%, Cl: 1.02-4.77 (9 bleeds in 311 y)
5.95%, Cl: 2.51-9.39 (11 bleeds in 185 y)
9.2%, Cl: 5.88-12.55 (27 bleeds in 293 y)
0.98%, Cl: 0-2.34 (2 bleeds in 204 y)
3.6%, Cl: 1.5-5.71 (11 bleeds in 305 y)
2.28%, Cl: 0.29-4.28 (5 bleeds in 219 y)

“Thal/BG, thalamus/basal ganglia; Cl, confidence interval; y, patient years.

Recurrent nidi were demonstrated in 2 of the cases previously
considered obliterated based on catheter angiography performed at
4 years, 10 (a thalamic lesion), and 12 years (a pineal region lesion)
after the treatment. The pineal lesion was treated and cured with
a second radiosurgery, and the thalamic lesion was embolized.

Adverse Radiation Effects

Adverse radiation effects typically developed within the first
2 years (except in 4 patients), not earlier than 6 months after
treatment. Rate and severity were size and location dependent
(Table 5). No side effects greater than MRS1 were observed in
the smallest AVM groups, but treatment of lesions larger than
8 cm? resulted in high complication rates (about 50% permanent
morbidity in the brainstem and peritectal lesions, and 35% in the

a9 Crude Before
J - Crude After
=V¥- 1st Before B A
15 =k Rebleeding Before ,/

Hemorrhage rate (%/year)

Volume (cc)

FIGURE 2. Crude annual hemorrhage rates before (light gray), and after (black)
radiosurgery, and pretreatment rates of first ever and rebleed rates (gray dotted
lines) in the thalamic/basal ganglia group.

thalamic/basal ganglia lesions, with11% >MRS2). The only
radiation-induced death occurred to a patient with a 1.2 cm?
pontomedullar lesion treated before MRI was introduced for
planning: the patient developed tetraparesis caused by radiation-
induced edema and subsequently died of a pulmonary embolism
1 year after treatment.

Hemorrhages After Treatment

Posttreatment hemorrhage rates were lower than rebleed rates in
all groups (Table 3, Figure 2). It has previously been estimated that
726 patient years would be required to detect significance in 1%/
year change in hemorrhage rate>”; therefore, significant decrease
was only detected in the largest ruptured thalamic/basal ganglia
group (odds ratio: 0.55, 95% confidence interval: 0.32-0.92,
P < .05). None of the rare unruptured AVMs smaller than 4 cm?
bled after the treatment, and bleeding rate is not higher than the
annual pretreatment first ever bleed rate (2.55%) in unruptured

Pretreatment Morbidity

100+
]

804 { L —

MRSO0
MRS1
MRS2
MRS3
MRS4

i

60+ 1

%

10000

& > O ©
> & @ Q
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FIGURE 3. Permanent neurological deficits at the time of treatment in different
anatomic subgroups of arteriovenous malformations. The most neurologically
intact patients are found in the peritectal group (64%) and the less in the pons/
medulla group (40%). The proportion of more severe deficits (MRS3-4) is higher
in the pons/medulla and the thalamic/basal ganglia group (20%) in comparison
with midbrain and peritectal lesions (10%). MRS, modified Rankin scale.
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Obliteration rates
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FIGURE 4. Obliteration rates of arteriovenous malformations in different
anatomic subgroups. The left panel shows obliteration at 2 years (midbrain: n =
71; peritectal: n = 40; pontine/medullar: n = 58; thalamic/basal ganglia: n =
243), and the right panel shows obliteration at 4 years (midbrain: n = 56;
peritectal: n = 40; pontine/medullar: n = 52; thalamic/basal ganglia: n = 227)
after radiosurgery. GrO-1 (light gray): no or hardly any response, Gr2 (gray):
partial response, Gr3-4 (black): obliterated, no early draining vein is visible.

thalamic/basal ganglia lesions with 4 to 8 cm® volume. The only
group where annual posttreatment hemorrhage rate was higher
than the expected first ever bleed rate was unruptured thalamic/
basal ganglia lesions >8 cm? (8.2% vs 2.2%).

Deaths and permanent neurological deficits caused by post-
treatment hemorrhages were rare in most groups, except in the
largest thalamic/basal ganglia group (44% of those patients who
bled after treatment died) (Table 6). Of the 12 patients who died
of a hemorrhage after treatment in this group, 6 died within
3 years after either the first or the second treatment; these deaths
were “unavoidable.” However, the other 6 deaths occurred many
years later in patients who either refused subsequent treatment
or were not considered suitable for a second session (mainly
according to our earlier, more conservative approach) and
therefore might have been avoided with a second treatment.

Four patients with previous evidence of complete obliteration
by catheter angiography (all with thalamic/basal ganglia lesions)

TABLE 4. Obliteration of Arteriovenous Malformations in Distinct
Locations with Different Size™®

<0.52cm3® 0.52to4cm3 4to8cm3 >8 cm3
Midbrain 53.6 (28) 389 (18) 16.7 (6) 0 (4)
Peritectal 70 (10) 34.5 (29) 0 (1)
Pons/medulla 70 (30) 68.8 (16) 67 (3) 0 (3)
Thal/BG 88.1 (59) 72.1 (86) 64.5 (31) 47.1 (51)

“Thal/BG, thalamus/basal ganglia.
®Values are percentages (number of treated lesions).

NEUROSURGERY

TABLE 5. The Rate of Adverse Radiation Effects in Different Size
and Anatomic Subgroups®®
<0.52 cm3® 0.52to4cm3® 4to8cm?® >8 cm3

Midbrain (n) (35) (24) (9) (4)
Temporary 0 8 0 25
MRS1 0 4 11 0
MRS2 0 4 33 0
MRS3 0 0 0 0
MRS4 0 0 0

Peritectal (n) (11) (32) 1)
Temporary 0 0 0
MRST1 9 6 100
MRS2 0 3 0
MRS3 0 0 0
MRS4 0 0 0

Pons/medulla (n) (36) (22) () (5)
Temporary 0 4.5 0 0
MRS1 11 14.5 0 0
MRS2 0 0 50 40
MRS3 0 0 50 20
MRS4 0 0 0 0

Thal/BG (n) (66) (94) (43) (55)
Temporary 1.5 1 5 55
MRS1 6 6 14 13
MRS2 0 4 9 1
MRS3 0 0 4.5 9
MRS4 0 0 0 2

“Thal/BG, thalamus/basal ganglia.
bPermanent deficits are indicated as Gr1-4 decline in modified Rankin scale
(MRS).'

experienced hemorrhage 3 to 8 years after demonstration of obli-
teration at the site of their lesions, without evidence of recurrent
nidus. One of these patients died, and the disappearance of the
nidus was confirmed by autopsy.

Outcomes After Single Radiosurgical Session

The outcome of radiosurgery depends on obliteration and
permanent morbidity caused either by the treatment or posttreat-
ment hemorrhages. We adapted a standardized outcome scale
that uses 6 grades depending on obliteration and the severity
of neurological deficit.” Figure 5 summarizes the outcomes in
different subgroups after the first treatment. Clearly, location is
one of the main predictors of outcome. Likewise, significant cor-
reladon between size and outcome grade is demonstrated
(P < .001) in the thalamic/basal ganglia group. However, we
found no correlation between age and outcome grade in any of the
groups. Spetzler-Martin grade”® and radiosurgery-based AVM

scores'® were found less useful for outcome prediction (not shown).

Further Treatments

Twenty-seven patients with midbrain lesion underwent a
second radiosurgical treatment, 8 having follow-up angiogram at
4 years, demonstrating an 87.5% obliteration rate. None of the
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TABLE 6. Rates of Permanent Morbidity and Mortality Caused by
Posttreatment Hemorrhages in Different Subgroups®®
<0.52 cm® 0.52to4cm® 4to8cm?® >8 cm3
Midbrain (n) (35) (24) 9) (4)
MRS1 0 0 1 0
MRS2 0 0 0
MRS3 0 0 0 0
MRS4 0 0 0 0
Mortality 0 4 11 0
Peritectal (n) 11) (32) 1)
MRS1 0 0 0
MRS2 0 0 0
MRS3 0 0 0
MRS4 0 0 0
Mortality 0 3 0
Pons/medulla (n) (36) (22) ) (5)
MRS1 0 0 0 20
MRS2 0 0 0 0
MRS3 0 0 0 0
MRS4 0 0 0 0
Mortality 3 0 0 20
Thal/BG (n) (66) (94) (43) (55)
MRS1 0 0 0 0
MRS2 0 0 2 2
MRS3 0 2 2 4
MRS4 0 0 0 0
Mortality 0 3 9 19

“Thal/BG, thalamus/basal ganglia.
®Morbidity is indicated as Gr1-4 decline in modified Rankin scale (MRS).>'

patients treated with a second session experienced side effects.
Thirteen patients with peritectal lesion were treated, 7 of the
9 lesions being obliterated (78%), with 10% experiencing a Grl
permanent side effect. In the 8 patients treated with pontine/
medullar lesions for the second time, no permanent side effects
were seen, and 4 of the 6 lesions (67%) were obliterated. Thalamic/
basal ganglia lesions were treated in 40 patients for the second time,
with a 57% obliteration rate (12/21) and 8% radiation-induced
permanent complication rate (Grl and 2, in 1-1 patients). The
median time interval between the first and second treatment was
5 years (range, 2-17) in all groups except the pontine/medullar
group (4.5 years; range, 4-0).

Two patients with midbrain (one was treated 2.5 years after the
previous treatment), 1 patient with peritectal, 1 with pontome-
dullar, and 3 with thalamic/basal ganglia lesions were treated for
the third time. Radiological end point is available for the patient
with the pontomedullar lesion (obliterated, with MRS2 side
effect), and 1 patient with a thalamic lesion (tiny persistent fistula
remained, and the patient developed necrotic cyst).

Two thalamic/basal ganglia lesions underwent postradiosurgical
embolization; one of them was partially embolized after a hemor-
rhage (this patient was left with dysphasia and hemiparesis after
embolization attempt), and a tiny residual fistula was successfully
treated in another case. Surgery was performed on 3 patients with

A Outcome: Midbrain

Excellent
Good
Unchanged
Poor
Disabled
Dead

BE0ONED

'o""‘ ¥

Lesion Volume

B Outcome: Peritectal

Excellent
Good
Unchanged
Poor
Disabled
Dead

B3

IR0R

oF
Lesion Volume

C Outcome: Pons/Medulla

Excellent
Good
Unchanged
Poor
Disabled
Dead

B

—_
=]
|

Lesion Volume
D Outcome: Thalamic/Basal ganglia

100 7 Excellent

@ Good
Unchanged
Poor
Disabled
Dead

80 [

Lesion Volume

FIGURE 5. Patient outcomes after the first radiosurgical treatment
of arteri malformations in the midbrain (A), peritectal
diencephalon (B), ponsimedulla (C), and thal: basal gangli

(D). Excellent: complete obliteration without permanent new
neurological deficit. Good, complete obliteration with new perma-
nent minor neurological deficit; Unchanged, incomplete obliteration
without new  permanent neurological deficit; Poor, incomplete
obliteration, new permanent minor neurological deficit; Disabled,
new permanent major neurological deficit that interferes with the
patient’s preaperative level of functioning, regardless of obliteration.”
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thalamic/basal ganglia lesions after radiosurgery. One patient bled
1 day after radiosurgery, and surgical clot evacuation was performed
without removing the AVM (the patient recovered without
persisting deficits, and the lesion was obliterated 4 years after
radiosurgery), 1 lesion was removed after the second postradiosur-
gical bleed at 2 years and was left with hemiparesis, and a 3 patient
preferred surgery rather than a second radiosurgical session (after the
complete removal of her posterior thalamic AVM, she was left with
hemianopia and hemiparesis). None of the brainstem lesions
underwent postradiosurgical embolization or surgery.

Treatment Parameters and Outcome

Treatment parameters were similar in the different anatomic
subgroups (Table 7). Reflecting our intention at treatment, a clear
tendency is apparent to “undertreat” larger lesions with lower
radiation doses and smaller treatment volumes. No significant
correlation is demonstrated between radiation dose within our
standard dose range, treatment volume, and outcome. The only
notable finding is that small midbrain lesions obliterated with
higher rates (60% vs 40%) when our standard full marginal dose
(25 Gy) was given.

Improving planning techniques did not change the overall
outcome of radiosurgical treatment of small AVMs (except for the
higher complication rates and the only radiation-induced death in
the brainstem group with early treatment planning without MR

RADIOSURGERY FOR DEEP ARTERIOVENOUS MALFORMATIONS

imaging). However, there was a nonsignificant tendency of
increased obliteration rate in those patients treated without MRI
planning (44% vs 36%). Introduction of MRI improved obliter-
ation slightly from 45% to 56% only in the largest thalamic/basal
ganglia group without changing the rate of adverse radiation effects.

Prior embolization had rarely been attempted on small lesions,
and only 15% of the largest thalamic/basal ganglia lesions had
undergone previous partial embolization. Obliteration in this
limited number of patients was poor, 29%, in contrast to 52% of
nonembolized large lesions. Our limited experience (n = 9) with
the most optimal treatment strategy for large thalamic/basal
ganglia AVMs (addition of MRI to planning, and the lack of prior
embolization) is shown in Figure 5D.

DISCUSSION

Hemorrhage and Morbidity Rates of Deep
Eloquent AVMs

Deep and infratentorial location and deep venous drainage are
widely accepted to be associated with higher annual AVM bleeding
rates,' *®7** which was found in 5% to 8% of such previously
unruptured AVMs.*” Thus, it is not surprising that 70% to 90%
of these AVMs present with hemorrhage, the rate being higher
than the approximately 50% hemorrhagic presentation in

: 8,9,23,34, :
unselected population.®”**3*%° Previous hemorrhage was also

TABLE 7. Treatment Parameters in Different Subgroups (Mean = SD)°
<0.52 cm3 0.52 to 4 cm3 4 to 8 cm3 >8 cm3
Midbrain
Lesion, cm3 0.2 = 0.14 1.1 = 0.66 5.85 £ 0.92 149 *= 3.6
Treatment, cm3 04 *= 0.37 + 0.71 495 + 1.56 9.1 =33
PITV 2 1 0.85 0.61
Margin dose, Gy 232 =2 227 =2 20 £ 4 18.1 £ 2
Peak dose, Gy 422 =7 435+ 6 40.5 = 10 36.25 £ 5
Peritectal
Lesion, cm?3 0.24 = 0.17 1.63 = 0.92 575 £ 135 10.5 = 35
Treatment, cm3 0.32 = 0.2 1.81 = 1.1 492 + 1.23 7 *2
PITV 1.4 1.1 0.85 0.66
Margin dose, Gy 248 + 7 226 + 2 228 £ 3 20 £ 7
Peak dose, Gy 465 = 7 447 = 5 455 = 0.7 40 = 14
Pons/Med
Lesion, cm? 0.26 = 0.15 1.6 £ 09 6.7 = 0.89 21.1 =108
Treatment, cm?3 032 = 0.17 1.6 = 0.9 3.88 £ 1.7 761 = 1.7
PITV 1.25 1 0.575 0.36
Margin dose, Gy 232 =2 218 =3 21 £ 36 225 * 35
Peak dose, Gy 45 = 7 449 £ 7 42 £ 72 45 £ 7
Thal/BG
Lesion, cm3 0.2 = 0.13 1.56 = 0.95 58 =1 15.66 £ 7.7
Treatment, cm3 04 = 0.35 1.86 + 1.2 54 *+ 1.3 10.74 + 45
PITV 2 1.2 0.93 0.69
Margin dose, Gy 237 =2 232 *+ 2 2225 =3 212 =3
Peak dose,Gy 422 75 446 + 6.5 445 * 6.5 435 £ 7

9PITV, treatment volume (prescription isodose) divided by lesion (target) volume®3; Thal/BG, thalamus/basal ganglia.
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found to be an independent risk factor for future hemorrhage at
least within the first 5 years™®'! in deep AVMs, initially being as
high as 34%.* Moreover, morbidity of hemorrhages was reported
to be higher for deep eloquent AVMs, 70% to 85.5% of the
patients were left with permanent neurological deficits after
hemorrhage,”'? and mortality may even reach 43% within less
than 10 years with conservative management.®

The largest thalamic/basal ganglia series studying the natural
history so far enrolled about 100 patients,” and even less is
known about the natural history of brainstem AVMs.'* Being
a national center offering service for about 60 million people in
the United Kingdom and treating 2 to 300 AVMs a year for more
than 20 years, we treated 356 thalamic/basal ganglia and
160 brainstem AVMs. Analysis of the pretreatment history of
these deep eloquent AVMs, we believe, adds relevant information
to our current knowledge about their natural history. A selection
bias is unavoidable by reviewing such retrospective material,
because we have no information about the mortality of initial
hemorrhage, and another fraction of the patients were not
referred either because they had been cured by other treatment
modalities, or were considered incurable.

As a general rule, we found that smaller lesions more likely
presented with hemorrhages (Table 2). However, we found
only a nonsignificant tendency to higher bleed rates in smaller
lesions (Table 3). Interestingly, the age at first hemorrhage was
significantly (10 years) younger in the thalamic/basal ganglia
group than in other groups. Our data support the view that
smaller lesions only present with hemorrhage more frequently
because they remain otherwise obscure, owing to their small size,
but not because they would have a higher original bleeding
rate.*® However, a clear tendency of increasing rebleed rates was
observed with increasing size in the thalamic/basal ganglia group
(from 6.9% to 15.8%) (Table 3, Figure 2), in agreement with
a recent study.”” Rebleed rate was increased in all anatomic
groups (5%-11%, depending on location), supporting the
finding of several other groups that previous hemorrhage is a risk
factor for further hemorrhages. The mean time between first
hemorrhage and treatment was 2 to 4 years; therefore, we do not
know whether the higher rebleed rate would have decreased after
5 years, as suggested by many studies.”®'" It is also important to
mention that our data may underestimate rebleed rates assuming
an approximately 10% to 30% mortality.?®*°

At the time of treatment, 40% to 60% of patients had persisting
neurological deficits, mainly as a result of previous hemorrhages,
with the rate depending on location (Figure 3).

Management Dilemma 1: Radiosurgery and Other
Treatment Modalities

The aim of AVM management is the complete elimination
of the pathological shunt with lower morbidity rate than the
morbidity of the natural history. Unfortunately, not only is the
natural history of deep eloquent AVMs more aggressive, but their
management is also more hazardous. The desired instant cure with
low morbidity can only be achieved in highly selected cases of this
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subgroup of AVMs with single-stage surgery or embolization.'”*!

In these series, complete resection of thalamic/basal ganglia
AVMs was achieved with 2.4% mortality and 0% to 33%
permanent morbidity,'”” whereas, in the brainstem, complete
removal was at best 13% to 89%, with mortality reaching 30%
and morbidity 14% to 40%.%* Thus, only small ruptured lesions
with existing significant preoperative deficits in the thalamus/basal
ganglia® or small pial brainstem AVMs*! are considered to be
good surgical candidates even by the most experienced surgeons.
Embolization alone is rarely curative, but may be useful as
presurgical treatment,'”*"** and, even with multimodality treat-
ment, complete angiographic obliteration is only 52% with about
20% morbidity in the posterior fossa.*’ Therefore, some suggest
that none of the current treatment modalities are sufficiently
efficacious in the treatment of deep Spetzler-Martin grade IV-V
AVMs.*

Radiosurgery is widely accepted as a first-line treatment for these
lesions, with 43% to 85% reported obliteration rates at 4 years after
asingle treatment, depending on size.**'” The overall outcome,
however, is worse than for cortical lesions."®*> A prediction
model estimated permanent postradiosurgery morbidity of 44%
for pontine/midbrain, 12% to 15% for thalamic/basal ganglia,
and only 7.4% for medullary AVMs with 1-cm diameter, and
even higher rates for larger lesions.”>*° In reality, the rate of
permanent adverse radiation effects are reported to be lower,
being 4% to 12% in patients treated with thalamic/basal ganélia
AVM;s® 19232526 414 6% to 12% in brainstem AVMs.>!242¢

A major concern regarding radiosurgery is hemorrhage during
latency period. Postradiosurgical bleed rate during latency period
has been reported to be not higher than preradiosurgical bleed
rate,' 212 similar to cortical AVMs.>***%” Overall, posttreat-
ment hemorrhage-related morbidity has generally been reported
to be 5%, but mortality of the posttreatment hemorrhages can be
as high as 50% to 80%, resulting in 7% to 12% overall mortality
in some series.'®*"**?> Thus, excellent outcomes range from
40% to 70%, depending on size,'"% but factors defining
outcome have not yet been reliably specified.

Management Dilemma 2: Indications and Limitations
for Radiosurgery

We analyzed outcomes of radiosurgical treatment on
321 patients with thalamic/basal ganglia and 140 with brainstem
AVMs and found that the 2 major determinants for outcome were
location and size. Based on our results, we can draw the following
conclusions.

1. AVMs <4 cm? in the midbrain and <8 cm? in the peritectal
diencephalon have low obliteration rates after single treat-
ment. However, complication rates are very low, and a second
radiosurgical session results in almost 80% to 90% obliter-
ation rate with low morbidity; therefore, we advocate radio-
surgical treatment for these lesions. We can only speculate on
the reason for lower obliteration rates at the tectal region. A
simple explanation would be that these lesions are more often
found in the cistern and not surrounded by brain parenchyma.
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However, our data do not support this theory because we
found no correlation between obliteration rate and the
location of the tectal AVMs in relation to the cistern.
Alternatively, the angioarchitecture of these lesions appears
somewhat different, because they have less defined nidus with
“mossy” structure, or the pathological vessels are less radio-
sensitive at this location. Obliteration tends to be higher with
the maximum 25 Gy prescription isodose and with older
angio-only based treatment planning, both pointing toward
“overtreatment” and therefore supporting either theory.
Currently, we have added CT angiography to our conven-
tional catheter angiography and MRI for planning the
treatment of these AVMs, which appears to display more
sensitively a larger “cloudy” area defined as the nidus. It will be
interesting to see whether our current planning technique
improves obliteration rate in comparison with this historical
material. Maruyama et al** analyzed the tectal region, but they
found a higher complication rate without decreased obliter-
ation rate. Validation of our observation is therefore needed
from other radiosurgical centers.

2. Radiosurgical treatment of pontine/medullar and thalamic/
basal ganglia AVMs <4 cm? is safe and effective.

3. All of our treatment efforts for brainstem lesions >4 cm?
failed, even with improving treatment planning.

4. Outcome of thalamic/basal ganglia lesions >4 cm? is more
contentious: excellent/good outcomes can be achieved with
a single session in about 50% of the patients under optimal
treatment conditions (introduction of axial planning (MRI)
and the lack of preradiosurgery embolization).*®

5. Our other recent study on the radiosurgical treatment of large
AVMs® and preliminary results of staged volume radio-
surgery’” demonstrate the importance of optimal treatment
planning for large AVMs. While the high complication rate
has not been reduced with improving planning techniques of
single-stage radiosurgery, it may be reduced in the future with
staged volume radiosurgery.’>>" Jones et al’' recommended
staging for deep eloquent AVMs >5 cm?, which is close to the
volume range for increasing side effects in our study.

6. A second radiosurgical session results in 60% to 90%
obliteration rates with less than 10% mild treatment-specific
complications, similar to other published series about
unselected AVMs.”>>?

7. Posttreatment hemorrhage rates were lower than pretreatment
rates, with low mortality and permanent morbidity in lesions
<4 cm?, but with increased mortality and morbidity in the
larger lesions (Figure 2, Tables 3 and 6). Of note, without the
distinction between first ever hemorrhage and rebleed rates,
results are misleading, because posttreatment hemorrhage
rates were higher than crude pretreatment hemorrhage rates in
the large thalamic/basal ganglia groups. In fact, once the AVM
has bled, posttreatment bleed rates should be compared with
pretreatment rebleed rates (Figure 2).

8. The high rebleed rate in the largest thalamic/basal ganglia
AVMs is of concern. However, optimal radiosurgical treatment

NEUROSURGERY
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of such ruptured AVMs should be considered because of their
poor natural history, unless complete surgical elimination is
possible.

Management Dilemma 3: Unruptured Deep AVMs

It is debated whether unruptured AVMs should be managed
actively.”*>® Advocates of conservative management argue that
treatment has higher morbidity than the short-term morbidity of
natural history. However, the cumulative lifetime risk of hemor-
rhage-related morbidity and mortality — especially in younger
patients — may be higher than treatment-induced morbidity, as
pointed out by others.””*® This question is particularly sensitive in
deep eloquent AVMs, because of both hemorrhage- and treatment-
related high morbidities; and, reflecting on this dilemma, opposing
strategies are published about the management of Spetzler-Martin
grade IV and V AVMs: some consider active treatment justifiable
only in exceptional cases,”” whereas others advocate aggressive
management because of the poor natural history.*°

Although the proportion of unruptured AVMs smaller than
4 cm? is relatively low in this material, none of them bled after
radiosurgery. Therefore, we believe that radiosurgery—being safe
and effective — can be confidently recommended for deep small
unruptured AVMs. Large AVMs are more problematic. Their
natural history seems to be very poor: a conservative estimation of
the cumulative hemorrhage risk of this AVM group is 40% at 20
years and 70% at 40 years after diagnosis.® Calculating with 20%
mortality and 40% major morbidity of hemorrhages,”’ 8% and
14% of the patients are dead, and 16% and 30% are left with
major impairment 20 and 40 years after diagnosis, respectively.
Moreover, this is probably an underestimation because a large
study found 43% 10-year mortality of conservatively managed
thalamic/basal ganglia AVMs.® Our other recent study (Nagy et al,
in publication) demonstrated that once an unruptured deep AVM
was diagnosed, the first ever bleed rate increased from 1.5% to 7%
annually, not differing significantly from the annual posttreatment
bleed risk (9.2%, Table 3). Both overall disabling (>MRS2)
permanent posttreatment morbidity and mortality are 12% in
unruptured thalamic/basal ganglia AVMs larger than 4 cm?. Thus,
both natural history and active management have poor prognosis in
this group. In our opinion, active management may be considered
for young patients after a very frank consenting procedure.

CONCLUSION

The major determinants of radiosurgical outcome of deep
eloquent AVMs are size and location. Radiosurgery for such AVMs
smaller than 4 cm? is safe and effective in all anatomic subgroups.
Obliteration rate is significantly lower in midbrain and peritectal
diencephalon, but morbidity is mild and low, and repeat
radiosurgery is effective. Brainstem lesions larger than 4 cm?
have poor outcome; therefore, radiosurgery alone is seldom
recommended. Only half of the thalamic/basal ganglia AVMs
larger than 4 cm? are cured with excellent to good outcome with
single-stage radiosurgical treatment, but a second radiosurgical
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session is curable in another two-thirds of the patients with low
risk. Overall, posttreatment morbidity and mortality of these
large thalamic/basal ganglia lesions are significantly increased.
Thus, the outcome of single-stage radiosurgical treatment is
disappointing, but so is their natural history. It is hoped that the
recently introduced staged volume radiosurgery may improve
outcome in this group, and therefore radiosurgery can be offered
after careful consent with balancing the risks and benefits.
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COMMENTS

his is a report destined to be a classic in arteriovenous malformation
(AVM) radiosurgery. We have to congratulate the authors for the
thorough and thoughtful review of their material. These deep-seated
AVMs with deep venous drainage and occupying highly eloquent areas of
the brain have high morbidity and mortality, as the authors mentioned in
their introduction, possibly reaching 34% risk of bleeding per year. They
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are providing with this selected analysis of their 416 AVM patients
information of utmost importance for our communication with patients
harboring these centrally located lesions. As all retrospective data, the
authors lacked follow-up in all their patients, but they present here a re-
markable percentage of patients followed clinically (close to 90%) and
radiologically (approximately 70%). This is probably the best that is
achievable by any group treating AVMs and having such a large number of
patients.

The authors showed that the great majority of these AVMs present with
hemorrhage, approximately 80% in all of the 4 categories into which they
divided their cases, confirming the high risk these lesions represent to
patients. It is well accepted that these lesions are poor candidates for
surgery and embolization because of their location and difficult access to
feeders by endovascular approach. The authors are presenting AVMs of
small volume, classically accepted for radiosurgery with the Gamma-
Knife. Their results reflect what is known regarding volume, eloquence,
and doses of radiosurgery treatment. They were consistent, however, on
delivering a narrow range of radiation dose based on location and clearly
compromised the dose based on volume. This reflected on their observed
obliteration rate, which decreases as the volume increases. However, they
ascertain that in their initial experience they gave the same dose to all
AVMs (25Gy) and yet observed less obliteration for the larger lesions.

Interesting is the significantly increased bleeding rate in larger unrup-
tured lesions, either in brainstem and thalamus/basal ganglia. There are
many reasons possibly contributing for these findings. The first could be
a consequence of multiple isocenter technique with inhomogeneous
dose distribution inside of the target (hot spots), possibly modifying the
hemodynamic of the AVM unpredictably during the obliteration waiting
period, explaining the initial increased rate of bleeding of these lesions
after radiosurgery. Novel approaches of more homogeneous dose distri-
bution and hypofractionation may obviate this undesirable side effect.’
A second reason would be a consequence of the necessary radiation dose
compromise when treating large AVMs in eloquent areas, extending
the latency period until obliteration is obtained. More frequently, re-
treatment is required, therefore, adding additional treatment morbidity
to the already high risk of bleeding for deep-seated AVMs. The increased
bleeding risk was significantly higher than the bleeding rate before
treatment only in the group of large unruptured AVMs. This finding is
in accordance with the data derived from other landmark studies in the
literature and cited by the authors. This fact points to the direction of
more sophisticated understanding of the hemodynamics of unruptured
AVMs and possibly best tailored use of radiation for this particular
subgroup. We already know that mistargeting leads to increased bleeding
risk. Even the most recent publications of staged radiosurgery suggest in
increased rate of bleeding, therefore this approach may taken with
caution.”

This series is the largest one in the literature dealing with this specifically
located AVMs. It clearly shows that radiosurgery results for deep-seated
AVMs are not as brilliant as for small cortical AVMs but still very good,
allowing the possibility of re-treatment with satisfactory obliteration rates
and low morbidity for small to moderate lesions, ie, up to 8 mL or 2.5 cm
in diameter. Their results corroborate to the extensive discussion existent
in the literature and highlight the questions pending clarification. The
crucial pending questions are directed to the large/giant unruptured deep-
seated AVMs: (1) If left untreated, is the bleeding rate lower and, if so,
within what time span? Itis still unclear whether radiosurgery may increase
the bleeding rate during the initial years posttreatment. And if it does,
what about the bleeding risk at 20 years, 40 years once a proportion of
these large AVMs will be obliterated during the life span of young
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population? (2) Does the severity of the bleeding differ after radiosurgery
treatment of this subgroup of AVMs in comparison with nontreated
lesions?

As the authors appropriately discuss, the interpretation of their findings
on large deep-seated AVMs must be taken with caution. This series reflects
the results of radiosurgery treatment encompassing a period of 20 years,
which means that mistargeting may have been a factor contributing to
increased hemorrhage rate after radiosurgery treatment in the era before
routine use of 3D images for targeting (CT/ MRI/ MRA). The baseline
hemorrhage rate for comparison is the natural history of the series cohort
adding to 5 to 6 years at the most and in a small number of cases, imposing
astrong limitation on the number of events for this sake. According to the
data from Stapf;,” the annual bleeding risk for deeply located AVMs with
deep venous drainage and no hemorrhage is 5.5%, which is higher than
the rate observed in this cohort (2.5%-2.8%). Because of the multiple
confounding factors associated with this valuable, but limited by the
retrospective nature of the analysis, the ARUBA trial aims to establish
the true incidence of bleeding for AVMs receiving or not any type of
intervention, by subgroups. Hopefully, despite the difficulties in
recruitment in the United States, the ARUBA trial will be able to provide
definitive data on this matter.*

The high (16%) permanent radiation-induced complications reported
here highlight the increased risk of radiosurgery to deep-seated lesions, but
also reflect the pioneer work of these authors with the initial technology
learning curve and lack of 3-dimensional (3D) radiosurgery planning, what
the authors call axial MRI, in the early years. It is plausible that with the
incorporation of 3D angiography, functional imaging, and tractography to
radiosurgery planning the rate of radiation undesired effects will decrease,
even though the authors failed to observe an improvement in the obliteration
rate in their own series. Moreover, the decrease in the number of radiation-
induced complications seems to be an equally important end point to
achieve, amenable with better definition of organs at risk, since dose pre-
scription change likely will compromise the already less than optimal results.

Opverall, this is a unique set of data based on the sheer number of
patients, the outstanding analysis and candid report by the authors. It is
agreataddition to our knowledge of AVM treatment with focus radiation.

Antonio A.F. De Salles
Alessandra A. Gorgulho
Los Angeles, California
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he authors report their experience, accrued over many years, in the
management of cerebral arteriovenous malformations in critical
locations. As one of the initial proponents of AVM radiosurgery, they first
used an early-generation gamma knife device with improvements in both
hardware and software being incorporated through the years. Indeed, they
evolved as they learned and as the experience among centers was shared.
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The AVM margin dose of 25 Gy was commonly used in many early
patients, only to find that, in some instances, it was excessive because of the
occurrence of adverse radiation effects. The balance between the goal of
complete AVM obliteration and tissue safety was one that took years to
define. Thus, this report contains many lessons, only some of which are
related to AVM radiosurgery. In reading this report, one will learn about
developing solutions to complex neurosurgical problems, the importance
of data collection and technique refinement, and how some ideas require
additional parallel developments (like magnetic resonance imaging
[MRI]) to truly gain traction.

Douglas Kondziolka
Pittsburgh, Pennsylvania

I n this article, the authors present a very thorough and insightful analysis
of their 356 patients with thalamic/basal ganglia and 160 patients
with brainstem AVMs. The natural history of deep, thalamic AVMs have
repeatedly shown to be more aggressive and their management more
complicated than their smaller, superficial counterparts. The use of
multimodality treatment including surgery, embolization, and radio-
surgery remains controversial. While some claim such collaborative
interventions are necessary to obtain complete AVM obliteration, recent
studies have demonstrated as high as a 24-fold higher risk of treatment
complications in patients who underwent several different types of
treatment. This of course conveys that AVM treatment depends on
location, morphology, and clinical presentation and that the goals of care
for each patient will be distinct. The authors of this article have presented
the largest known series that examines a very specific cohort of patients
with cerebral AVMs.

The present study provides a global characterization of demographics,
clinical presentation, treatment algorithm, hemorrhage rates, and out-
comes of patients with AVMs that are less amenable to surgical or inter-
ventional therapy. For such a large number of patients, the authors have
obtained follow-up, clinical and/or radiographic, in greater than 70% of
their patients. Specifically, the authors define 4 distinct locations for
the AVMs included in the study: thalamic/basal ganglia, peritectal
diencephalon, midbrain/tectal, and pontine/medullar. Majority of
patients presented with hemorrhage (>80%), which was noted to be
higher in smaller lesions.

The mean time between presentation and treatment was 4 years, and
this period of time was used to calculate the pretreatment rebleed rates,
which were found to increase with size in the thalamic group. Obliteration
rates were found to be less in the peritectal region and midbrain in
comparison with other locations studied. At 4 years, the authors note
approximately 41% of midbrain, 42.5% of peritectal, 65% of pontine/
medullar, and 69% of thalamic/BG lesions were obliterated. Larger lesions
where shown to have lower obliteration rates with higher adverse radiation
side-effect rates. The treatment side effects are not trivial either. As
demonstrated in multiple other, smaller studies, permanent neurologic
deficit is often correlated with the size of the lesion treated. In this study,
the authors note a 50% permanent morbidity in patients with AVMs
greater than 8 cm in size. Furthermore, 44% of patients in the large
thalamic/BG group who bled after treatment died. Similarly, the Pitts-
burgh group has recently reported their large series of BG and thalamic
AVMs in which they found that larger target volume, larger maximum
diameter, lower margin dose, and a higher Pollock-Flickinger score were
all factors contributing to worsened adverse radiation events.

The treatment algorithm for radiosurgery in this cohort, to no fault of
the authors, does vary. Due to limitation in technological availability,
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MRI was introduced to radiosurgery planning after 1996. Initially,
a marginal dose of 25Gy was used regardless of size and location, but the
authors eventually reduced the dosing for eloquent locations, younger
patients, larger lesions, and those who underwent previous radiotherapy.
In the absence of 3D planning, AVM targeting was likely much more
challenging and potentially less accurate than the later half of their cohort.
It would be interesting to examine, in more detail, the implementation of
3D planning and updated technology to report how this has influenced
treatment delivery and outcome of deep AVMs.

A subset of this study is the treatment of giant AVMs. In our experience,
multimodality treatment has been efficacious in achieving good clinical
and radiographic outcome. Having defined giant AVMs as those greater
than 6 cm, we found that a combination of surgery, endovascular
embolization, and radiosurgery of our 53 patients resulted in 19 (36%)
having complete angiographic resolution of their AVM, 90% obliteration
was achieved in 4 patients (8%), and less than 90% obliteration was
achieved in 29 patients (55%). At 3 years of follow-up, 33 patients either
completed treatment or were alive more than 3 years after undergoing
their most recent radiosurgery; 19 patients (58%) were cured of their
AVMs with a long-term treatment-related morbidity rate was 15%.

RADIOSURGERY FOR DEEP ARTERIOVENOUS MALFORMATIONS

Similarly, the authors report that an approximately 50% success rate in
their cohort, though with more complications > MRS3.

In conclusion, the authors should be commended for their dedication
to providing the neurosurgical community with evidence to help our
patients make decisions regarding the care of their very complex disease
process. The true natural history of untreated AVMs, whether deep or
superficial, is still being determined; however, this article provides insight
to the subset of our population for whom little is known.

Anand Veeravagu
Steven D. Chang
Stanford, California
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