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Abstract
Purpose Hemorrhage from an arteriovenous malformation
(AVM) is the commonest cause of childhood stroke.
Management options for children include observation and
medical management, surgical resection, endovascular
embolization, or stereotactic radiosurgery, alone or in
combination.
Methods Radiosurgery is used for high-risk malformations
in critical brain locations. While this goal is being achieved,
there should be limited morbidity and hopefully no
mortality from hemorrhage or radiation-induced brain
injury.
Results Physicians who consider AVM radiosurgery cite
one or more of the following: (1) that radiosurgery is an
effective therapy required for the management of deep-
brain AVMs; (2) that radiosurgery is an effective therapy
for residual AVMs after subtotal resection; (3) that radio-
surgery is worthwhile in an attempt to lower management
risks for AVMs in functional brain locations; (4) since
embolization does not cure most AVMs, additional therapy
such as radiosurgery may be required; and (5) microsur-
gical resection may not be the best choice for some
children.

Conclusion Radiosurgery is the first and only biologic
AVM therapy; it represents the beginnings of future cellular
approaches to vascular malformation diseases. For this
reason, the future of radiosurgery may be impacted
positively by the development of other biologic strategies
such as brain protection or endothelial sensitization.
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Introduction

Hemorrhage from an arteriovenous malformation (AVM) is
the commonest cause of childhood stroke. Management
options for children include observation and medical
management, surgical resection, endovascular emboliza-
tion, or stereotactic radiosurgery, alone or in combination.
Typically, radiosurgery is used for high-risk malformations
in critical brain locations. Successful AVM radiosurgery is
dependent upon achievement of the outcome of complete
AVM nidus obliteration that leads to elimination of the
future hemorrhage risk [1–3]. While this goal is being
achieved, there should be limited morbidity and hopefully
no mortality from hemorrhage or radiation-induced brain
injury. Physicians who consider AVM radiosurgery cite one
or more of the following: (1) that radiosurgery is an
effective therapy required for the management of deep-
brain AVMs; (2) that radiosurgery is an effective therapy
for residual AVMs after subtotal resection; (3) that radio-
surgery is worthwhile in an attempt to lower management
risks for AVMs in functional brain locations; (4) since
embolization does not cure most AVMs, additional therapy
such as radiosurgery may be required; and (5) microsurgical
resection may not be the best choice for some children.
Since radiosurgery is the first and only biologic AVM
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therapy, it represents the beginnings of future cellular
approaches to vascular malformation diseases. For this
reason, the future of radiosurgery may be impacted
positively by the development of other biologic strategies
such as brain protection or endothelial sensitization. In this
report, we reviewed our experience in the use of stereotactic
radiosurgery for children with AVMs.

When to consider radiosurgery

The following criticisms have been leveled against the use
of radiosurgery (1) that radiosurgery does not always work
especially when only partial AVM obliteration is achieved
[4]; (2) that brain hemorrhage may occur during the time it
takes for radiosurgery to work; (3) that radiation-related
morbidity may cause functional neurologic deficits; (4) that
there may exist “long-term” problems after brain irradiation
[5]; and (5) that resection may be a more cost-effective
treatment over the long term [6]. Though all these points
can be argued, most neurosurgeons agree that the role of
radiosurgery is greatest for patients with small-volume,
deep-brain AVMs [2, 7–9]. In children, irradiation of the
developing brain is an important consideration. For that
reason, radiosurgery is uncommon below the age of three. It
has a lesser role for children with larger and surgically
accessible AVMs. In between these two extremes, there
exists much debate. The role of radiosurgery for patients
with small and yet accessible AVMs is growing steadily [10].
For patients with large-volume yet deeply located AVMs,
multi-modality management often is required. Thus, whether
radiosurgery should be considered in the management of
an individual patient depends upon the factors of AVM
volume, brain location, prior hemorrhage history, patient
age, and surgical resectability. These factors have been
studied in detail by different groups towards predicting
successful AVM outcomes or reasons for radiosurgery
failure [3, 11–14].

The radiobiological effects

Radiosurgery is effective because the use of highly con-
formed and selective focused irradiation leads to endothelial
cell and myofibroblast proliferation with the targeted AVM
blood vessel [8, 15–17]. Stereotactic definition of the AVM
target ensures that these radiobiologic effects are limited to
the malformation. Conformal radiosurgery allows irradiation
of only a small volume of surrounding normal tissue in the
region of radiation dose fall-off [2, 18]. Dose-prescription
formulae are used to help select an appropriate radiation
dose depending on imaging and clinical factors [19, 20].

The immediate effect of radiosurgery is to damage the
endothelial cells of the AVM vessels. Release of tissue-

specific cytokines common to other forms of radiation-
induced injury are likely to mediate such acute effects.
Inflammatory cells mediate tissue repair in response to
irradiation. Later, chronic inflammation consists of the
ingrowth of granulation tissue that contains fibroblasts and
new capillaries. These events may explain the delayed
imaging changes sometimes observed after radiosurgery.
Szeifert et al. identified the presence of actin-producing
fibroblasts, so called myofibroblasts that are hypothesized
to exert contractile properties and facilitate AVM oblitera-
tion [21]. It is common that contrast-enhanced MRI studies
at this late stage after obliteration show enhancement of the
obliterated AVM. This finding does not indicate a “patent”
AVM, but we believe a marker for the newly formed
capillary network within the scarred AVM tissue remnant.
Several reports have noted the rare, late finding of cyst
formation at the AVM site which probably represents
expansion of the extracellular fluid space within the fibrosis
[5, 22]. Radiosurgery may impact on seizure control
through irradiation of epileptogenic tissue or through
correction of abnormal hemodynamic conditions [23–25].

In younger children, it is important to remember that the
AVM may still be in a developmental stage during initial
clinical presentation. There are reports of “recurrent” AVMs
after confirmed complete angiographic removal, only to
have new AVM tissue form. This appears to occur in
response to vascular endothelial growth factor. Such
recurrence can also occur after AVM radiosurgery. Thus,
delayed angiographic assessments can be important for
children.

Results of stereotactic radiosurgery

Clinical experience

At the University of Pittsburgh, 1,129 AVM patients had
gamma knife radiosurgery during a 20-year interval. One
hundred thirty-nine pediatric AVM patients (≤18 years
old) underwent a single session procedure. The median
patient age was 12 years (range 2–18). Prior intracranial
hemorrhage was reported in 66% of patients (n=92),
headaches in 11%, seizures in 14%, incidental in 4%, and
neurological symptoms or signs without bleeding in 5%.
In this pediatric AVM series, the rate of patients with a
prior symptomatic hemorrhage was much higher than in
our adult series (66% in pediatric vs. 42% in adult). The
wide variety of different clinical presentations ensures
discussion of the different treatment options in all
patients. All referred vascular malformation cases are
discussed at a weekly multidisciplinary conference.
Intravascular embolization was performed in 22 patients
(16%) before radiosurgery. Eighteen patients (13%) had
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already undergone one or more surgical procedures prior
to radiosurgery. Four underwent craniotomy and hema-
toma removal, and six patients underwent ventricular
shunt placement. The median AVM volume was 2.2 ml
(range 0.1–18.3 ml). The 50% isodose was used as the
margin isodose in 78% of patients. No patients were
treated below the 50% isodose.

The Spetzler–Martin grading system was used to
classify all AVMs according to size, critical location,
and venous drainage. The most commonly referred
patient was one with a small-volume, deeply located
AVM (grade III, n=60, 43%). The most infrequent patient
had an AVM (n=3, 2%) that was small, superficial, and
non-critical in location (grade I). In such patients, we first
recommend a resection. Nineteen percent of patients (n=
27) had a grade VI AVM. The AVM was located totally
within the parenchyma of the brainstem or thalamus. The
Spetzler–Martin grades II, IV, and V patients were 24%
(n=34), 11% (n=15), and 0%, respectively. The median
dose delivered to the AVM margin was 20 Gy (range, 15–
25 Gy), and the median maximum dose was 34 Gy (range,
22.2–50 Gy). Although there is no such thing as an
“inoperable” AVM, we consider an AVM to be associated
with an acceptably high risk for resection when located
completely within the parenchyma of the brainstem,
thalamus, or basal ganglia. In our series, 12 patients had
brainstem AVMs, 26 had thalamic AVMs, and 17 had
basal ganglia malformations.

When radiosurgery did not lead to complete AVM
obliteration, further discussion occurred over the merits
of repeat radiosurgery or resection. Fifteen patients
underwent repeat radiosurgery for a persistent AVM
nidus, at least 3 years after a first procedure. If after 3
to 4 years, a residual AVM nidus with early venous
drainage remains, then a second radiosurgical procedure
should be performed [26]. We do not recommend
additional management for patients who harbor only an
early draining vein as this feature resolves over an
additional observation interval [27]. In addition, we
know of no patient who sustained a later hemorrhage
when only an early draining vein was present. Some
patients will have an angiogram that shows some
abnormal-appearing vessels in the region of the irradiated
AVM, without early venous drainage. This fine vascular
blush may indicate the neocapillary network within the
scarred malformation. Such findings also require no
additional therapy.

In most series, repeat radiosurgery is associated with an
approximate 70% probability of obliteration [4, 28]. At the
second procedure, only the small remnant need be
irradiated, usually at a dose higher than the first dose
delivered (especially if the intial AVM was large and the
remnant is small, depending on location) (Figs. 1 and 2).

AVM nidus targeting

AVM obliteration is dependent on several factors and
perhaps most importantly, proper stereotactic nidus defini-
tion followed by delivery of an adequate radiosurgery dose
[29]. A complete analysis of 197 AVM patients with up to
3 year angiographic follow-up showed an overall complete
obliteration rate of 72% after a single procedure. These
results were stratified by volume. In 20 of 197 patients
(10%), the targeted AVM nidus failed to obliterate totally.
The most important reason for lack of complete obliteration
was incomplete targeting [28]. An additional 35 patients
(18%) had a residual AVM that was not included in the
original treatment volume. Many of these patients then
underwent a second radiosurgery procedure. Important
obliteration factors were identified in this study: incomplete
imaging definition of the AVM; reappearance of AVM after
initial compression by hematoma; and recanalization of a
previously embolized nidus. We and others advocate the
use of multi-modality imaging (MRI, MRA, and conven-
tional stereotactic angiography) to obtain the best results
[30, 31]. For the smallest AVM (less than 1.3 ml), 90% of
patients had complete obliteration (45 of 50), and 98% had
obliteration of the target (49 of 50). For AVMs between 1.4
and 3 ml, 41 of 49 patients had complete obliteration (84%)
and 47 of 49 had obliteration of the included target (96%).
These data indicate that the radiosurgical dose will achieve
our goal with a high likelihood if we can accurately tailor it
to the entire lesion margin.

In a separate analysis of our data, we reported a multi-
variate analysis of AVM obliteration as related to dose and
volume [29]. A clear dose response up to 25 Gy was
identified. We concluded that large AVMs have low
obliteration rates because of the combination of lower
treatment doses used and the greater problems encountered
with target definition. An analysis of 95 patients with
thalamic or basal ganglia AVMs found similar obliteration
rates when stratified by volume; overall, 80% of patients
were cured after a single procedure. Thus, AVM volume not
only means that more tissue exists to undergo obliteration,
but that there may be additional challenges in stereotactic
targeting. It is interesting to speculate as to whether the
AVM radiosurgery response in a child is different from in
an adult. Some investigators believe that children respond
faster, and there is anecdotal evidence that this may be true.
We have seen complete angiography-confirmed AVM in a
child 4 months following radiosurgery.

Does subtotal obliteration confer protection from hem-
orrhage? Liscak et al. reported that AVM obliteration was
achieved in 222 (74%) of 330 patients after the initial
stereotactic radiosurgery (SRS) and in 47 (69%) of 68 patients
who underwent repeat SRS. Final angiography verified
complete obliteration by 12 to 96months (median, 25months).
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Smaller volume AVMs and the application of a higher margin
dose resulted in a higher chance of obliteration. The risk of
rebleeding after SRS was 2.1% annually until full obliteration.
The risks of permanent morbidity after the initial and repeat
SRS were 2.7% and 2.9%, respectively [32]. Subtotal
obliteration of AVMs after SRS implies a complete angio-
graphic disappearance of the AVM nidus but persistence of
an early filling draining vein, indicating that residual
shunting is still present; hence, per definition, there is still a
patent AVM, and the risk of bleeding is not eliminated.

The persistent risk of hemorrhage during the obliteration
latency interval remains one of the strongest arguments
against radiosurgery in some cases. Although Karlsson et al.
reported protection from re-hemorrhage in the interval prior to
complete obliteration, neither the Pittsburgh nor the Univer-
sity of Florida series identified such a benefit [13, 14, 37].
Maruyama et al. did a retrospective analysis involving 500
patients who had undergone radiosurgery noted a decrease
of the bleeding risk by 54% during the latency period and
by 88% after obliteration. They did not include the number
of bleeding and analyzed one hemorrhage event after SRS
for each patient because the Cox-proportional hazard

method which they used in their series can allow one
event for each patient. It would have affected their
outcomes [38]. Yen et al. reported that there was no case
of bleeding after the diagnosis of subtotally obliterated 159
AVMs (16 of 159 subtotally obliterated AVM patients
underwent repeat SRS) at mean follow-up of 3.9 years after
diagnosis of subtotally obliterated AVM [33]. The fact that
none of the patients with subtotally obliterated AVMs
suffered a rupture is not compatible with the assumption of
an unchanged risk of hemorrhage for these lesions, and
implies that the protection from rebleeding in patients with
subtotal obliteration may be significant. Subtotal obliteration
does not necessarily seem to be a stage of an ongoing
obliteration. At least in some cases, it represents an end point
of this process, with no subsequent obliteration occurring.
This observation requires further confirmation by long-term
follow-up imaging.

Most children with a symptomatic AVM present with
hemorrhage. The timing between the bleed and radio-
surgery can be important. Our decision on timing relates to
our ability to identify the target AVM tissue on imaging,
free from hematoma compression. If a hematoma obscures

Fig. 2 Images from a
10-year-old boy with a right
thalamic AVM before
radiosurgery (a, b). Three years
later, the vertebral angiogram
and MRI show
complete AVM obliteration
(c, d)
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Fig. 1 Angiogram before
radiosurgery showing a
ponto-medullary AVM in a
13-year-old boy who presented
with hemorrhage (a, b). MRI
before radiosurgery showing the
brainstem AVM (volume 2.0 cc,
prescription dose 15 Gy) (c, d).
Three years later, the vertebral
angiogram and MRI scan show
complete AVM obliteration
(e, f, g, h)
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identification of the nidus, then several months should elapse
for blood to resorb. Maruyama et al. retrospectively studied
211 patients with AVMs who presented with hemorrhage and
underwent gamma knife surgery (GKS) as the initial
treatment. Patients were categorized into three groups
according to the interval between the time of first hemor-
rhage and GKS, as follows: group 1, 0–3 months (70
patients); group 2, 3–6 months (62 patients); and group 3,
>6 months (79 patients). After a median follow-up of
6.3 years, the rates of obliteration, hemorrhage after
treatment, and complication were not significantly different
between the three groups even though the patients with a
longer interval before GKS (group 3) had more AVMs in
eloquent areas and neurological deficits. However, the
number of patients with preoperative hemorrhage in the
interval before GKS was significantly higher in group 3 (1,
3, and 20 patients in groups 1, 2, and 3, respectively). These
results were similar in the analyses of 127 patients presenting
with intracerebral hemorrhage (ICH). They concluded that
no benefit was detected in waiting for hematoma absorption
until GKS after hemorrhage from AVM. Because of higher
hemorrhagic risk until GKS>6 months after hemorrhage,
the authors recommend GKS within 6 months after
hemorrhage [34].

Pikus et al. argued that the high rate of complete
microsurgical resection in their 72 patient AVM series
(99%), with 8% rate of new permanent neurological deficts,
substantiated their belief that resection was better than
radiosurgery for small AVMs [35]. However, only three of
their patients (4%) had AVMs in the basal ganglia,
thalamus, or brainstem. Porter et al. constructed a decision
analysis model based on obliteration estimates and morbid-
ity rates for resection and radiosurgery [6]. They concluded
that resection conferred a clinical benefit because of early
protection from hemorrhage. Radiosurgery became a
superior treatment if the surgical morbidity rate exceeded
12%. They did not factor the use of second stage or repeat
radiosurgery into their model, choosing to leave patients
with subtotally obliterated AVMs “unprotected” for the rest
of their expected life. This outcome is rare since most
patients achieve complete obliteration but may require more
than one procedure. Thus, how obliteration data is used and
from where it is obtained (brain locations) is paramount to
construct a proper argument on the use of different
techniques.

Post-radiosurgery morbidity

Since immediate post-radiosurgery complications are rare,
many patients and physicians choose radiosurgery because
of rapid return to activities and employment. The risk of
radiation effects with a permanent neurological deficit is
2% to 3% in most reports [32, 36]. Post-radiosurgery seizures

are rare when we administer therapeutic levels of anti-
convulsant medication to patients with supratentorial lobar
AVMs. One must consider the chance for delayed morbidity
after radiosurgery that corresponds with the time course for
AVM obliteration. We found that the rate of developing any
post-radiosurgery imaging change between 2 and 7 years
after radiosurgery is 30% [12]. We believe that the majority
of these changes are hemodynamic or inflammatory. Most
do not cause neurologic symptoms. Symptomatic imaging
changes are found in 10%. Amulti-variate analysis of imaging
changes with various radiosurgical parameters found that the
only significant independent correlation was the total volume
of tissue that received ≥12 Gy [11]. These changes resolve in
half the patients within 3 years of onset as compared to a
95% resolution rate in patients with asymptomatic imaging
findings.

Options for large AVMs: staged volume radiosurgery and
embolization

We prospectively began to stage anatomic components in order
to deliver higher single doses to symptomatic AVMs >15 ml in
volume. The experience of this approach in children has been
limited. Twenty-eight patients (adults and children) with a large
AVMunderwent staged SRS at median follow-up of 50months
after the last SRS. Of 14 patients followed for more than
3 years, seven (50%) had total, four (29%) near total, and three
(21%) had moderate AVM obliteration [39]. We now consider
prospective staged radiosurgery for larger AVMs (volume
staging) especially for patients who present with hemorrhage
and who are not suitable for resection. We separate the AVM
radiosurgeries by 4 to 6 months to allow repair of sub-lethal
deoxyribonucleic acid damage in normal brain [40]. There is
evidence to suggest that even incompletely obliterated AVMs
may become easier to resect after a period of several years.
Perhaps prophylactic staged radiosurgery may facilitate
eventual resection of AVMs previously considered untreatable
[41]. This approach is a relatively new one, and outcomes are
being evaluated currently.

In selected cases, endovascular embolization can reduce
the volume of the AVM nidus in preparation for eventual
radiosurgery, usually 4 to 6 weeks later. In some patients,
this strategy proved effective, and permanent occlusion of
both of the embolized portion and the irradiated portion
was the result. We continue to perform embolization if there
is a high likelihood of significant volume reduction following
that procedure. Embolization must also be performed with a
reasonable risk to benefit ratio. If our neurointerventional
team does not believe that significant feeding artery and
nidus occlusion is likely, we consider a staged radiosurgery
approach. There is no substantive data to suggest that
incomplete embolization reduces the risk of a bleeding event
during the latency interval after radiosurgey.
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Differences between pediatric AVM and adult AVM
patients

Compared with adults, children with AVMs are more likely
to present with hemorrhage, and mortality rates from
bleeding as high as 25% have been reported in our previous
series [42]. The annual bleeding rate may also be slightly
higher in children than in adults [43]. Children who
undergo angiographic micro- or radiosurgical obliteration
of their AVMs are at an increased risk for future recurrence
of the condition. Immature, angiographically undetectable
vessels left untreated in the periphery of the treated AVM
may have the potential for growth and possibly recanaliza-
tion of the AVM [44]. In addition, recanalization of the
thrombosed vessels after radiosurgery may account for
AVM regrowth [45]. Nicolato, et al. [46] performed
radiosurgery in 63 pediatric patients. The majority (79%)
presented after a hemorrhage; 47 patients (75%) had AVMs
located in critical or deep locations. Using a mean AVM
margin dose of 21.6 Gy, the 4-year actuarial obliteration
rate was 77%. No patient experienced bleeding after
radiosurgery, and the radiation-related complication rate
was 2%. Authors of other studies have confirmed these
findings, reporting obliteration rates from 61% to 87% and
radiation-related morbidity rates from 0% to 2.5% [47–50].
Pan et al. reported that 105 pediatric AVM patients who
underwent SRS had total obliteration rate of 65% at 4 years
and had 8% morbidity rate and <1% mortality rate [51]. In
their series, post-treatment hemorrhage occurred in four
(4%) of 105 patients. Obliteration rates at 48 months of
small and extremely large (>20 ml) AVMs were similar in
the pediatric and adult groups, whereas AVMs between 3
and 10 ml responded less efficaciously in children. The
AVMs with volumes ranging from 10 to 20 ml were also
associated with a lower obliteration rate in children at
48 months, but statistical significance was not reached.

Summary

AVM radiosurgery has been in practice for over 40 years
and is now a common method to manage properly selected
patients with brain AVMs. The techniques have been
refined along with our understanding of the expected
response. It is this understanding of expected outcomes
that should allow a rational discussion of the pertinent
issues for management of patients with AVMs. Some
patients will require multi-modality approaches. Although
not commonly performed at present, children whose AVMs
were obliterated after radiosurgery should consider repeat
angiography after they reach adulthood to rule out the
possibility of a recurrent nidus that would expose them to
an ongoing risk of hemorrhage.
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