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Cerebral arteriovenous malformations (AVMs) are
congenital lesions thought to arise because of
failure of embryogenesis during the differentiation
of vascular channels into mature arteries, capil-
laries, and veins, which results in direct arteriove-
nous shunts without intervening capillary beds."
Three major types of AVMs have been identified:
(1) the more common high-flow variant with
a compact nidus and few arterial feeders and
draining veins; (2) the rarer diffuse variant with
low-flow and multiple en-passage arterial feeders
and draining veins®3; and (3) the recently
described linear, vein-based configuration with
multiple arterial feeders draining into a single,
usually superficial, vein.* Cerebral AVMs most
often become symptomatic in the second to fourth
decades of life, presenting with hemorrhage,
seizures, or progressive neurologic deficits.
Despite the congenital nature of the disease, cere-
bral AVMs are less commonly discovered in chil-
dren than in adults, with children composing only
3% to 19% of AVM patients.>®

Intracranial hemorrhage is the most frequent
clinical presentation of AVMs in children and
adults, and 80% to 85% of pediatric patients suffer
a hemorrhagic event as the initial presenting
symptom compared with their adult counterparts
who present with hemorrhage in 50% to 65% of
cases.®® Hemorrhagic events from an AVM in chil-
dren have been associated with a 25% mortality
rate, whereas the mortality rate from hemorrhage
in adults is 6% to 10%.'%"" One explanation for
this discrepancy is the propensity of posterior
fossa (Fig. 1) and deep-seated AVMs (eg, in the
basal ganglia) to hemorrhage in children. The
annual rate of rebleeding in the pediatric popula-
tion may be higher than that seen in the adult pop-
ulation (2%-4% in children vs 1%-3% in adults),
although not all investigators are in agreement
with this assertion.® If this risk of hemorrhage or re-
hemorrhage is stratified (projected) over a 50-year
horizon to account for a child’s longer life expec-
tancy, the probability of rehemorrhage is in the
order of 65%. The high cumulative risk of
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Fig. 1. (A-F) Large left occipital lobe AVM supplied predominantly by dilated left parietal, occipital, and calcarine
arteries off the posterior cerebral artery. There is also supply from distal branches of the left middle cerebral

artery and angular and temporo-occipital arteries.

hemorrhage during the long potential life span of
the pediatric patient with an AVM underscores
the importance of treating even asymptomatic
AVMs in children. The natural history, pathology,
diagnosis, and treatment of cerebral AVMs are dis-
cussed in this article.

INCIDENCE AND NATURAL HISTORY

Matson'? evaluated 34 pediatric patients and
declared AVM “the most frequent abnormality of
intracranial circulation in childhood.” Excluding
hemorrhages of prematurity and early infancy,
AVM is the most common cause of spontaneous
intraparenchymal hemorrhage in children. Hence,
a spontaneous intraparenchymal hemorrhage in

a child should be considered an AVM until proven
otherwise. Because most children diagnosed with
AVMs undergo initial treatment emergently, the
natural history of AVMs in the pediatric population
is not well understood. As stated previously, chil-
dren more likely present with hemorrhage than
do adults, who tend to display presumed ischemic
symptoms of headache, dementia, seizures, and
progressive neurologic dysfunction.’’ '3 Fewer
than 15% of pediatric patients with AVM present
with a chronic seizure disturbance, whereas
epilepsy, which is presumed to develop from
hypoxia caused by steal phenomenon associated
with the adjacent AVM, occurs as a presenting
symptom in 20% to 67% of adult patients with
AVMs. 4



As with presenting symptoms, there seem to be
differences between young and old patients with
AVM with regards to location and mortality rates.
There is a higher incidence of AVMs located in
the posterior fossa in children, whereas in adults
AVMs are more likely to be supratentorial.’® A
higher percentage of AVMs are located in the
basal ganglia and thalamus in children, and such
lesions are more prone to bleeding."®'® The
hemorrhagic effects of AVMs are less tolerable in
the posterior fossa, and the outcome can be cata-
strophic. Fults and Kelly'® reported mortality in 4 of
6 patients with infratentorial AVMs. Celli and
colleagues'® showed that intracerebral hemor-
rhages in children demonstrate a more violent
pattern, as shown by a higher frequency of intra-
parenchymal and intraventricular hemorrhage.
Humphreys and colleagues® suggested that this
phenomenon is related to the “progressive bio-
logic activity of the malformation in children.”
However, no evidence suggests that the vessels
in a pediatric AVM are more fragile than those in
an adult AVM.

Many investigators have tried to elucidate
factors predictive of hemorrhage or rehemorrhage
of AVMs. The size of the malformation has been
extensively investigated. Some investigators
have found that smaller AVMs have a greater
propensity to hemorrhage.!” Waltimo'® demon-
strated that the smaller the malformation, the
more likely it is to bleed. Spetzler and colleagues'®
also noted an inverse relationship between the
size of the AVM and the hemorrhage and
explained this phenomenon by the differences in
arterial feeding pressure between large and small
AVMs. However, according to numerous reports
larger AVMs are more at risk to rupture.?9-22

As previously stated, some studies suggest that
children have a higher incidence of hemorrhage
than adults, but there are also data to the
contrary.?%2" Fullerton and colleagues®® found
the annual risk to be 2.0% for children and 2.2%
for adults. Previous history of hemorrhage, espe-
cially within the first 5 years, and deep-seated or
infratentorial AVMs have been shown consistently
in the literature to be risk factors.2022:24-27 QOther
factors that may play a role include exclusive
deep venous drainage,’”?"2% female sex,?® asso-
ciated aneurysms (pedicle or intranidal),?%29:30
and diffuse AVM morphology.2®

PATHOLOGY

AVMs may form anywhere in the embryonic brain
but most originate above the tentorium, where
their roots extend over the hemispheric surfaces
and dig deep into the cortex. There is a structural
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defect in the formation of the arteriolar capillary
network that is normally present between arteries
and veins within the substance of the brain. The
exact mechanism by which these malformations
form is unknown; however, it is hypothesized that
most malformations occur during the third week
of embryogenesis, before the embryo reaches
40 mm in length. Mullan and colleagues®' postu-
lated that the origin of the cerebral AVM relates
to the sequential formation and absorption of
surface veins, which occur during the 40- to 80-
mm embryonal stage. The shunting that ensues if
there is an absence of capillary communication
between the arterial and venous channels elevates
intraluminal venous pressure and produces ecta-
sia and muscularization so that hybrid vessels
with both venous and arterial characteristics are
formed. In children, these lesions are often hidden
within the subcortical tissues and supplied by
a straightened dilated artery, which may be the
only superficial hallmark of the lesion. In contrast,
adult lesions consist of a tangled, tortuous mass
of vessels covered by opacified and thickened
arachnoid on the surface of the brain. Surrounding
these lesions is evidence of prior hemorrhage
proved by hemosiderin staining and atrophy of
the surrounding parenchyma because of ischemia
caused by steal phenomenon. Over time, the
lesion is molded by pressure differentials and
enlarges insidiously, only becoming symptomatic
after childhood. These postnatal and delayed
factors contribute to the development of and the
symptoms attributed to these lesions.

The reason why an AVM becomes hemorrhagic
in childhood in some affected individuals has yet to
be elucidated. Shin and colleagues®? surmised
that these lesions are nonstatic in nature and are
involved in active angiogenesis and remodeling,
especially in younger patients. The theory that
growth factors are more potent in the pediatric
population and contribute to pediatric AVMs has
been investigated. Sonstein and colleagues®3
examined the role of growth factors, specifically
vascular endothelial growth factor (VEGF), as
a mediator of angiogenesis in AVM development
and noted a positive correlation. They noted an
increase in VEGF in pediatric patients who had
previously undergone complete obliteration of
their AVMs with microsurgical resection and had
a recurrence of lesions.

DIAGNOSIS

Most AVMs in pediatric patients do not come to
clinical attention unless they hemorrhage. The
high mortality rate of hemorrhagic events associ-
ated with an AVM underscores the importance of
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accurate diagnosis. Advances in imaging modali-
ties have greatly contributed to the ease in diag-
nosis of intracerebral hemorrhages caused by
AVMs. Computed tomography (CT) is often the
initial study performed, and it shows the presence
of an intracranial hemorrhage and any calcifica-
tion. Contrast enhancement can be used to help
elucidate the presence of large draining veins
and varices. CT angiography can further detail
the vascular nature of the hemorrhage and provide
a rough estimate of the location, size, and
drainage of an AVM, particularly if further imaging
has to be delayed for emergent surgical
decompression.

Magnetic resonance imaging (MRI) of the brain
with and without gadolinium enhancement and
with magnetic resonance angiography (MRA)
sequences is often obtained for patients with
AVMs for several reasons: (1) the high resolution
of MRI helps with the localization of the lesion;
(2) comparison of contrast, noncontrast, and
gradient echo sequences helps to rule out other
hemorrhagic lesions, such as tumors and
cavernous malformations; (3) MRA sequences
can help delineate the vascular anatomy of the
lesion; and (4) volumetric sequences can be ob-
tained to allow frameless stereotactic guidance
intraoperatively if desired.

Conventional 4-vessel cerebral angiography
remains the gold standard (Figs. 2-5) for the diag-
nosis of AVMs. Using subtraction and magnifica-
tion techniques, angiography clearly defines the

characteristics of the lesion—size; location;
feeding vessels; draining veins; location of the
nidus; presence of associated vascular lesions,
such as pedicle or intranidal aneurysms; and
anomalies of the venous side, such as ectasia,
varices, and stenosis. Angiography also allows
evaluation of the dynamic blood flow through
and around AVMs. Ninety percent of AVMs are
located in the supratentorial compartment, and
most of them are fed by the middle cerebral artery
(see Fig. 2).'® Although there are typically many
arterial feeders that contribute to the AVM, the
major venous drainage in children is most
frequently through a solitary large cortical vein or
a single vein draining into the deep venous system.
Aneurysms associated with AVMs, which can
occur in many locations including feeding arteries,
the nidus, and veins, tend to occur more
commonly in adults than in children. During an
8-year period at Columbia University, for example,
AVM-associated aneurysms were observed in
41% of adult AVMs but only in 26% of pediatric
AVMs. Intranidal aneurysms have also been
reported to be more frequent in adults (9%) than
in children (<2%).3435

Occasionally, vascular malformations are angio-
graphically occult. Most occult malformations are
cavernous; however, angiographically occult
AVMs are often found in the region of the middle
cerebral artery, with small hemorrhages, and these
small malformations may be responsible for intra-
cerebral hemorrhage of unknown cause.®? Caution

artery, right posterior cerebral artery, and distal right anterior cerebral artery vasculature. This AVM also has
extracranial cerebral artery supply. This lesion was treated with a combination of stereotactic radiosurgery and
embolization.
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Fig. 3. (A-C) Left cerebellar hemisphere AVM measuring 1.5 cm with surrounding edema and hemorrhage. This

lesion was amenable to surgical excision.

must be taken in children and young adults who
present with an acute spontaneous intraparenchy-
mal hematoma with a negative imaging workup
(CT angiography, MRA, conventional angiog-
raphy). The hematoma can compress and obscure
the AVM; therefore, delayed imaging as the clot
dissolves and retracts is mandatory. Jordan and
colleagues®® provided an excellent example of
this. They reported the case of a 4-year-old boy
who presented with a spontaneous intracerebral
hemorrhage, in whom a subsequent MRI/MRA
done within 24 hours did not reveal the source of
the hemorrhage. Follow-up CT and MRI done at
2 weeks, 2 months, and 7 months were all nega-
tive. A year after the initial presentation he devel-
oped a recurrent hemorrhage; a digital
subtraction angiogram revealed an AVM, which
was successfully removed. This example also

illustrates the need for conventional angiography
on initial presentation because small AVMs often
cannot be seen on traditional MRI/MRA
seqguences.

TREATMENT
General Considerations

Treatment of AVMs focuses on the complete oblit-
eration or resection of the vascular lesion to
prevent future recurrence of hemorrhage and to
preserve and restore neurologic function. Success
of the treatment depends on the location and size
of the AVM, its hemodynamic properties, the clin-
ical condition of the patient, and the treatment
modality selected. The armamentarium available
for AVM management has grown with technolog-
ical advances and now includes microsurgical
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drainage. There is an early draining vein that is detected from the distal branch of the left calcarine artery.

resection, endovascular embolization, radiosur-
gery, and any combination of these modalities.
Although earlier series emphasized the role
of conservative management of pediatric
AVMs, 3738 this philosophy has largely been aban-
doned except in those AVMs where treatment is

deemed excessively morbid or ineffective. Early
studies suggested that more aggressive manage-
ment was only necessary in certain clinical
situations. For instance, So0% recommended
surgical intervention for those children presenting
with hemorrhage alone, whereas Kelly and

Fig. 5. (A, B) Postoperative imaging of the right inferior frontal AVM demonstrating surgical extirpation of
the AVM.



colleagues®®  recommended that surgical
intervention only be considered for infants with
massive lesions, children with large hematomas
and associated mass effect, and patients with
refractory seizures. However, Gerosa and
colleagues®” correctly indicated that pediatric
AVMs necessitated surgery regardless of the
presence or absence of hemorrhage because of
the poor results they noted with conservative
management in their series of patients. Although
microsurgical resection will be the primary
treatment in most patients, a multidisciplinary
approach involving the surgeon, endovascular
neurosurgeon or interventional neuroradiologist,
and radiation oncologist is an excellent strategy
to determine the optimal treatment on a patient-
by-patient basis.

Surgical Resection

The optimal management of intracranial AVMs in
children remains controversial. Surgery offers the
potential benefit of immediate cure and allows
the surgeon to remove a hematoma. However,
there are several factors that need to be consid-
ered to determine the best treatment for the child.
The age and size of the patient should be consid-
ered. In infants, who have a low total blood
volume, rapid blood loss may quickly result in
loss of a large fraction of the blood volume, making
AVM resection potentially a high-risk procedure. In
these patients, surgical intervention should be
delayed until the child is older, with a greater circu-
lating blood volume, or another method of treat-
ment should be considered. The location of the
AVM is also an important factor when considering
surgery. In an AVM in a highly eloquent area, such
as the basal ganglia, brainstem, or motor or visual
cortex, the location may entirely rule out surgery or
may raise the risk of postoperative deficits to
unacceptably high levels for the patient and family.

Microsurgical resection may be considered the
treatment of choice in those AVMs that fall into
Spetzler-Martin (SM) grades | to lll because of
the high rate of obliteration of the lesion that can
be achieved and the low rates of associated
morbidity and mortality.>8374° |n a series of 40
patients, Hoh and colleagues8 demonstrated that
the 20 patients who underwent surgical excision
achieved complete radiologic obliteration of their
AVM. Six of the 20 patients underwent preopera-
tive embolization, and all had AVMs that were
SM grades | to lll, except 1 patient, whose AVM
was SM grade IV. Schaller and Schramm?'
reported a 98.4% cure rate in their series of 62
patients with AVM, including children and adults
with SM grade | to Ill AVMs. Kiris and colleagues’
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presented a series of 20 pediatric patients with
surgically treated SM grade | to Il AVMs with an
89% cure rate, and 90% of the patients had excel-
lent clinical outcomes. The excellent outcomes in
these and other studies taken in conjunction with
the disadvantages of radiosurgery (see Radiosur-
gery section) make surgery an attractive primary
treatment modality for patients with AVMs of SM
grades | to Ill, especially if there is a history of
hemorrhage. The role of surgery in higher-grade
AVMs (SM grades IV and V) has not been assessed
in the pediatric population. Most data are based
on the adult age group, and no consensus has
been reached on the optimal management of
these lesions. Ferch and Morgan*? examined 46
patients with SM grade IV or V lesions, compared
the morbidity and mortality of operatively and non-
operatively high-grade lesions, and identified
surgical risk factors for increased morbidity in
this population. Twenty-nine patients underwent
surgery, and 17 were conservatively managed.
An average follow-up period of 33 months demon-
strated a decline in neurologic function in 27% of
conservatively managed cases because of intra-
cranial hemorrhage, progressive neurologic defi-
cits, and seizures. The surgical group of patients
was divided into those with a deep perforating
arterial supply and/or meningeal recruitment and
those without a deep component. In those patients
with a deep component, there was a combined
morbidity and mortality of 44%, and in those who
lacked a deep component, there was a combined
morbidity and mortality of 10%. This result was
statistically significant, and the investigators
concluded that there was a high rate of operative
morbidity in patients harboring SM grade IV and
V lesions. However, given the inherent poor natural
history of these lesions, some patients, such as
those lacking a deep perforating arterial supply,
may benefit more from surgery. Patients harboring
high-grade lesions with deep arterial supply are
probably better treated with a multimodal therapy
using radiosurgery and embolization.

Surgical Pearls

Although individual surgeons may have unique
strategies to achieve a complete resection of an
AVM, there are key steps that most surgeons
would consider critical in obtaining a successful,
angiographically proven outcome. This section
discusses some of these common steps and those
that are more controversial.

A careful analysis of the preoperative imaging
studies, especially the angiogram, is crucial.
Features that should be carefully examined are
the location and size of the nidus, the number
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and location of feeding arteries (particularly deep
feeders), and the number and location of draining
veins. Although preoperative embolization is not
done routinely in all institutions, many would
believe that it is a good option if the procedure
can be done safely (eg, the younger the patient,
the more technically challenging the case) and if
it provides a significant benefit to the surgeon.
For example, it would be a good option for those
AVMs that have a single major arterial feeder or
feeders that are difficult to access surgically. If
the AVM is large, multistaged embolization may
be required (often 2 or 3 stages). Surgical resec-
tion is typically planned for the day after the last
embolization. If it is a small AVM, surgery is done
after a single embolization.

Intraoperatively, clear instructions must be
given to the anesthesiologist to keep the systolic
blood pressure at normal or 10% to 20% below
normal for age. A generous craniotomy should
be performed with or without frameless stereo-
taxy. The resection should proceed by staying
strictly in the gliotic brain adjacent to the AVM,
cauterizing the numerous arterial feeders, and
advancing in a circumferential fashion. Feeding
arteries are often found underneath draining veins.
It is critical to stay outside the nidus because it is
difficult to control bleeding from it. The primary
draining vein should be the last structure to be
cauterized and cut, and this procedure is followed
by removal of the AVM en bloc.

Many surgeons obtain an angiogram either
intraoperatively if the quality of the images is satis-
factory or in an angiography suite with the patient
still intubated and sedated. If the angiogram
reveals residual nidus or a persistently early drain-
ing vein, then resection is continued until the
angiogram is deemed negative.

Embolization

Technological advances and improvements in
catheter technique, design, and embolization
devices have increased the use of endovascular
treatment in the adjunctive treatment of pediatric
AVMs. Endovascular treatment has become the
standard of care in other pediatric vascular entities
such as vein of Galen malformations. It is impor-
tant to recognize, however, that embolization by it-
self is unlikely to be a permanent solution to
pediatric AVMs. Wisoff and Berenstein*® demon-
strated that they were rarely able to obtain a cure
with embolization alone but that staged emboliza-
tions were of great use in the treatment of large
AVMs. A decrease in the symptoms caused by
the AVM was often seen after embolization;
however, over time recruitment of new vasculature

would occur without a more definitive treatment.
Wisoff and Berenstein*® also demonstrated that
although there was clinical improvement, hemor-
rhage risk did not decrease after embolization
alone. Frizzel and Fisher** reviewed a series of
1246 patients who underwent only embolization
of their AVMs and found that only 5% of the
patients had complete obliteration of their AVM.
Further adjunctive measures had to be undertaken
to eradicate the AVM. Wikholm and colleagues*®
substantiated this finding with their series of 192
patients who had SM grade Ill to IV lesions that
were not amenable to surgical resection and
instead were treated with embolization only. Of
the 192 patients in their series, only 13% had
complete obliteration of their lesions.

However, as an adjunctive treatment to surgery
and/or radiosurgery, this modality has proven to
be of great benefit. Bristol and colleagues?®
reported their series of 83 children who underwent
treatment of their AVMs using multimodal thera-
pies including surgical resection, embolization,
and radiosurgery. More than 50% of the patients
in this series underwent adjunctive treatment
with embolization or radiosurgery, and emboliza-
tion was the preferred treatment modality.

Some children may not need preoperative
embolization for low—-SM grade lesions or will
not be able to get this adjunctive therapy if they
require emergent surgical intervention. Small
AVMs tend to have tortuous vessels and small
branches that are difficult to cannulate and emb-
olize. As briefly discussed in the previous section,
in those children with SM grade Il to V lesions,
embolization plays an important role to help
decrease the bulk of the lesion to allow for defin-
itive surgical extirpation without excessive blood
loss. This technique may be a favored over radio-
surgical adjuvant treatment in larger lesions
because of the increased risk of radiation edema
that is noted in patients with AVM volumes
greater than 3 mL.*’ In neonates, there is the
added pressure of attempting to cannulate small
vessels for access, and this can pose an added
risk to the patients if multiple treatment sessions
are necessary. Rarely, a general surgeon is
necessary in these cases to provide direct access
via a cutdown technique exposing the vessel fol-
lowed by primary repair of the vessel. The peri-
procedural morbidity and mortality rate of
endovascular treatment is typically very low but
may be as high as 11.8%.%® Kim and colleagues*®
reported a series of 153 patients in which 1
patient died and 17 patients suffered unexpected
neurologic deficits immediately after emboliza-
tion, 5 of whom recovered during the follow-up
period.



Neuroembolic substances also exhibit toxicity
at certain dosages, and these dosages are less
in children because of the circulating blood
volume and the size of the patient involved. Endo-
vascular options will continue to evolve and
improve and should be incorporated into the treat-
ment paradigm for adjunctive treatment in the
pediatric population on an individualized case-
by-case basis.

Radiosurgery

Since its advent in 1951,%° stereotactic radiosur-
gery has evolved significantly and is now being
used to treat a host of neurosurgical diseases.
Radiosurgery has long been an adjunctive
modality in the treatment of deep-seated or large
adult cerebral AVMs. Because of the concerns of
exposing the developing brain to ionizing radia-
tion, only recently has information about radiosur-
gery of pediatric AVMs become available.
Stereotactic radiosurgery was first used for the
treatment of pediatric AVMs in the late 1980s in
an effort to treat this population with minimally
invasive means. Radiosurgery was used in an
effort to avoid surgical intervention in children
with deep-seated lesions or lesions in eloquent
areas of the cortex.’° The goal was to obtain
a complete angiographic obliteration without
inducing new neurologic deficits.

During the last 2 decades, 20 retrospective
studies (Table 1) have been performed to look at
the efficacy and safety of stereotactic radiosurgery
in the pediatric population.8%°%8 |n children, the
obliteration rate varies between 27% 3 years after
radiosurgery and 95% 5 years after radiosur-
gery.5%7% Levy and colleagues®® described a series
of 53 children who underwent at least 36 months
of imaging follow-up after radiosurgery and
assessed the obliteration rates in these children.
They stratified their obliteration results in terms of
AVM volume (group 1, <3 mL; group 2, >3 mL
to <10 mL; group 3, >10 mL), and the median
marginal dose that each child received was 20
Gy. They had excellent obliteration rates; 80% of
patients in group 1 and 65% of patients in group
2 achieved obliteration. The only patient in group
3 did not achieve complete obliteration. This is
not surprising given the large volume of AVM
defined as group 3. Of the 53 patients, 49 (93%)
returned to their neurologic baseline and
functional activity levels after radiosurgery.
Complications in the series were infrequent and
included 1 patient with brainstem edema and
persistent ataxia 4 months after treatment and 1
patient with transient pulmonary edema. Four
patients experienced hemorrhagic events after
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radiosurgical treatment at 30, 40, 84, and 96
months after radiosurgery. Three of these 4
patients had residual neurologic impairment after
the intracranial hemorrhage, and 1 patient died
because of intracranial hemorrhage 40 months
after radiosurgical treatment. Overall, the investi-
gators concluded that radiosurgery was safe and
efficacious for selected children with AVMs as
was evidenced by successful obliteration and
low morbidity and mortality rates.

Pollock and colleagues’® found that the major
variable associated with obliteration of pediatric
AVMs was the AVM score, which consists of the
patient’s age, volume of AVM, and location of
AVM. A higher rate of complete obliteration was
noted in those patients with a smaller volume of
AVM and a higher marginal dose.%® There was
also a positive correlation between time to obliter-
ation and younger age. However, during the
interval between treatment and complete oblitera-
tion there continues to be a risk of hemorrhage,
which continues to place these patients at risk of
neurologic compromise.

The long-term effects of ionizing radiation from
radiosurgery on the developing nervous system
have not yet been fully evaluated because of the
paucity of data. Reyns and colleagues®® reported
a 5% permanent neurologic deficit rate in a series
of 100 pediatric patients with AVM who under-
went stereotactic surgery with a mean dose of
15 to 25 Gy and a follow-up of greater than 36
months. Radiation-induced changes are seen on
MRI in as many as 32% of pediatric patients
treated with stereotactic radiosurgery; however,
only a fraction of these go on to experience
permanent neurologic deficits.®? Friedman and
colleagues”’ reported that a 12-Gy volume was
a predictor of future permanent neurologic
complication. Delayed cyst formation has also
been observed in this population and is also
associated with a higher maximal treatment
dose, a larger AVM volume, and the lobar location
of the AVM."? Evaluation of the incidence of intra-
cranial malignancy after radiosurgery in childhood
has yet to be fully assessed. To date, 4 cases of
radiosurgery-associated malignancy have been
reported in the literature; however, the full effect
of this treatment modality on the pediatric popula-
tion is not known.”® No standard median dose
has been consistently used, with doses ranging
from 14 to 30 Gy. Furthermore, different
machines, including the Gamma Knife and the
linear accelerator, have been used, making evalu-
ation of this treatment modality difficult. All
studies to date have been retrospective, non-
randomized studies in which selection bias is
undoubtedly present.
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Table 1

Studies evaluating the safety and efficacy of stereotactic radiosurgery for treatment of AVMs in children

Complications/Deficits

Number of Age Dose Follow-up Obliteration
Author, year Patients (n) Modality Range (y) Range (Gy) (%) (%) Transient Permanent Death
Altschuler et al,>® 1989 18 GK 2-18 17.5-25 83 (15/18) 20 (3/18) 1 0 0
Loeffler et al,”” 1990 8 LINAC 6-20 16.5-20 100 (8/8) 63 (5/8) 0 0 0
Yamamoto et al,®” 1992 9 GK 9-16 15-30 100 (9/9) 67 (6/9) 0 0 0
Tanaka et al,%® 1996 23 GK 2-15 20.5 91 (21/23) 95 (20/23) 0 0 0
Gertszen et al,”” 1996 15 GK 2-17 15-25 100 (15/15) 40 (6/15) 0 0 0
Nicolato et al,”® 1997 7 GK 5-16 23.6-25.8 85 (6/7) 33 (2/7) 1 0 0
Levy et al,>® 2000 53 GK 2-17 15-25 100 (53/53) 74 (39/53) 0 4 2
Hoh et al,® 2000 15 PB 1-18 8-26 60 (9/15) 47 (7/15) 0 1 1
Amendola et al,”" 2000 31 GK 7-19 20-25 100 (31/31) 71 (22/31) 0 0 0
Smyth et al,®®> 2002 31 GK 3-17 3.4-17.5 100 (31/31) 35 (11/31) 0 2 0
Shin et al,®* 2002 100 GK 4-19 17-28 82 (82/100) 87 (71/82) 2 3 1
Nataf et al,>® 2003 57 LINAC 7-15 18-28 86 (49/57) 61 (30/57) 0 0 1
Maity et al,>® 2004 17 LINAC 5-18 16-18 100 (17/17) 53 (9/17) 1 3 0
Nicolato et al,®° 2005 63 GK 5-16 16-26 74 (47/63) 79 (31/63) 1 1 0
Fuss et al,>* 2005 7 IMRS 7-18 17.5-20 86 (6/7) 33 (2/7) 0 0 0
Cohen-Gadol and 38 GK 7-18 16-25 100 (38/38) 66 (23/38) 1 0 0
Pollock,”3 2006
Zabel-du Bois et al,®® 22 LINAC 4-16 15-20 100 (22/22) 64 (14/22) 0 0 0
2006
Nicolato et al,®? 2006 62 GK 5-20 14-26.4 100 (62/62) 85 (53/62) 1 1 0
Reyns et al,®® 2007 100 LINAC 2-16 15-25 100 (100/100) 70 (70/100) 1 8 1
Buis et al,>* 2008 22 LINAC 6-20 15-21 100 (22/22) 68 (15/22) 0 1 1

Abbreviations: GK, Gamma Knife; IMRS, intensity-modulated radiosurgery; LINAC, linear accelerator; PB, proton beam.
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FOLLOW-UP

There is an increasingly recognized phenomenon
of late AVM recurrence, even after angiographic
cure.34046.74-76 Klimo and colleagues® recently
reviewed the literature and identified 29 published
cases of recurrent AVMs, of which 20 (69%) were
that of children. They also found that diffuse-type
AVMs were more likely to develop a recurrence.
The longest reported interval between total
surgical removal and recurrence is 19 years.”®
Maher and Scott* recently reported the Children’s
Hospital Boston experience, in which 4 patients
had recurrence—2 occurring 1 year after surgery,
1 at 3 years, and another at 11 years. This
growing literature presents a challenge to the
treating physician: How long should the child be
monitored and with what imaging modality?
Maher and Scott* noted that they performed
a follow-up angiogram at 1 year and MRI studies
annually for at least 5 years. At Columbia Univer-
sity, if the immediate postoperative angiogram is
negative, another delayed angiogram is typically
performed 5 years later or when the child reaches
adulthood.

SUMMARY

The optimal management for pediatric AVMs
remains controversial. Children with intracranial
AVMs represent a special challenge in that they
harbor unacceptable lifelong risks of hemorrhage
and potential neurologic deficits. Treatment of
these lesions has evolved during the last century
with advances in the medical, surgical, and tech-
nological fronts. Treatment of pediatric AVMs
should be undertaken in a multidisciplinary
fashion, and patients should be evaluated on
a case-by-case basis to determine the best treat-
ment regimen to preserve neurologic function and
eradicate the AVM with the lowest risk of mortality.
Microsurgical resection remains the gold standard
for the treatment of accessible pediatric AVMs,
especially in cases with intracranial hemorrhage.
Only in the last two decades have embolization
and radiosurgery been used in this population.
Although embolization alone does not provide
complete obliteration of AVMs, this modality
provides a useful adjunct to microsurgery and
can greatly assist the surgeon, prevent significant
blood loss, and decrease the volume of AVM to be
resected. Radiosurgery provides an alternative
treatment approach in those patients with large
AVMs, deep-seated or eloquently located AVMs,
or recurrent AVMs. The long-term effects of this
treatment modality have yet to be elucidated. In
children, long-term follow-up with repeated

Diagnosis and Management of AVMs

diagnostic imaging is important despite complete
obliteration of the lesion to rule out the small possi-
bility of AVM recurrence.
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