
Pediatric Neurovascular Conditions

Jennifer L. Quon and Gerald Grant

Understanding pediatric neurovascular pathology and the how it differs specifically
from the adult disease can inform management and importantly, prognosis. Man-
agement, in turn, should rely on data derived from pediatric patients specifically,
rather than extrapolated from the adult literature. Unlike in adults, there aren’t
well-established guidelines for management. Often associated with other genetic
conditions and anomalies, understanding the underlying genetics and pathophysi-
ology of pediatric vascular conditions will significantly advance our treatment
strategies [25].

1 Pediatric Stroke

The incidence of stroke has been reported in 2–3 children per 100,000 per year,
with intracerebral hemorrhage accounting for a large proportion of these cases [89].
Both vascular lesions and moyamoya disease are important and potential debili-
tating causes of pediatric stroke, ischemic and hemorrhagic, respectively [120].
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1.1 Diagnosis

Computed tomography (CT) is the first imaging modality that should be used when a
stroke is suspected, especially in an emergency setting [133]. CT has the capability
to show hemorrhage, even from an underlying vascular malformation [133]. CT
perfusion can also be used now with lower contrast dosing and radiation than in the
past [19]. MRI perfusion and diffusion is more sensitive for diagnosing ischemic
stroke, but is more difficult to obtain in children as it may require sedation [133]. In
neonates, due to the lack of mature myelination and high water content, MRI
sequences need to be adjusted for higher relaxation times and smaller brain struc-
tures. An increase in T2 signal and a decrease in T1 signal will lead to a “missing
cortex” appearance, in which cortex and unmyelinated white matter are difficult to
distinguish [19]. Ultrasound is also commonly used to detect neonatal stroke [19]. In
children, DWI sequences can show ischemic areas quickly and reliably while ADC
mapping can confirm areas of infarction [19]. ADC maps will normalize within a
week as the ischemic area begins to contrast enhance. This contrast enhancement
normalizes within several weeks [19]. MRI perfusion techniques such as arterial spin
labeling (ASL) can provide additional information in the setting of acute and chronic
ischemic stroke, certain ischemic conditions such as Moyamoya disease, as well as
vascular malformations [21, 24, 27, 47, 96, 125, 128, 133]. Much like in adults,
angiography can also detect pathology such as vascular malformations and aneur-
ysms with great sensitivity, but is also more invasive [133].

1.2 Etiology

There are a number of causes of pediatric stroke which can be broadly categorized
into arterial, venous, and hemorrhagic strokes [19] (Table 1.). In this chapter, we
will focus on intracranial vascular lesions as well as the etiologies that are most
likely to warrant neurosurgical intervention.

2 Pediatric Vascular Lesions

Pediatric vascular lesions often occur in the setting of other rare conditions such as
genetic syndromes (such as PHACES—posterior fossa anomalies, hemangiomas of
the cervical facial region, arterial cerebrovascular anomalies, cardiac anomalies, eye
anomalies and sternal anomalies) and other vasculopathies [25, 76]. In this chapter
we will discuss the most common pediatric vascular lesions: Arteriovenous mal-
formations (AVMs), cavernous malformations, Moyamoya disease, and aneurysms.
Other pediatric-specific vascular lesions include infantile hemangioma, vein of
Galen malformation, and dural sinus malformation [25] (Table 2).

8 J. L. Quon and G. Grant



Table 1 Causes of pediatric stroke [19]

(a) Arterial Stroke

Cardiac Congenital heart disease, cardiomyopathy
Infectious endocarditis, cardiac arrhythmia
Valvular disease (congenital or acquired)
Persistent foramen ovale

Hematologic disorders Sickle cell disease, Thalassemia
Iron deficiency anaemia
Inherited prothrombotic risk factors
Lupus anticoagulant/antiphospholipid antibodies
Lymphoproliferative disorders (CNS leukaemia, asparaginase
therapy)

Vasculopathy Transient cerebral arteriopathy/postvaricella angiopathy
Moyamoya syndrome (primary or secondary)
Fibromuscular dysplasia, Vasculitis, post-infectious vasculopathy
Exsarythematousus/rheumatic diseases
Isolated angiitis of the central nervous system
Down syndrome
Post-irradiation
Dissection (e.g., trauma)
Sickle cell disease

Pulmonary Arterio-venous shunts (e.g., Morbus Osler)

Malignancy Lyphoma
Leukaemia
Brain tumors

Drugs Cocaine, oral contraceptives, l-asparaginase and steroids

Neurocutaneous
diseases

Neurofibromatosis, Sturge–Weber

Migraine

Hypertension

Infection Meningitis, varicella

Hypoxia/ischemia Obstructive sleep apnea/chronic hypoxemia, hypotension

Genetic Neurofibromatosis type 1
Tuberous sclerosis
PHACE syndrome
Fabry disease
Homocystinuria

(b) Venous stroke

Sinus thrombosis Hypoxic ischemic encephalopathy
Birth trauma
Dehydration
Otitis
Meningitis
Infection
Congenial heart disease
Trauma
Hypercoagulable/haematological
Post-irradiation

(continued)
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2.1 AVMs

AVMs are direct connections between arteries and veins without intermediate
capillary beds [127].

2.1.1 Incidence
Despite their early development, children comprise only 3–19% of AVM patients
[72, 91]. AVMs have an incidence of 1 in 100,000 in children, but are responsible
for 14–57% of pediatric cerebral hemorrhages [22, 103]. Dural AVMs are even
more rare in children, with only 59 reported cases [12]. It is estimated that 12–18%
will present with symptoms, and therefore be detected, during childhood [22].
Children have a mean nidus size of 3.4 cm, and Spetzler-Martin grade 2 [72].
Different age groups appear to have different hemorrhage patterns [93]. AVMs can
be located anywhere in the brain, though in the children they have been found most
commonly in the parietal lobe, followed by the cerebellum, frontal lobe, occipital
lobe, thalamus, and other regions [72]. Children have a higher incidence of pos-
terior fossa and basal ganglia malformations than adults [72]. The majority of
children have a compact type AVM, with few having diffuse AVMs [72].

Table 1 (continued)

(c) Hemorrhagic stroke

Neonatal (preterm) Germinal matrix hemorrhage
IVH
PVH
*Epidural, subdural, SAH

Neonatal (term) IPH: plexus hemorrhage, venous thrombosis*Vascular
malformations
*Tumors

Childhood AVM
Cavernous malformation
Malignancy
Thrombocytopenia
Hemophilia, coagulopathy
Iatrogenic (ECMO, anticoagulation)
ITP
Sickle cell disease
*Aneurysm
Hypertension

*Rare
This table gives an overview of common causes, reasons and associations that can be observed in
children with arterial (1a), venous (1b) and haemorrhagic (1c) stroke
Abbreviations: AVM: arterio-venous malformation, ECMO: extracorporeal membrane
oxygenation, IPH: intraparenchymal haemorrhage; ITP: idiopathic thrombocytopenic
purpura, IVH: intraventricular haemorrhage, PVH: periventricular haemorrhage, SAH:
subarachnoidal haemorrhage
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2.1.2 Etiology
AVMs are congenital vascular malformations that begin to develop during the third
week into the 8th week of gestation when capillary and venous vessels are forming
[98]. Feeding vessels occur as a result of exogenous expression of basic fibroblast
growth factor and vascular endothelial growth factor (VEGF) that is further stim-
ulated by local ischemia and inflammation [72, 94]. Macrophages contribute to this
inflammatory state by secreting cytokines such as TNF-a, IL-6, and VEGF that
promote pathological angiogenesis and remodeling [94]. Inflammation and angio-
genesis are present on surgically resected AVMs, suggesting that they are dynamic
lesions that continue to evolve [94]. Microhemorrhages further stimulate

Table 2 Imaging for pediatric vascular malformations [19]

Malformation Imaging Imaging findings

Vein of Galen
malformation

US, MRI, MRA, conventional
angiography for intervention

Hydrocephalus, dilated vein of Galen,
feeding vessels, thrombosis,
myelination impairment

AVMs MRI, MRA intra + extra-cranial; fMRI
preop., acute haemorrhage: CT, CTA
Conventional angiography for
intervention

AV-nidus, haemorrhage, calcification,
dilated venous drainage pathways,
hypertrophic arterial feeder,
hydrocephalus Most common course
of atraumatic ICH age < 15 years

Cavernous
malformations

MRI (ev. with contrast) 80%
supratentorial mostly (sub)cortical
20% infratentorial (pons common)

Different signal intensities, nearby
venous malformation on CE-images

Venous
malformations

MRI (ev. with contrast), most common
in frontal lobe

Dilated medullary/subcortical vein,
drain into single dilated venous
structure (caput medusa) separated by
normal brain parenchyma, no
AV-shunt

Capillary
telangectasia

MRI Dilated capillaries usually in the pons,
rarely cause haemorrhage

Dural AVM Screening MRI, MRA, in small infant
US; CT in acute haemorrhage, catheter
angiography for treatment

Meningeal/occipital arterial supply to
torcular, transverse or superior sagital
sinus venous varices, calcifications

MoyaMoya
Disease

MRI, MRA, CTA, catheter
angiography

Occlusion of large vessels,
collateralization, IVY sign on FLAIR,
T1, T1 CE, + dot sign in BG, fresh
ischemia in DWI

Aneurysm MRI, MRA, CTA, catheter
angiography (intervention)

Saccular: Peripheral—ICA 50% Circle
of Willis—25% ACA
Mycotic: MCA peripherally, more
fusiform

Abbreviations: ACA: anterior cerebral artery; BG: basal ganglia; CE: contrast enhanced, CTA:
computed tomography angiography; DWI: diffusion-weighted imaging, FLAIR: fluid attenuated
inversion recovery; fMRI: functional magnetic resonance imaging; ICA: internal carotid artery;
ICH: intracerebral haemorrhage; MCA: middle cerebral artery; MRA: magnetic resonance
angiography, MRI: magnetic resonance imaging; SAH: subarachnoidal haemorrhage; US:
ultrasound
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macrophage infiltration, which in and of itself can affect vascular integrity and risk
of hemorrhage [94].

Pediatric AVMs are more likely to have multiple foci of arterio-venous shunting,
though this may be a manifestation of vascular immaturity, rather than a uniquely
pediatric phenomenon [25]. AVMs have been described in the setting of Ras1
mutations [49]. Patients with hereditary hemorrhagic telangiectasia (HHT) have
autosomal dominant mutations in growth factor-b signaling genes (ENG, ALK1,
ACVRL1 or SMAD4) and often present with intracranial AVMs, in addition to other
vascular abnormalities [45, 68, 109]. Children with HHT1 mutations more often
present with cerebral AVMs than those with HHT2 mutations [45]. Pediatric AVMs
have also been reported as de novo lesions forming during childhood [131]. Some
evidence suggests that de novo AVMs may occur as a result of intractable epilepsy,
with seizures triggering the release of VEGF [129].

Pediatric dural AVMs are thought to occur as abnormalities in venous sinus
development with expansion and remodeling of the posterior sinuses beyond the
normal time period [12]. Arteriovenous malformations have also been noted to
occur after trauma, though less commonly than in the adult population [10, 100,
130].

2.1.3 Diagnosis

(a) Clinical symptoms: Pediatric AVMs most commonly present with intracerebral
hemorrhage (50 to greater than 80%), followed by seizures, or headaches [72].
In fact, ruptured AVMs are the leading cause of intracerebral hemorrhage in
children (30–50%) [32, 89]. Children present with hemorrhage (80–85%) more
often than adults (50–65%) [72]. In adults AVMs are more likely to be dis-
covered in incidentally whereas in children they are only occasionally dis-
covered incidentally in the setting of other screening or neurologic symptoms
[25, 72]. Seizures are the most common presenting symptom in unruptured
AVMs, with large AVM size as a risk factor [91]. Hemorrhage may also lead
to seizures [91].

In children, AVMs with a small nidus, a periventricular nidus location, and
diffuse morphology are at greater risk of rupture [39, 95]. Single draining veins and
deep venous drainage are also predictive of hemorrhage [67]. Approximately a third
of children with AVMs also have associated aneurysms [11]. Aneurysms within the
arterial portion of AVMs may be associated with a higher risk of rupture [11].

Pediatric spinal AVMs are even more rare than intracranial ones, and are typi-
cally associated with other hereditary syndromes [63]. They are more commonly
located in the thoracic spinal cord, and can present with either congestive or
compressive myelopathy, back pain, or as pulsating masses [63].
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Dural AVMs consist of three different subtypes, each with a unique set of
presenting symptoms:

(1) Infantile dural arteriovenous shunts [12]—High flow, low pressure anomalies
often with direct involvement of the meningeal and occipital vessels. They
consist of patent sinuses and no venous lakes. They usually present in early
childhood with macrocrania, hydrocephalus, seizures, and progressive neuro-
logic deficits.

(2) Adult-type dural arteriovenous shunts [12]—Typically located in the cav-
ernous sinus, adult-type dAVMs present with symptoms of venous hyperten-
sion, proptosis, and chemosis. Venous hypertension, if present in the cortex,
may also manifest cause intracerebral hemorrhage.

(3) Dural sinus malformations such as Vein of Galen malformations—these will
be discussed in a later section.

(b) Imaging: Vessel imaging with DSA is the gold standard for diagnosing and
visualizing AVMs. This is often obtained after initial imaging with CT or MRI,
depending on the initial presentation. Surveillance imaging with MRA or CTA
can serve as an adjunct to angiography. Ultrasmall superparamagnetic iron
oxide (USPIO) nanoparticles such as ferumoxytol are quickly emerging as
valuable contrast agents for visualizing vascular malformations on MRI [46].
One study found that ferumoxytol was superior to gadolinium for visualizing
AVMs whereas another demonstrated uptake of ferumoxytol within the vacular
wall of the AVM nidus [46] (Fig. 1).

Case of AVM Ferumoxytol-enhanced AVM

ASL DSAKTOF

Other contrast methods 
(USPIO- feraheme)

Fig. 1 Ferumoxytol enhanced MRI (a), KTOF (b), ASL (c) and DSA (d) demonstrating a
pediatric arteriovenous malformation
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2.1.4 Treatment
For pediatric patients, the main goal of treatment is complete elimination of the
AVM since children are thought to have a higher annual bleeding risk (1–3% vs. 2–
4% in adults) [54, 72]. While children have a lower risk of initial hemorrhage in
untreated AVMs, they have a higher cumulative lifetime risk [35]. The treatment
modalities for pediatric AVMs are similar to that in adults, and include surgical
resection, radiation therapy, embolization, or a combination of these treatments
[76]. Multimodality therapy may improve obliteration rates and decrease hemor-
rhage rates substantially [32]. Lower grade AVMs have a faster obliteration time
(1.8 compared to 6.4 years) and require fewer procedures (2.2 compared to 6.1) for
obliteration than higher grade ones [32].

Microsurgical resection can offer complete obliteration (87–94%) and is there-
fore the preferred mode of treatment, especially for low grade, accessible lesions
[32, 44, 72]. Perioperative angiography can allow for higher rates of post-operative
obliteration [51, 77]. The rate of complications is typically low, but can include
neurologic deficit, stroke, or infection [51]. A laminectomy with microsurgical
resection either with or without embolization is also the treatment for spinal AVMs
with good outcomes [63].

Alternatively stereotactic radiosurgery (SRS) can be used as primary treatment
but is usually reserved for cases that would carry a high operative morbidity such as
AVMs with located in deep or eloquent regions, or as adjuvant therapy [32, 35, 65,
72]. SRS can offer a cure rate of 81% with a 5% risk of complications [32]. In a
dose response analysis, 16 Gy was the dose needed to obliterate 70% of an AVM
and efficacy improved with margin doses of at least 18–22 Gy to the nidus [35, 54,
121]. Reduced doses are used for larger AVMs or those in eloquent regions [65]. It
is difficult to predict the precise time for complete obliteration but it can take up to
3 years [32]. The use of SRS for unruptured pediatric AVMs allows for obliteration
rates at 3, 5, and 10 years of 29%, 54%, and 72%, respectively [35]. Across all
AVMs, even those previously ruptured or treated, obliteration rates with SRS are
slightly higher at 45%, 64%, 67%, and 72% at 3, 4, 5, and 10 years, respectively
[65]. If patients do not have complete obliteration at interval follow-up, there may
be benefit to repeating radiation treatment [65]. Long-term follow-up of pediatric
patients who received SRS demonstrated that smaller nidus size, fewer draining
veins and higher doses of radiation led to a higher obliteration rate [35, 54, 65].
Patients with a lower Virginia Radiosurgery AVM score which takes into account
AVM volume, location, and history of hemorrhage correlated with greater chances
of obliteration [22, 35]. Similar to other forms of radiosurgery, large doses, single
fraction therapy, and modified AVM scores are associated with higher rates of
obliteration [127]. It is unclear whether prior embolization affects the efficacy of
radiosurgery but it can help reduce the AVM size, theoretically increasing the cure
rate [32, 35, 65]. Potential complications of SRS include post-treatment hemor-
rhage, edema, hematomas, radiation necrosis, radiation induced white matter
changes and radiation induced neoplasms [35, 54, 65, 121, 127]. Patients are at
particular risk for hemorrhage during the latency interval prior to obliteration
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[32, 65]. Lower doses of radiation lower the risk of post-procedure neurologic
deficit, but increase the risk of post-radiation hemorrhage [114]. Larger target
volumes also lead to a greater risk of hemorrhage [65]. Proton-beam SRS, which
minimizes radiation delivery to normal tissue beyond the lesion, has reported
obliteration rates from 35–94%.

Pre-operative embolization can be an important adjunct to AVM treatment with
the goals of reducing bleeding risk as well as, in some cases, treating cardiac failure
and venous hypertension [8, 72]. AVMs are embolized either with n-BCA or Onyx
[8]. Whether transarterial or transvenous, endovascular embolization is the primary
treatment for dural AVMs, though embolization can often lead to the recruitment of
secondary arterial feeders [12]. One group described transvenous onyx emboliza-
tion to treat pediatric AVMs with unfavorable arterial anatomy [99]. Some of the
patients had tranvenous embolization alone whereas the other had a combined
transarterial-transvenous approach. The average follow-up was just under 2 years,
and all patients were noted to have angiographic cure [99]. Endovascular treatment
can also be used exclusively for spinal AVMs [63] (Fig. 2).

Following treatment, angiography (1 year post-treatment for resection, 2 years
for stereotactic radiosurgery, and 5 years for diffuse AVMs) is recommended to
assess for cure, followed by repeat MRI/MRA every 5 years to check for recurrence
[72, 76]. In a retrospective study Morgenstern et al. report that conventional
angiography was more sensitive than MRI/MRA since the latter failed to detect any
recurrences [105]. They suggest DSA at regularly scheduled intervals to assess for
recurrence while minimizing associated risks [105]. CTA can also be used as an
adjunct to angiography for post-treatment follow-up. Diffuse-type AVMs, named
for their appearance on angiogram, are more difficult to treat and are therefore more
likely to recur [72]. Patients with residual nidus can typically undergo additional
treatment of their AVM, depending on the lesion’s location [72] (Fig. 3).

Moyamoya disease: Jus�n Rinka 13 yo, bl moyamoya, bl ECIC bypasses
L sided numbness   

Preop, R ICA Postop, R ECA collaterals filling MCA territory

Fig. 2 Pre-operative (a) and 6-month post-operative (b) DSA showing collateralization of the R
MCA territory after EC-IC bypass
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2.1.5 Prognosis
Children have a higher morbidity and mortality related to AVM rupture and have a
higher cumulative lifetime risk of rupture than adults [35, 39, 72]. Especially in
lesions that have already ruptured, treatment is preferred over observation [103].
Pediatric AVMs with a single draining vein or deep drainage are more likely to
rupture, or rerupture [20, 35]. Those that present with hemorrhage or risk factors for
hemorrhage also have a worse prognosis [39, 67]. Patients with a higher Glasgow
coma score (GCS) on admission were found to have a better functional outcome at
discharge and conversely those with a lower baseline modified Rankin score have a
worse clinical outcome [67]. One study found that patients with a worse clinical
outcome had a higher age at presentation [93]. Higher AVM grade is also associ-
ated with a worse clinical outcome [32]. Partial treatment may worsen the natural
history of AVMs [20, 32]. Pediatric AVMs with associated aneurysms are at greater
risk for rerupture [20]. Pediatric dural AVMs, in particular, are more aggressive
than their adult counterparts with a mortality rate of 25% [12]. Some have argued
that children with HHT mutations, who are at higher risk for AVM development
and have a slightly higher presence of cerebral AVMs (*16% in one screening
study compared to 11% in the general population), should undergo routine
screening [45].

Children comprise the majority of reported AVM recurrences (69%), perhaps
related to the immaturity and plasticity of pediatric vasculature [72]. One study
reported recurrence an average recurrence at 33.6 months after surgery [105].
Recurrences have been reported as late as 16 years from treatment and can also
present with hemorrhage, seizures or neurologic symptoms [72, 98]. AVM com-
pactness is predictive of recurrence with less compact AVMs having a higher risk
of recurrence after surgery [40]. Particularly in young patients, deep venous drai-
nage is associated with a higher rate of recurrence [104]. Multiple theories have

6-YEAR OLD BOY WITH 2-WEEK HISTORY OF 
HEADACHES AND VOMITING

Fig. 3 Axial CTA demonstaing basilar tip aneurysm
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been proposed to explain why angiographically “cured” AVMs recur including the
“hidden nidus” or “reserve nidus” theory in which angiographically negative areas
that are contiguous with the AVM are responsible for regrowth [72]. Alternatively,
other authors suggest that immature vasculature makes AVM formation an active
process that is maintained throughout childhood and that ceases with AVM
maturity [72]. Given the risk of recurrence, even at over a decade after angiographic
cure, long-term follow-up with vessel imaging is recommended [98]. At Stanford,
serials MRI’s are obtained at 6 months, 1 year, 3 years and every 2 years after
surgical intervention until the age of 18. After endovascular therapy or radio-
surgery, interval MRI’s are also obtained to demonstrate whether complete oblit-
eration of the nidus has occurred in addition to a post-procedure DSA to confirm
obliteration. Serial imaging is obtained at regular intervals during adulthood
(Fig. 4).

2.2 Cavernous Malformations

Cerebral cavernous malformations (CCMs) are clusters of vessels without inter-
vening brain tissue [73]. The thin vessel walls lack smooth muscle [73]. These
malformations are prone to hemorrhage and hemosiderin is often visible in the
surrounding brain [73].

2.2.1 Incidence
Cavernous malformations comprise 2–20% of intracranial vascular malformations
in children [59, 73]. In turn, the pediatric population comprises 25% of all patients
with cavernous malformations [59, 73]. They tend to present either around 3 years

Fig. 4 DSA (a) and 3D DSA (b) demonstrating a basilar tip aneurysm
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or between 11 and 17 years of age and occur equally in boys and girls [73].
Familial CCMs are more common in Hispanic populations, and about half of
Hispanic patients with CCMs have the familial form [73].

CCMs have a reported size of 0.1 to 9 cm but tend to be larger in children
(average size of 6.7 cm compared to 2–3 cm in adults) [73]. This may be due to the
more cystic nature of pediatric CCMs [73].

Similar to adults, in children the majority of CCMs are supratentorial (80%),
more specifically in the cortex or subcortical white matter [73]. In the children they
are found in the brainstem more than in adults, most commonly in the pons (14.7%)
[73]. CCMs of the basal ganglia, hypothalamus, and spinal cord are all relatively
rare in children [73]. Spinal CCMs comprise only 3–16% of pediatric spinal vas-
cular malformations [73].

2.2.2 Etiology
The majority of cavernous malformations occur sporadically (50–80%) though they
can also form as an inherited condition [73]. Familial CCM is characterized by the
occurrence of CCMs in at least two family members, the presence of multiple
CCMs, or a disease-causing mutation in one of the CCM loci. CCM genes have
three different loci, deemed CCMI (7q12.2), CCM2 (7p15-p13), and CCM3
(3q25.2-q27) that encode for the K-Rev interaction trapped 1(Krit 1), MGC4607,
and programmed cell death 10 (PGCD) proteins, respectively [73]. These proteins
are involved in endothelial cell adhesion [73]. Disease-causing mutations at the
CCM loci occur according to the two-hit hypothesis [73]. Familial CCM has an
autosomal dominant inheritance pattern with incomplete penetrance and variable
expressivity [73].

The appearance of cavernous malformations has also been reported after radi-
ation therapy, though it is unclear whether radiation caused them to appear or rather
become symptomatic [73].

While CCMs are not intrinsically epileptogenic, they can induce seizures via
their effect on the adjacent brain tissue [73]. Feric ions released during microhe-
morrhages are highly epileptogenic, and overtime the surrounding brain par-
enchyma can become an epileptogenic focus [73]. Repetitive seizure activity may
even cause secondary epileptogenic foci away from the site of the lesion [73].

2.2.3 Diagnosis

(a) Clinical symptoms. Up to 70% of children with cavernous malformations
present with seizures [73]. They may also present as intracerebral hemorrhage
(*30%), though less commonly than AVMs in this setting [73, 89]. Pediatric
patients have a higher rate of bleeding than adults—27.3–78% compared to 8–
37%, respectively [73]. Hemorrhage can occur in the brain parenchyma, the
ventricles or the subarachnoid space, and symptomatology may be based on
lesion location. Patients may have headache, seizures or other neurologic
symptoms as a result of hemorrhage [73].
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(b) Imaging. The presence of hemorrhage may obscure vascular anatomy and can
visualization on imaging somewhat difficult [73]. On non-contrast CT, CCMs
are well-circumscribed hyperdense lesions with minimal surrounding mass
effect. CCMs may demonstrate blood or calcifications, as well as a capsular rim
defining the hemorrhagic portion of the CCM [73]. Pediatric CCMs are more
likely to have large hypodense cysts than their adult counterparts [73]. MRI is
sensitive and specific for CCMs [73]. On T2-weighted MRI, CCMs demon-
strate a characteristic “popcorn” like appearance with mixed signal, surrounded
by a ring of decreased signal caused by the presence of hemosiderin [73]. GRE
and SWI images are extremely sensitive for detected CCMs and may show
enlarged areas of hypointensity [73]. Contrast administration will show whether
a DVA is present. CCMs are not well demonstrated on DSA.

2.2.4 Treatment
Treatment of pediatric cavernous malformations must consider the lifetime risk of
hemorrhage and potential for the development of seizures [73]. Surgical resection,
when feasible, can offer a cure and is generally recommended in the pediatric
population setting of acute hemorrhage, focal neurologic deficits, or radiographic
enlargement [73]. Resection may be delayed up to a month following hemorrhage
to allow edema and symptoms to resolve [73]. CCMs present in eloquent cortex are
generally observed and the risk of surgical resection must be weighed carefully
against that of recurrent hemorrhage [73]. Epilepsy may be difficult to cure fol-
lowing resection of the CCM depending on the chronicity of seizure activity [73].
Patients with seizures may therefore benefit from early resection of the offending
CCMs [73]. Surgery is generally effective either alone or with antiepileptic medi-
cation and 50–90% of patients are reported to be seizure-free following surgery [59,
73]. The evidence for surgery is less well established for incidentally discovered
asymptomatic lesions, or with multiple CCMs [73]. In particular there may be
significant morbidity associated with the resection of brainstem cavernous mal-
formations [2, 84]. Brainstem cavernous malformations also have a higher rate of
recurrence after surgical resection in children compared to adults [2].

Laser ablation as an adjunct to surgical resection has allowed for safe resection
of CCMs in precarious regions such as the brain stem, thalamus, and spinal cord
[73]. It can help minimize bleeding and thermal damage but cannot penetrate blood
or calcium [73].

Unlike in AVMs, radiosurgery is generally not recommended for CCMs because
it can cause edema and exacerbate symptoms, as well as temporarily increase the
risk of hemorrhage up to 22.4% per year [73]. Based on the adult literature, it takes
2–4 years following radiosurgery treatment for the hemorrhage risk to decrease,
reducing the frequency of hemorrhage by 4.5–17.3% per year [73]. The rate of
permanent deficit and mortality reported from brainstem studies is high at 1.7–
22.7% and 12%, respectively.
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2.2.5 Prognosis
The morbidity associated with CCMs depends on the location of the lesion. CCMs,
located in the basal ganglia, cerebellum or brainstem, are more likely to cause
symptoms. The annual risk of hemorrhage is approximately 3% per patient-year
(0.25–6.4%) across all patients, including those with familial CCMs which have a
higher tendency to bleed [73]. Children have a bleeding incidence of 27, 3–78%
compared to 8–37% in the adult population [73]. Brainstem cavernous malforma-
tions also have a greater tendency to bleed at 5% per patient per year [73].
Worsened functional status can occur in the setting of recurrent hemorrhage, more
so for infratentorial compared to supratentorial lesions [73]. Children with CCMs
should undergo MRI surveillance to assess for interval growth of their CCMs, as
well as the presence of microhemorrhages [73]. Individuals who have relatives with
known CCMs should undergo genetic screening so that they can undergo appro-
priate surveillance [73].

CCMs grow as a result of repetitive microhemorrhages that cause release of
angiogenic factors [73]. Partial resection of CCMs can also lead to a recurrence
[73].

Patients with longstanding seizures are at an increased risk for intractable epi-
lepsy and lifelong disability [73]. Microhemorrhages can also lead to the devel-
opment of epilepsy, therefore repetitive hemorrhages on surveillance imaging may
warrant surgical removal [73]. A more extensive resection, including the sur-
rounding hemosiderin ring, and a CCM size < 1 cm are associated with a better
chance of being seizure-free after surgery [73]. Patients who do not undergo sur-
gical resection should be monitored clinically for seizures [73].

2.3 Moya Moya

Moyamoya is a disease that involves the progressive occlusion of intracranial blood
vessels without evidence of intra-arterial plaques [28].

2.3.1 Incidence
Moyamoya disease is typically diagnosed either between the ages of 5 to 10, or
after 40 [43, 52]. The disease appears to present equally in boys and girls but the
age of presentation may affect this ratio [17, 28]. It is most prevalent among Asians
and is conversely the most common pediatric cerebrovascular disease in Asia [17].
Moyamoya disease accounts for approximately 10% of transient ischemic attacks in
the pediatric population [3].

This differs from transient cerebral arteriopathy, which may also present with
stroke but is a focal inflammatory process that is limited to several months [132].

2.3.2 Etiology
Similar to in adults, the etiology of pediatric moyamoya disease is unclear [113].
Similar to adults, hypoperfusion and ischemia rather than vaso-occlusion appears to
be the predominant mechanism [115]. The process of new blood vessel growth may
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even precede any overt impairment in blood flow [69]. An anastomosis network of
collateral vessels may grow from both the anterior and posterior circulations [15,
16]. However, a number of variants have been identified in association with moya
moya including those in the RNF213, ACTA2, BRCC3, GUCY and other genes
[26, 31, 60, 61, 83, 92, 120]. In turn, moyamoya has been reported in association
with a number of genetic syndromes such as trisomy 21, sickle cell disease, and
neurofibromatosis type I [14, 53, 61, 120]. One study found a familial occurrence of
9.4% [17].

Moyamoya syndrome, on the other hand, occurs secondary to another under-
lying condition such as sickle cell anemia, neurofibromatosis type-1, neurocuta-
neous syndromes, smooth muscle disorders, Down’s syndrome, thyroid disease and
following radiation [9, 41, 101, 112].

2.3.3 Diagnosis

(a) Clinical symptoms: Unlike in adults, children with Moyamoya disease more
often present with ischemic symptoms rather than cerebral hemorrhage [48, 52,
82, 113]. The onset of ischemic events can be triggered by hyperventilation in
the setting of fever, dehydration, crying or increased activity [52]. In turn,
hyperventilation may cause vasoconstriction, which can worsen cerebral per-
fusion [52]. Cortical ischemia can also secondarily cause epilepsy [52]. Pedi-
atric patients are more likely to have epilepsy than adult patients [28]. Chronic
ischemia can cause intellectual disability unrelated to, but often correlated with
a history of strokes [52]. Silent microbleeds are more common in the adult
moyamoya population and are a predictor of subsequent hemorrhagic stroke
[75]. Hypertrophy of the collateral vessels within the basal ganglia can also lead
to chorea as a presenting symptom [4]. Although extremely rare, children with
moyamoya may also have concurrent intracranial aneurysms, which in turn,
may cause mass effect or rupture [90].

Pediatric moyamoya can present with different radiographic findings that vary by
developmental stage [62]. Blood flow to the brain is related to metabolic demand,
which decreases with age and a reduction in neuronal mass [82]. Also, other
comorbidities in the adult population may also affect cerebral blood flow [82]. In
the pediatric moyamoya population, cerebral blood flow is decreased across
imaging modalities compared to normal controls [82]. In an acetazolamide or CO2
challenge, cerebrovascular reserve is also significantly lower in children with
moyamoya [82].

(b) Imaging: Cerebral angiography, due to its invasiveness, is used less liberally in
the management of pediatric moyamoya [134]. Less invasive imaging tech-
niques such as PET, single photon emission computed tomography (SPECT),
xenon-enhanced CT, dynamic perfusion CT, MR imaging with dynamic sus-
ceptibility contrast and with arterial spin labeling have a large role to play in the
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pediatric population [74]. At Stanford, patients also receive MRI perfusion
imaging with an acetazolamide (ACZ) challenge: Patients with Moyamoya
demonstrate an exhaustion of cerebrovascular reserve and therefore decreased
cerebral blood flow after ACZ administration [124]. Perfusion magnetic reso-
nance imaging is often favored for post-operative follow-up. More specifically,
regional time to peak and regional cerebral blood volume measurements can
help determine whether sufficient collateralization has occurred [134].

On EEG, children with moyamoya have characteristic high amplitude slow
waves as well as the “rebuild-up” phenomenon, which is the reappearance of these
waves a minute after hyperventilation [29]. These findings correlate with abnormal
perfusion and post-operatively is thought to predict worse clinical outcomes [29].

2.3.4 Treatment
In pediatric moya moya, there is a high risk for complications after surgery [88].
Given the small diameter of pediatric vessels, the most common surgical treatments
in children are forms indirect bypass, in which the STA is sutured to the dura,
arachnoid, or pia, or alternatively the temporalis muscle is placed on the surface of
the brain [30, 71]. Unlike in adults, some authors advocate for indirect procedures
as first line treatment [1]. Indirect methods depends on angiogenesis and the gradual
revascularization of vulnerable vascular territories, a process which appears to
normalize at 6 months after surgery [71]. In patients for whom initial surgical
treatment is ineffective (meaning, there are insufficient collaterals and the patient
continues to be symptomatic), repeat or a combination of revascularization pro-
cedures may be necessary [111]. One study found that encephaloduroarteriosy-
nangiosis (EDAS), in which the STA is sutured to an incised dural margin, allows
for greater clinical improvement in children who first present with seizures rather an
ischemic symptoms [30]. The authors suggest that children with ischemic symp-
toms may require even better perfusion than indirect methods allow in order to see
clinical benefit [30]. There is also some evidence that EDAS, by decreasing the
hemodynamic stress on collateral vessels, may indirectly allow for the disappear-
ance of associated aneurysms and decrease the risk of recurrent hemorrhage from
these aneurysms [90].

Other indirect procedures used in children include multiple burr holes, as well as
omental-cranial transposition, a technique which can be performed laparoscopi-
cally, and used when children have progressive disease despite previous surgical
interventions [108]. Children who have undergone omental-cranial transposition
show good collateralization on post-operative angiogram and improved perfusion
on MRI [108].

Though often limited to older children, those who are able to have a direct
bypass of the STA to MCA may have better growth of collaterals and clinical
outcomes compared to children who undergo EDAS [97]. Direct bypass may be
technically challenging in small children, but also has the advantage of an imme-
diate increase in blood flow [48]. Using a combination of direct and indirect or
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several indirect procedures can also allow for better revascularization as well as
clinical outcomes [38, 48, 70].

Following surgery, repeat imaging and angiography (usually at 12 months) are
recommended to assess perfusion and revascularization [76].

2.3.5 Prognosis
Of patients with moya moya, patients that are younger at symptom onset are more
likely to have worsening of their disease as well as repeated ischemic strokes [17,
41]. Those with younger symptom onset are especially prone to cognitive
impairments in memory and processing [57]. Even with seemingly normal intel-
lectual function, children with moyamoya can have varying levels of cognitive
impairments with put through rigorous neuropsychological testing [57]. Children,
overall, present with a more severe form of the disease that more often progresses
from unilateral to bilateral, though this may reflect some level of detection bias [52,
113]. Cerebral autoregulation may be even more impaired in pediatric patients than
in adults, making children at greater risk for perioperative ischemic events [80].

Pediatric patients can also have delayed involvement of the posterior circulation,
but show improvement of symptoms with indirect revascularization [81]. Children
can present with posterior circulation involvement at less advanced stages of
internal carotid artery disease than adults [56]. Those children with posterior cir-
culation involvement are more likely to present with a stroke [56]. Involvement of
the posterior circulation has been shown to be a risk factor for difficulty attending in
school and maintaining regular employment [42].

Even after direct revascularization procedures, children remain at risk for
ischemic stroke or hemorrhage with an incidence of approximately 0.41% per year
[43].

2.4 Aneurysms

2.4.1 Incidence
The incidence of aneurysms in the pediatric population is extremely low [33, 34].
Children comprise 0.5–4.6% of the patients with aneurysms, with <1% under the
15 years of age [34]. Pediatric aneurysms may have a male predominance [23, 58,
85]. In the youngest pediatric population, saccular aneurysms are more commonly
found in girls compared to fusiform or dissecting aneurysms, which were more
prevalent among boys [50]. Some studies have shown a higher proportion of
posterior circulation aneurysms in children compared to adults [18, 58]. Pediatric
aneurysms occur at the ICA terminus more often than their adult counterparts [58,
122]. Aneurysms in adolescents are primarily in the anterior circulation, with a high
prevalence of MCA aneurysms [18, 23, 50, 86]. Small aneurysms occur more often
in the anterior circulation [18]. Patients <1 yr-old have an average aneurysm size of
*1.8 cm [50]. Giant aneurysms are found in equal to greater proportions in chil-
dren than in adults, and more often found in the posterior circulation [50, 85, 123].
In children, saccular aneurysms are less common than giant aneurysms [118].
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Saccular aneurysms are more common in the anterior circulation whereas dissecting
aneurysms occur more often in the posterior circulation [78]. Children overall have
a lower rate of multiple aneurysms than adults (8.7%), with an average of 2.17
aneurysms per patient [18].

2.4.2 Etiology
In the pediatric population, aneurysms form as a result of predisposing congenital
conditions or environmental factors such as trauma or infection [33]. Aneurysms
are more likely to be associated with comorbid conditions compared to adults, who
develop aneurysms in conjunction with modifiable risk factors [18]. Aneurysms do
not manifest as commonly in the setting of familial syndromes, suggesting that
these develop later on in life [18].

Aneurysms have been associated with a number of genes, including
TNFRSF1A, PKD1, and COL3A1 [7, 18]. MAPKs are also elevated in aneurysms
[7]. Aneurysms have been associated with a number of genetic conditions such as
Marfan’s syndrome, Ehler-Danlos syndrome, Moyamoya disease, Kawasaki’s
disease, polycystic kidney disease, fibromuscular hyperplasia, pseudoxanthoma
elasticum, sickle cell disease, tuberous sclerosis, multiple scelerosis, and childhood
AIDs [5, 7, 37, 66, 85, 90, 106, 110]. Approximately 30% of children with
aneurysms also have comorbid conditions [122]. Children with sickle cell are at
particular risk for developing multiple intracranial aneurysms, and may do so in a
slightly different distribution than the average population [106, 117]. While
coarctation of the aorta had previously been associated with an increased risk of
intracranial aneurysms, one study found that aneurysms were not present in pedi-
atric patients with coarctation [36]. This suggests that early treatment can help
prevent later aneurysm formation [36]. Trauma can cause vessel dissection and
infection can weaken vessel wall integrity leading to mycotic aneurysms [50].

The pathophysiology of aneurysm formation in children, similar to adults, is
thought to be related to one of two etiologies: (1) hemodynamic and shear stress at
particularly vulnerable sites such as vessel bifurcations or (2) a weakening of the
vessel wall due to either congenital or environmental factors [18]. The contribution
of these factors leading to aneurysm formation may differ slightly between adults
and children [18]. Children without associated conditions are found, on
histopathologic analysis, to have inflammation within the vessel wall [18]. Further
histopathologic and genetic studies will provide further insights into the mechanism
of aneurysm formation in children [18].

2.4.3 Diagnosis

(a) Clinical symptoms: In children, 30% aneurysms present with symptoms asso-
ciated with mass effect on surrounding structures [33, 86]. Approximately 62%
of unruptured aneurysms are symptomatic [13]. Forty-six to 80% of pediatric
patients with aneurysms present with subarachnoid hemorrhage [18, 50, 58,
85]. Much like in adults, ruptured aneurysms and subarachnoid hemorrhage
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may cause sudden-onset headache, nausea, vomiting, inconsolable crying,
bulging fontanel, Parinaud’s sign, or seizures [33]. Children, on average, pre-
sent with better Hunt-Hess grades than their adult counterparts [58, 85, 86].
Patients presenting with hemorrhage are, on average, younger and have smaller
sized aneurysms [23]. Ruptured aneurysms occurred most commonly in the
anterior communicating artery [18]. Approximately 15% of children present
with non-specific symptoms, such as headache, without associated subarach-
noid hemorrhage [18].

(b) Imaging: Vessel imaging with CTA or MRA can be used to diagnose aneur-
ysms, though DSA remains the gold standard for visualization [33].

2.4.4 Treatment
Treatment options for pediatric aneurysms include surgical, endovascular, and
combined treatment approaches [64, 85]. Pediatric patients have a better therapeutic
outcome from aneurysm treatment than their adult counterparts [85]. The different
etiologies of aneurysm formation in children makes treatment stratification
important [78]. Due to a higher risk of recurrence, dissecting aneurysms with SAH
and without associated thrombosis require more aggressive management than those
with partial thrombosis [78]. In pediatric patients, aneurysms smaller than 7 mm in
the anterior circulation have been documented to rupture [122]. The presence of
nonsaccular aneurysms in very young children poses particular treatment challenges
[50]. One study found that microsurgical clipping led to higher obliteration rates
than endovascular treatment [118]. Initially surgical intervention had a particularly
high mortality rate in the pediatric population but has since improved to be com-
parable with adult rates [33]. One study reported in-hospital mortality rates of
6.09% compared to 1.65% after microsurgical clipping compared to endovascular
coiling, respectively [6]. There is no difference in post-procedure stroke or hem-
orrhage, though surgery has higher rates of infection and pulmonary complications
[6]. Hospital stays are generally shorter following endovascular treatment compared
to open surgery [13].

The majority of aneurysms treated microsurgically are in the anterior circulation
[122]. Surgical treatment includes aneurysm neck clipping and, for large complex
aneurysms with parent-artery occlusion, cerebral revascularization procedures [64,
123]. Microsurgical clipping has an obliteration rate of 94% with only one case of
aneurysm recurrence [119]. Data on long-term bypass patency and efficacy is also
encouraging, with 83% aneurysm obliteration and one case of aneurysm recurrence
[64]. Potential complications include ischemic stroke and graft occlusion.

Endovascular treatment is often favored in the majority of pediatric aneurysms,
in particular for basilar tip aneurysms [13, 78, 85]. This may also be related to
parental bias against surgery [119]. Posterior circulation aneurysms are particularly
difficult to treat in children, therefore many favor endovascular treatment [34, 122].
Aneurysms treated endovascularly are, on average, larger than those treated
microsurgically [122]. The most common endovascular procedures are coiling and
stent-assisted coiling [18]. Flow-diversion alone has also been reported [107, 126].
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Endovascular treatment leads an obliteration rate of 82% [119]. The durability of
endovascular treatment in the pediatric population is not well established and
long-term follow-up of these patients is necessary to better understand these out-
comes. Durability is especially important when considering the pediatric popula-
tion. Recurrence rates have been reported between 20–40% following endovascular
treatment, and 14–21% require re-treatment of the index aneurysm [13, 119]. De
novo aneurysms may also occur following treatment [119]. In addition, endovas-
cular treatment necessitates greater radiation exposure [122]. Despite differences in
physiology and anatomy, children tolerate endovascular procedures with a com-
plication rate lower than that of adults [87].

2.4.5 Prognosis
The majority of patients with ruptured and unruptured aneurysms have a favorable
clinical outcome [58]. Most do well after treatment with rates of 88% and 86% for
good clinical outcomes following microsurgery and endovascular treatment,
respectively [18]. Children need serial vessel imaging and long-term follow-up
[118]. They require close follow-up for aneurysm recurrence and de novo aneurysm
formation, and may require multimodal therapy throughout their lifetimes [64, 118].

The reported rates of vasospasm are much lower than in adults [18]. Children
often develop radiographic vasospasm without clinical signs or symptoms of
delayed cerebral ischemia, likely due to robust collateral blood flow [18, 102]. The
majority of children who developed vasospasm were male. Ruptured aneurysms in
the anterior circulation led to vasospasm more often than ruptured aneurysms
elsewhere [18]. Open fontanelle windows facilitate serial monitoring for vasospasm
using transcranial Doppler ultrasound, however the criteria used in adults may
overestimate vasospasm in children [102]. In the pediatric population, nimodipine
does not appear to eliminate vasospasm and is associated with significant
hypotension [55]. Treatment for vasospasm still generally includes nimodipine,
hypertension, and hypervolemia [18]. The majority of children had a good clinical
outcome after vasospasm, with clinical outcome correlating with clinical status on
initial presentation [18].

2.5 Other Vascular Lesions

2.5.1 Infantile Hemangioma
Infantile hemangiomas are benign vascular tumors that are characterized by a
“strawberry red” skin lesion [25]. The cutaneous portion of hemangiomas is often
only a small subset and extension into the neuroaxis, though rare, is contiguous
with the skin lesion [25]. They occur predominantly in females [25].

Hemangiomas undergo a proliferative phase within the first few weeks after
birth, followed by an involutive phase from a year onwards [25]. Medical therapy,
either with steroids or, in one report, propranolol, is effective for shrinking the
lesion [25].
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2.5.2 Vein for Galen Malformation
In the prenatal period, vein of Galen malformations will manifest as loss of brain
tissue or calcifications [25]. Later on, children can present as cognitive delay,
venous prominence, hydrocephalus, venous sinus stenosis or intracranial venous
hypertension [25]. In adults, hemorrhage or severe headache may be the presenting
symptoms, though this is extremely rare [25].

According to Raybaud et al., these malformations arise from an arteriovenous
fistula between the embryonic median prosencephalic vein of Markowski, a pre-
cursor to the vein of Galen, and feeding choroidal and/or quadrigeminal arteries
[116]. Vein of Galen malformations can be classified into mural and choroidal
subtypes. In the former, there is a direct arterio-venous connection whereas in the
latter multiple small arterial vessels form nidus-like connections with the vein,
similar to an AVM [25]. They have been associated with Ras1 mutations [49].

Prior to endovascular therapy, the prognosis for vein of Galen malformations
was overall poor, and open treatment for vein of Galen malformations had a high
morbidity (46.3%) and mortality (37.4%) [25]. In a 2006 series of 216 patients,
Pierre Lasjaunias reported a morbidity and mortality of 36% and 10.6%, respec-
tively, with endovascular transarterial embolization [79]. His group also established
a grading scheme to inform the timing of intervention: those without significant
organ system failure can have embolization deferred to 6 months, those with car-
diac failure but without significant brain damage should undergo urgent
embolization, and finally those with either multiple organ failure or evidence of
parenchymal brain loss should not undergo treatment [79]. The cutoff for treatment
has since become more inclusive than the original criteria described by Lasjuanias
et al. with elective treatment of asymptomatic patients occurring between 3–
5 months of age [25]. Even more favorable outcomes following embolization have
since been published in more recent series [25]. One challenge has been en-
dovascular access since these patients are so young at the time of treatment [25].

2.5.3 Dural Sinus Malformation
Dural sinus malformations, one subtype of dural AVMs, are the enlargement of one
of the dural venous sinuses, usually the torcular or superior sagittal sinus [25]. Sinus
enlargement can occur idiopathically, or as a result of either an arteriovenous fistula
or sinus thrombosis [25]. Arteriovenous fistulas form from dural feeders such the
middle meningeal or occipital arteries. Dural sinus malformations have been
reported in relation to Ras1 mutations [49]. They can have a clinical presentation
similar to that of vein of Galen malformations, though hemorrhage is much more
common [25].

Given the poor prognosis reported in the literature, parents often elect to ter-
minate these pregnancies [25]. However, the morbidity may be lower than actually
reported [25]. Favorable features include only unilateral sinus involvement away
from the torcula and superior sagittal sinus as well as the presence of bilateral
cavernous sinus drainage and absence of jugular bulb occlusion [12].
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