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Abstract
AIM—To review recent developments in the understanding, diagnosis, and treatment of Sturge–
Weber syndrome (SWS).

METHOD—Members of the Brain Vascular Malformation Consortium Sturge–Weber National
Workgroup contributed their expertise, to review the literature, and present promising directions
for research.

RESULTS—The increasing number of reports dealing with SWS over the last decade reflects
progress in the diagnosis and understanding of the neurological involvement. The proliferation of
centers and advocacy groups to care for patients with SWS and to stimulate research has aided the
development of new insights into the clinical manifestations and the pathophysiology of
neurological progression, and the development of novel hypotheses to direct future research.
Many key questions remain, but the tools and networks to answer them are being developed.

INTERPRETATION—This review summarizes important new knowledge and presents new
research directions that are likely to provide further insights, earlier diagnosis, improved
treatments, and possibly, prevention of this syndrome.

A new effort funded in the United States by the National Institutes of Health (NIH), the
National Institute of Neurological Disorders and Stroke, and the NIH Office of Rare
Diseases Research has been initiated to facilitate novel, coordinated research among centers
on the problem of Sturge–Weber syndrome (SWS). This initiative, the Brain Vascular
Malformation Consortium, assembles patients, advocates, and basic and clinical researchers
to establish a national database, develop new biomarkers, and identify the cause of SWS.
The etiology of SWS is unknown, and no true animal model exists. Early presymptomatic
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diagnosis is limited by the low sensitivity of neuroimaging in young infants and accurate
prognostication is constrained by the clinical variability of SWS. Treatment remains
controversial.

Recent research has provided new insights into the cause of SWS and has pointed to
promising directions for diagnosis and treatment. We review these new insights, describe the
novel approaches being developed, and outline research goals to improve the understanding,
diagnosis, and treatment of SWS.

ADVANCES AND QUESTIONS IN THE DEFINITION, NEUROLOGICAL
SYMPTOMS, AND PRESENTATION OF SWS

SWS (also known as encephalofacial angiomatosis) is a sporadic congenital condition
marked by capillary malformations of the skin (port-wine birthmark, also known as port-
wine stain/nevus) in the V1 distribution of the face (forehead and/or eyelid). This may occur
alone or in combination with the V2 and V3 distributions, by cerebral venous malformations
(leptomeningeal angiomatosis), and by glaucoma with ocular capillary venous vascular
malformations.1,2

Of all patients who present with a facial port-wine nevus, only 8 to 20% develop
neurological symptoms, so the presence of a port-wine nevus is not sufficient to diagnose
SWS.3,4 If the port-wine nevus includes the ophthalmic division of the trigeminal nerve,
particularly the eyelid, the likelihood of SWS increases.3 When there is a unilateral facial
nevus, the leptomeningeal angiomatosis tends to be ipsilateral. Conversely, rarely, a patient
will have radiological features of SWS but no facial involvement.5,6 These individuals may
be less likely to have occipital lobe brain involvement (and more likely to have only frontal/
parietal involvement). A bilateral port-wine nevus is associated with a higher risk of SWS
brain involvement.1 There are many questions about the spectrum of SWS, such as which
factors have the greatest prognostic value and how the spectrum correlates with etiology.

Occasionally, children with SWS also have extensive cutaneous capillary malformations,
limb hypertrophy, and vascular and lymphatic malformations that collectively are consistent
with Klippel–Trénaunay syndrome; these children have been classified as having Klippel–
Trénaunay–Weber syndrome. Whether there is truly an overlap between these two rare
syndromes or whether they are distinct entities is unknown.7-9

Epilepsy, cognitive impairment, disorders of behaviour, including attention deficit disorders,
headache, spastic hemiparesis, and visual field defects are common.10,11 Transient ischemic
attacks and strokes also occur.12 The tremendous variations in the extent of neurological
involvement and in the severity of symptoms present great challenges in caring for patients
with SWS and in counseling their families. The neurological features can vary in severity
and may evolve over time. Pascual-Castroviejo and colleagues noted in their series of 55
patients with SWS with long-term follow-up that the intracranial involvement frequently
progresses during early childhood but not later.13 The site and extent of brain involvement
influence the neurological manifestations. Leptomeningeal angiomatosis typically involves
the parietal and occipital lobes but may involve the entire hemisphere.14 Bilateral cerebral
involvement is uncommon.15-17 Experimental blood flow studies using the 133Xe single-
photon emission computed tomography (SPECT) technique have shown decreased flow in
the involved cerebral region, and one blood flow study showed that a seizure can cause a
significant reduction of flow in remote, uninvolved cerebral regions, in effect a vascular
steal phenomenon.1
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Epilepsy develops in 75 to 80% of average patients with SWS; up to 93% of those who have
bilateral cerebral involvement will develop epilepsy.15,18 A questionnaire survey of
participants in the Sturge-Weber Foundation (SWF) registry found that seizures manifest in
the first year of life in about 75% of those who develop epilepsy.19 Typical seizures are
partial (either simple or complex partial), but infantile spasms and myoclonic seizures may
occur.20-22 There is limited evidence that seizures in young children may occur in clusters
separated by seizure-free periods.23 Some reports suggest that early-onset seizures correlate
with more severe epilepsy, more cognitive impairment, and greater hemiparesis, but there is
little longitudinal evidence to support this contention.14,23 Prospectively gathered natural
history data are critical to advancing our knowledge of prognostic factors, developing
effective biomarkers, and guiding the development of new treatments.

Cognition may vary from normal to developmental delay and from mild learning disabilities
to severe intellectual disability. In another survey of patients with SWS from the SWF
registry, the need for special education varied widely, but increased greatly when epilepsy
was an associated diagnosis.10 Better treatments are needed in this area to improve long-
term outcomes. A major goal must be to diagnose brain involvement earlier and to
administer neuroprotective measures before irreversible brain damage can occur. Factors
associated with developmental delay include bilateral cerebral lesions, the extent of cerebral
atrophy, the presence of intractable epilepsy, and the presence of multiple types of epileptic
seizures. Bilateral cerebral involvement is associated with normal cognition in only 10% of
patients with SWS.15

Behavior problems also occur in patients with SWS. In a survey that compared patients with
SWS with their siblings, the patients had more problems in a range of behavioral domains,
including poorer social skills, more mood problems, and poorer compliance.24 Lower
cognitive function, epilepsy, and greater frequency of seizures are associated with more
psychological problems. In one case series, the presence of hemiparesis was associated with
poorer adaptive functioning.25 Therefore, hemiparesis in a child with SWS may signal the
need for neuropsychological assessment to guide treatment and educational needs.

Headaches in patients with SWS have been reported to occur commonly. The evidence
primarily comes from two patient surveys (including one from the SWF registry) as well as
isolated case reports.26,27 In the first study, 14% of the SWF registry responded to a mail
survey regarding the frequency and type of headache. Of the respondents, 28% reported
symptoms consistent with migraine, which is more frequent than the 17% of females and 5%
of males in the general population who have migraine.26 In a subsequent anonymous online
survey of individuals with SWS performed by SWF, 74 of 104 respondents reported
migraine headaches.28 In many older patients, migraines are more an impairment than
seizures; this issue deserves further study (see ‘Updates in the treatment of Sturge–Weber
syndrome’ below). Since selection bias is possible in self-reported surveys, the frequencies
of headache derived from these studies should be considered to be preliminary.

Based on the location of the leptomeningeal angiomatosis, one would not be surprised that
spastic hemiparesis and visual field defects occur in patients with SWS. What is noteworthy
is that no prevalence data for these two neurological complications have been reported to
date.

An intriguing and perplexing problem is the occurrence of stroke-like episodes marked by
transient hemiparesis or visual field deficits. These episodes may be difficult to distinguish
from postictal Todd’s paresis, as is illustrated by two recently reported cases.29 However,
the stroke-like episodes in SWS are frequently more prolonged than a postictal paresis and
may last days, weeks, or months, or become permanent. Several small case series suggest
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that SWS patients may have regional cerebral hypoperfusion where areas are at risk for
sustained ischemia. In one brain magnetic resonance imaging (MRI) study, apparent
diffusion coefficients were elevated in the white matter of 15 participants with SWS
compared with an unaffected comparison group.30 One single-patient case report described
concurrent transient hemiparesis and abnormal magnetic resonance brain diffusion in the
corresponding contralateral hemisphere.31 These stroke-like episodes are commonly
triggered by minor head injury in toddlers with SWS.32 No data address the prevalence of
these episodes, and estimates of their frequency vary widely. In one series, 119 stroke-like
episodes occurred in 20 children over 2 years; the episodes were less frequent in those
patients treated with aspirin.17 In another series of 55 patients, no participant reported
stroke-like episodes, but it was unclear whether they were questioned about this symptom.13

From our experience, patients or family members often do not understand the term ‘stroke-
like episode’ unless it is explained to them. This topic needs a functional, agreed-upon
definition of ‘a stroke-like episode’ if research to understand these episodes is to progress.

Endocrine disorders are a newly recognized aspect of SWS that deserves mention. Germain-
Lee and colleagues, in collaboration with SWF, determined that patients with SWS have a
greatly increased risk of growth hormone deficiency.33 In addition, Comi et al. reported the
occurrence of central hypothyroidism in patients with SWS, which may relate to
anticonvulsant use and is important to diagnose and treat.8 The exact nature of the
interaction between the SWS vascular malformation and endocrine disorders is not well
understood and should be the focus of future study.

DIAGNOSIS OF SWS BRAIN INVOLVEMENT
The diagnosis of SWS is straightforward in an individual with a port-wine nevus, glaucoma,
clinical evidence of cerebral involvement, and neuroimaging confirmation. Diagnosis is far
more difficult, however, in a neonate who has a facial port-wine birthmark and who is
neurologically asymptomatic. Computed tomography (CT) and contrast-enhanced brain
MRI may not detect abnormalities in a newborn infant. Scanning may need to be repeated at
ages 1 to 2 years in uncertain cases.34 Epileptic seizures may not appear until some time in
the first 3 years of life and occasionally even later.19 Several imaging approaches have been
reported, including the use of post-contrast fluid-attenuated inversion recovery (FLAIR) and
susceptibility-weighted imaging (SWI) MRI, but the reports were based on small numbers of
cases so that selectivity and sensitivity testing of these imaging methods has yet to be
performed.35,36 In older symptomatic children, the typical MRI findings include
leptomeningeal enhancement, dilated deep draining vessels (venous malformation), and a
glomus malformation (enlarged, enhancing choroid plexus). The ‘Neuroimaging and
pathogenesis’ section below presents more details.

NEUROIMAGING AND PATHOGENESIS
Neuroimaging, particularly MRI, is used extensively to establish the diagnosis of SWS and
to evaluate the extent and severity of intracranial involvement. Advanced structural and
functional neuroimaging techniques contribute valuable knowledge toward increasing
understanding about the pathophysiology of disease progression.

The conventional criterion standard for the radiological diagnosis of SWS is a T1-weighted
brain MRI with gadolinium contrast. This technique delineates the leptomeningeal angioma
and can demonstrate an enlarged choroid plexus and dilated transmedullary as well as
subependymal veins. SWI MRI is a recently developed, contrast-free MRI technique that is
superior to conventional gadolinium-enhanced MRI for showing fine details of deep
transmedullary and periventricular veins. Case reports suggest these dilated veins may occur
in children with SWS before conventional MRI shows definite structural changes.37,38 SWI
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detects with great sensitivity the calcified cortex in SWS (Fig. 1). Together, SWI scans and
T1-weighted, gadolinium-enhanced scans provide complementary information regarding
brain abnormalities in SWS. When possible, SWI should be incorporated into clinical brain
MRI protocols when scanning patients with suspected SWS.39 Perfusion-weighted imaging
generates maps of cerebral blood volume and blood flow that can show decreased perfusion
in areas with pial enhancement and, in some cases, in adjacent areas.40,41 In SWS the
hypoperfused parenchyma can correlate with motor deficits and disability scores.41 A recent
study also demonstrated that decreased perfusion in the affected hemisphere is associated
with frequent seizures, long duration of epilepsy, and brain atrophy.42 These preliminary
perfusion-weighted imaging results suggest that low perfusion areas are detrimental as they
could contribute to both seizures and neurological deficit in SWS. MR spectroscopy has
identified abnormal metabolism in regions that macroscopically appear normal. Recently, in
a cohort of 16 children with unilateral SWS, MR spectroscopy demonstrated abnormal
neuronal and cell membrane marker levels in frontal lobes that appeared normal on
conventional MRI.43 In those children, tissue concentrations of N-acetyl-aspartate and
choline were significantly decreased in the frontal lobes, spectroscopic changes that have
been associated with early-onset seizures and poor motor functions.43

Recent MRI studies have combined diffusion-weighted imaging and MRI volumetry to
show clinically significant subcortical abnormalities in patients with SWS. Increased
apparent diffusion coefficients in normal-appearing hemispheric white matter and the pons
suggest that subcortical abnormalities may contribute to neurocognitive deficits.30

Hemispheric white matter atrophy independently predicts cognitive dysfunction in children
with unilateral SWS.44 Thalamic diffusion abnormalities have been strongly correlated with
IQ measures.45 Diffusion tensor imaging can provide further information by allowing the
study of white matter tract integrity and enabling the detection of early changes in specific
cerebral pathways (such as the corticospinal tract) prior to the onset of neurological
symptoms.46 In one case, transient abnormal diffusion was identified concurrent with
repeated complex partial seizures.31 Such diffusion changes may indicate focal brain
ischemia and/or seizure-induced abnormalities, typically after prolonged or frequent
seizures; since seizure control may result in resolution of seizure-induced MRI
abnormalities, serial MRI is important to differentiate peri-ictal diffusion from permanent
brain ischemia. Positron emission tomography (PET) of brain glucose metabolism can track
the extent and severity of cortical dysfunction, which often extends beyond the structural
brain abnormalities detected by CT and MRI (Fig. 1).16,47 On longitudinal 18F-
deoxyglucose (FDG) PET studies in children with SWS, major metabolic progression
typically occurs before 4 years of age and is often related to severe seizures.48 Paradoxical
preservation of IQ was observed in children after an early, severe unilateral hemispheric
metabolic progression (Fig. 2A). This preservation suggested that early unilateral
progression, destroying one hemisphere during the early disease course, may prompt the
opposite hemisphere to take over critical cognitive functions.49 Whether such cognitive
preservations are long-lasting or are followed by a long-term decline in some cases (as
reported in at least one patient following early hemispherectomy) remains to be
determined.50 Increased cortical metabolism contralateral to severely hypometabolic cortex
may be an imaging marker of such reorganization (Fig. 2B).51 Multimodal imaging studies
(comparing MRI and PET images) show that, when structurally intact cortex shows mild
hypometabolism, cognitive function is often impaired. This observation raises the possibility
that mild cortical dysfunction does not prompt adequate reorganization in other brain
regions.47,49 If this is true, perhaps surgical elimination of hypometabolic epileptic cortex
may facilitate cognitive improvement even when seizures are not intractable and
incapacitating. Advanced multimodal imaging that quantifies abnormal brain structure and
function should assess young children with SWS. This multimodal imaging approach may
identify those young children who are at greater risk for major neurocognitive deterioration
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and, therefore, may be candidates for aggressive medical and surgical treatment. As an
illustration of this point, a recent study combining diffusion MRI with FDG PET in 20
children with unilateral SWS examined thalamic glucose metabolism.45 When compared
with unaffected controls and when correlated with the degree of cortical hypometabolism,
children with SWS had significantly higher thalamic glucose metabolic and diffusion
asymmetry. The thalamic metabolic asymmetries correlated positively with the degree of
cortical hypometabolism, and were strong, independent predictors of poorer cognitive
function.

In summary, newer MRI sequences such as SWI have demonstrated more of the structural
abnormalities present in patients with SWS and hold promise for increasing our ability to
make the early diagnosis of brain involvement in some patients. SWI, along with contrast-
enhanced conventional MRI sequences, is strongly recommended for the initial evaluation
of infants with suspected SWS. Both diffusion and perfusion MRI are now also available in
most centers and can be helpful to assess the extent of brain involvement. Functional
neuroimaging with FDG PET should have an increasing role in presurgical planning and
prognosis. In addition, it is likely that novel forms of functional neuroimaging will provide
us with new insights into the evolution and progression of neurological impairments and
perhaps aid selection of optimal treatment for a given patient.

UPDATES IN THE TREATMENT OF SWS
The treatment of SWS brain involvement largely aims at the control of the seizures,
headaches and stroke-like episodes. Most treatment outcome data come from surveys, a few
small clinical trials, and case series. Important treatment controversies exist, perhaps the
most difficult one being the timing of and indications for epilepsy surgery. Given the rarity
of SWS, multicentered collaboration will be needed to answer the many important treatment
questions.

Glaucoma can present in the newborn infant, so it is important to evaluate neonates for
glaucoma and to monitor infants closely for increased intraocular pressure. Topiramate
should be used with caution as it can cause acute bilateral closed angle glaucoma.52 This
side effect of topiramate is rarely seen in children so it is not an absolute contraindication to
use in children, but other anticonvulsants may be better choices.

Stroke-like episodes in children with SWS are common. These episodes are marked by
transient neurological deficits that frequently last from several days to weeks. The episodes
may occur in the context of a cluster of seizures, may precede a migraine or onset of
seizures, or less frequently may occur without apparent seizures or headache. When stroke-
like episodes occur after a seizure, they can be distinguished from a Todd paresis by their
persistence beyond 24 hours after the seizure. Case reports and clinical experience indicate
that stroke-like episodes are commonly triggered by minor head injury in toddlers and young
children with SWS.32 Evaluation for suspected episodes includes imaging to exclude brain
hemorrhage, which is exceedingly rare, and electroencephalogram (EEG), which may
demonstrate ictal activity or slowing. Neuropsychological screening before and after an
episode may be used to determine whether the patient fully regains all cognitive and
functional skills. Imaging studies during stroke-like episodes may demonstrate a diffusion
abnormality without large vessel thrombosis on cerebral angiography.31 Such a finding
suggests that the basis of these stroke-like episodes is microvascular stasis.

Whether the prevention of stroke-like episodes improves outcome is unknown. A few
studies have examined the use of low-dose aspirin as prophylaxis. Maria et al. reported a
cohort in which low-dose aspirin decreased stroke-like episodes.53 Udani et al. reported six
children whose seizures greatly decreased after starting low-dose aspirin; one patient’s
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seizures resurged when the aspirin was temporarily stopped and were effectively suppressed
when the aspirin was resumed.54 Aspirin does present risks, as illustrated by a single case of
a subgaleal hemorrhage after mild head trauma in a child with SWS on low-dose aspirin.55

What is unanswered by these limited reports is whether low-dose aspirin improves long-
term cognitive function and overall quality of life. A hypothetical question is whether it is
better to allow the stroke-like episodes to occur at an early age in the hopes that they will
‘burn out’ and then allow plasticity to compensate for any potential ischemic change.
Therefore, data on the long-term impact and risks of low-dose aspirin are needed. In
addition, there are other approaches to the prevention of stroke-like episodes that have a
rational basis but have not been rigorously studied, including providing an annual flu
vaccination, excellent hydration during illness, and treatment of fevers.

Migraines often start at an early age in SWS and may precede or follow seizures. A survey
of patients with SWS with migraine showed that a subset were safely and effectively treated
with triptans.28 The same survey indicated that prophylactic medications are probably
underutilized in these patients. Medications such as topiramate, valproic acid, and
gabapentin should be considered for migraine prophylaxis in these patients since these
medications can effectively prevent seizures and migraines. Equally important is educating
the patient about the importance of sufficient, regular sleep, meals, hydration, and exercise
in the prevention and control of migraines.

Epilepsy is a frequent complication of SWS. While the control of seizures in some patients
may be straightforward, others will have frequent or prolonged seizures. SPECT studies and
clinical experience strongly suggest that prolonged seizures in patients with SWS can
increase or decrease cerebral perfusion, which may increase the risk of stroke and further
brain injury.56 There is some evidence that seizures lead to neurocognitive deterioration
over time. Pascual-Castroviejo et al. reported that in 55 participants with SWS followed over
40 years neurocognitive deterioration occurred over time. They noted that levetiracetam
provided the best seizure control of the anticonvulsants they tried in this group.13 A
comparison of presymptomatic treatment of infants with SWS with phenobarbital with those
who were treated after presenting with seizures suggested a better cognitive outcome in the
presymptomatically treated group; however, this group had less severe brain involvement
and age at seizure onset in the two groups was not mentioned.57 Given this limited evidence,
some have advocated aggressive seizure control in the hope of preventing progressive
neurological deterioration and improving outcome.58 Aggressive control includes initiation
of a chronic antiepileptic drug after the first seizure, adjusting the medication dose in infants
and young children every few months for weight gain, and medications to abort acute
seizures. Aggressive treatment should be pursued early in infants and young children with
SWS in whom the risk of neurocognitive deterioration is greatest. If seizures are not
controlled with two or three major antiepileptic drugs used at their effective maximum dose
then other treatments should be promptly pursued.

The Atkins diet variation of the ketogenic diet was recently reported to be safe and effective
in reducing seizure frequency in five children with SWS who had medically refractory
seizures occurring at least monthly.59

The surgical management of medically intractable epilepsy in SWS has been examined in a
small number of reports. Surgery for SWS, particularly hemispherectomy, has been
performed for the control of medically intractable seizures in unilateral brain involvement.60

Two recent series have demonstrated convincingly that hemispherectomy is more effective
in achieving long-term seizure control than focal surgery.61,62 Hemispherectomy, however,
results in significant hemiparesis with a hemiparetic gait, little use of the affected hand, and
a homonymous hemianopsia. The decision to proceed with hemispherectomy is considerably
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easier when these deficits are already present and permanent. Therefore, in patients with
more focal brain involvement and medically uncontrolled seizures, focal resections should
be considered first because of the more limited postoperative morbidity. There is universal
agreement that epilepsy surgery is indicated for medically refractory seizures, but the ideal
timing can be difficult to establish. Epilepsy surgery in the first months of life must be
pursued with caution. An infant may have undiagnosed bilateral brain SWS malformations
and in that case should not have surgery. Other patients may experience clusters of seizures
separated by many months or years of seizure freedom so that the determination of
intractability may require extended observation.23 Nevertheless, a patient with SWS who
has epilepsy refractory to at least two seizure medications should be considered for surgery.

Proponents of early surgery argue that early intervention will prevent brain injury and
improve outcome, but the evidence is controversial.62,63 Hoffman et al. in 1979 and
Ogunmekan et al. in 1989 reported two small series with very promising outcomes.64,65 The
latter reported 10 children who underwent hemispherectomy between 1975 and 1987 for
medically refractory seizures, extensive hemispheric involvement, and progressive
hemiparesis. In eight children who had surgery before 13 months of age, IQ 3 to 12 years
later ranged from 88 to 99. They reported that when the surgery was performed early the
hemiparesis resolved ‘almost completely’. The two children who had hemispherectomies at
ages 8 and 9 years were already severely impaired. Their IQs were 55 and 40 at follow-up;
whether this reflected further post-surgical decline was not clear. Shunts were required in
three of the eight children who underwent early hemispherectomy. Bourgeois et al. reported
a retrospective post-surgical follow-up cohort of 27 children with SWS who were evaluated
at between 9 and 17 years 3 months after surgery. Of these, eight had hemispherectomies:
three were functional and five were anatomic. The authors concluded that the age when
surgery was performed was an important predictor of developmental outcome. Patients who
had improved developmental function had had surgery at a mean age of 4 years 5 months
(SD 4y 9mo) while those who did not improve had surgery at mean age of 9 years 8 months
(SD 4ymo). The limitation with this observation was that four of the patients who ‘did not
improve’ had normal development at their last follow-up. If one excludes these four patients
then the mean age of those who did not improve was 6 years 3 months and not significantly
different from that of those who did improve. If one examines in detail the outcomes of the
four cases who had surgery before age 1 year (three hemispherectomies and one partial
resection for temporo-parieto-occipital SWS malformation), one had severe developmental
delay, two had moderate developmental delay and one had mild developmental delays
(based on DQ or IQ) at follow-up, which contrasts with the report of Ogunmekan. In the
series of Pascual-Castroviejo et al., early surgery reportedly controlled seizures in two
patients, but ‘other neurological problems such as hemiparesis and intellectual deficits
showed a less satisfactory response’; these were not characterized further.13 Therefore, the
reported outcomes of epilepsy surgery have varied. This is an area where further careful
study is needed, particularly since the surgical intervention has evolved. Functional
hemispherectomies have replaced anatomic hemispherectomies since they are less likely to
require postoperative shunts. A multicenter collaborative study is needed to compare
outcomes between early surgery and aggressive medical management. The information
gained regarding the optimal timing of epilepsy surgery, patient selection, and optimal
medical management will have a major impact upon the treatment of these difficult cases.

In summary, there has been progress in the treatment of the SWS comorbidities of
glaucoma, stroke-like episodes, migraine, and epilepsy. There is an urgent need for studies
that compare the outcomes of contemporary hemispherectomies with the older anatomic
hemispherectomies, and a critical comparison between surgery and aggressive management
with the newer anticonvulsants and low-dose aspirin. Three important goals for the future
are to: (1) improve education and outreach so the diagnosis of SWS brain involvement is
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considered at birth in every infant with a facial port-wine birthmark in the V1 distribution;
(2) refine presymptomatic screening for brain involvement in young infants suspected to
have SWS; and (3) develop better neuroprotective strategies to improve outcome. A small
number of studies to date suggest that if treatment can delay the onset of symptoms then this
may be enough to improve long-term outcome.1,23 In the future, a better understanding of
the pathogenesis of SWS will probably provide new avenues for preventative or
neuroprotective treatment.

PATHOGENESIS OF SWS
The somatic mutation model

SWS is a sporadically occurring condition and is noted with equal frequency in males and
females.66 The localized abnormalities of blood vessel development and function already
described suggest that a disruption of normal development may occur during the first
trimester of pregnancy. The abnormal blood vessels are usually localized to a single region
on one side of the body. This localization pattern suggests the intriguing hypothesis that
somatic mosaicism plays a key role in the pathogenesis of SWS. Somatic mosaicism could
explain the genetic basis of several syndromes characterized by the following
characteristics: (almost always) sporadic occurrence, distribution of lesions in a scattered or
asymmetrical pattern (often not crossing the midline), variable extent of involvement, lack
of diffuse involvement of entire organs, and equal sex ratio.67 Intriguingly, the clinical
involvement of both the skin and nervous system in SWS has many of these features.

Somatic mosaicism (somatic mutation) is extremely common, occurring in several diseases
including leukemias and other cancers as well as immune deficiencies, and occurring in
other neurocutaneous disorders with mosaic phenotypes.68-70 Rudolf Happle first proposed
the hypothesis that mutations that form autosomal lethal genes could survive in a mosaic
state. Briefly, for a normal individual, most cells in the body are likely to harbor at least one
somatic mutation, and every gene is likely to undergo somatic mutation repeatedly.71

Happle later refined his hypothesis to include the possibility of rare familial clustering of a
trait in which a lethal (recessive) mutation could be maintained in the heterozygous state
through mosaicism. During embryonic development of individuals carrying such a mutation,
loss of the wild-type allele owing to various chromosomal events (e.g. nondisjunction
leading to chromosome loss, mitotic cross-over, or deletion) could eventually lose the wild-
type allele (loss of heterozygosity) and unmask the mutant allele with the resulting
phenotypic changes. This latter refinement of Happle’s hypothesis was termed
‘paradominant inheritance’.72 Paradominant inheritance is conceptually similar to
Knudson’s two-hit mutation theory that explains the basis of inherited retinoblastoma
because of an inactivated tumor suppressor gene.73 The difference between Happle’s
paradominant inheritance and Knudson’s two-hit mutation theory is that paradominant
inheritance applies to somatic mutations occurring early in development that predispose to
congenital mutations, whereas the two-hit mutation theory applies to mutations in tumor
suppressor genes that occur later in life and predispose to tumorigenesis.

Whether a lethal recessive mutation segregates in families and is uncovered by somatic loss
of heterozygosity or whether a somatic point mutation occurs de novo during development,
a SWS gene is likely to be essential for survival because of its critical importance for
developmental angiogenesis. The effects of a mutant allele are incompatible with normal
development from conception. This fact would preclude germline transmission of the SWS
mutation. Although chromosomal abnormalities have been associated with SWS, no
consistent genomic aberration points to the existence or location of an underlying germline
mutation.74,75
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A report of typical bilateral SWS occurring in only one member of monozygotic twins
supports the notion that a genetic basis for SWS is likely to be due to a somatic rather than
germline mutation.76 Consistent with this observation, a study by Huq et al. provided
evidence for a possible somatic mutation in affected tissues, but the putative mutation was
not identified.77

Somatic mosaicism in SWS?
In the somatic mosaicism scenario, the extent of the SWS phenotype would depend on when
the somatic mutation occurred during development. A somatic mutation might occur in a
cell derived from the primordial vascular plexus. During the first trimester the primitive
vascular plexus invades the adjacent fetal brain, skin, and eye in this region; a somatic
mutation would prevent the normal maturation of these vessels. The exact moment in
development when the SWS mutation occurs could determine the extent of involvement of
the nervous and vascular systems. For example, at 4 to 5 weeks of gestation, the visual
cortex is juxtaposed to the optic vesicle and the upper part of the embryonic face. If an SWS
gene controls or modulates early angiogenesis, angiogenesis biomarkers might correlate
with disease severity. If so, such biomarkers might assist the early diagnosis of SWS in
young infants with developing port-wine birthmarks.

The search for an underlying somatic mutation in SWS
The nature of one or more genes that could mutate to cause SWS is speculative. One
candidate category is the genes involved in vascular innervation. This notion is based on the
observation of Smoller and Rosen that port-wine stains have a significantly lower density of
nerves associated with the aberrant blood vessels.78 This observation, which has been
validated by others, suggests the hypothesis that defective innervation that impairs
modulation of vascular flow is the primary cause of the port-wine stain.79,80 The extent of
the vascular anomalies may depend on when during development this defective innervation
begins so that early developmental events predispose to some of the neurological problems
associated with SWS. Two candidate pathways come to mind that could produce defective
vascular innervation; both pathways have connections to axonal guidance and vascular
growth. The semaphorins/neuropilin ligand receptor family and the ephrin/ephrin receptor
family are both implicated in axonal guidance and angiogenesis. The many genes involved
in these complex signaling networks would make compelling candidates for the search for
somatic mutations in SWS. Unfortunately, the list of potential candidate genes is too large to
test the hypothesis by re-sequencing using conventional molecular genetics technology.
Adding to these two potential candidate families are an equally large list of other candidate
genes arising from other compelling hypotheses (reviewed in Comi) and the inability to test
these hypotheses is evident.79 When the signposts point to nearly everything, the correct
road to success is obscured.

Over 20 years have passed since Happle first proposed his somatic mosaic hypothesis for the
cause of SWS. This hypothesis has been validated for multiple neurocutaneous syndromes,
such as tuberous sclerosis (MIM #191100) and neurofibromatosis (MIM #162200), in which
the causative genes have been identified. Those syndromes for which causative genes have
been identified share one common characteristic – a much higher frequency of familial
segregation that in most cases follows a traditional Mendelian pattern of inheritance. Within
the affected families, genetic linkage analysis first identified the approximate genomic
position of the causative gene, which effectively reduced the ‘genome space’ needed to
search for the gene location. Furthermore, a causative germline mutation that is present in all
tissues is easier to identify than a somatic mutation, which might be present only in a
particular type of cell in affected tissue, and then possibly only in a fraction of the cells.81 In
stark contrast, the identity of the SWS gene has remained elusive. Even with rare examples
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of more than one affected individual in a family, SWS does not exhibit clear Mendelian
segregation, thus precluding the genetic linkage shortcut to gene identification mentioned
above.

One recently developed set of tools that should enable a genome-wide, unbiased survey for
somatic mutations in affected SWS tissues is the high-throughput, genome-wide
technologies for DNA sequencing and genotyping. The comparison of normal and affected
tissue from individuals with SWS could enable the identification of somatic point mutations
in a critical gene or uncover regions of loss of heterozygosity that unmask the effects of a
recessive-lethal mutation. These genome-wide studies are in progress. The identification of
the elusive SWS gene will shed new light on the pathogenic pathways involved and will
provide new clues to direct research into the prevention and treatment of the disorder.

BIOMARKERS IN SWS: GOALS, DEVELOPMENT, AND FUTURE
DIRECTIONS

The development of safe, accurate and minimally invasive biomarkers and tools to monitor
clinical status in individuals with SWS has the potential to provide better informed clinical
management. Such biomarkers might also provide the opportunity to monitor therapeutic
efficacy over time and to distinguish between progressive and stable vascular lesions.
Biomarker development is an important goal because of the current difficulties in making an
early diagnosis of SWS brain involvement and because of the tremendous variability in
clinical progression and symptoms that hinders attempts at prognostication and treatment.
The availability of reliable biomarkers is a critical step toward the pursuit of clinical trials.
The biomarkers discussed below are not yet recommended as standard clinical tests for the
diagnosis of evaluation of SWS, but all show promise in this area and are under active
development.

Quantitative EEG
A valid, reliable biomarker of neurological function in SWS is essential because of two
aspects of the natural history. First, infants who have a facial port-wine birthmark at birth
have an unpredictable extent of neurological involvement. Second, children who have
established SWS brain involvement can have widely variable neurological symptoms that
wax and wane. It will be enormously helpful to be able to determine which infants with a
port-wine stain have SWS (in order to institute prophylactic therapies) and which infants do
not (to reassure parents). MRI and CT can define the severity and extent of brain lesions in
older children with SWS, but these imaging tools can be falsely negative at birth (see the
‘Neuroimaging and pathogenesis’ section above).2 The repeated use of these imaging tools
is constrained in young infants because of the potential for side effects from radiation
exposure and intravenous contrast, and the risks that surround sedation.

EEG offers a non-invasive method to assess brain function that can be repeated safely and as
often as necessary. Abnormalities of the EEG, specifically decreased voltage amplitudes
over an affected hemisphere, were first described in the 1970s.82 The sensitivity and
specificity of the clinical EEG is limited because physicians’ interpretations are based upon
a qualitative interpretation of the tracing and can vary widely, particularly with a rare entity
such as SWS.83 The EEG can be quantified to reduce this variability in interpretation.
Mathematical signal processing of the EEG has been used for years in assessing brain
ischemia.84 In preliminary studies, quantitative EEG (qEEG) methods were used that
originally were developed for the monitoring of carotid endarterectomy85 to evaluate
patients with SWS. This study was able to show that qEEG correlated with clinical symptom
scores and MRI angioma/atrophy severity scores.86 Eight infants with port-wine birthmark
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were examined with qEEG: four had SWS brain involvement (a positive MRI with or
without neurological symptoms) and four did not (at least one negative MRI and clinically
asymptomatic at least to age 2 years). A qEEG threshold was then developed that
discriminated between the two groups, and then validated in a second cohort of nine infants
(four with neurological involvement and five without). The qEEG threshold correctly
identified 100% of the infants with SWS.87 A limitation of these studies is that only three
infants with SWS in both cohorts total were asymptomatic at the time of testing but later
developed symptoms. Current studies are investigating additional children to establish the
sensitivity and specificity of this technique.

Since individuals with known SWS may have acute or sub-acute decreases in neurological
function due to worsening seizures, stroke-like episodes or migraines, it is also helpful to
have a tool that can predict neurological deterioration to enable the selection of epileptic
seizure treatments, cerebral ischemia prophylaxis such as aspirin, and other future
treatments. Ongoing studies with qEEG are also investigating whether this tool can aid in
prognostication and selection of treatment regimens.

Transcranial Doppler
Transcranial Doppler ultrasound (TCD) is a non-invasive vascular blood flow measuring
technique clinically utilized as a screening tool for determining which children with sickle
cell disease are at highest risk of stroke.88,89 Studies are ongoing to determine whether TCD
will prove to be similarly useful for SWS. While TCD may not be suitable for identifying
neurological involvement, it can measure cerebral flow velocity non-invasively and without
the use of radionuclides. In one study, TCD was combined with video/digital EEG to
measure inter-ictal and ictal middle cerebral artery velocity (MCAV) in a small cohort of
patients with SWS with epilepsy.90 MCAV was lower in the more severely affected
hemisphere compared with the contralateral side. During seizures, MCAV increased in the
affected hemisphere, but flow in the contralateral hemisphere increased four-to six-fold in
comparison. Eight children with SWS were studied with TCD in a small pilot study.91 On
the side affected by venous angioma, they had decreased arterial flow velocity and increased
pulsatility index in the middle and posterior cerebral arteries; these measurements suggested
a high resistance pattern of blood flow.91 Since the pulsatility index measures the resistance
to blood flow within a vessel, the higher the pulsatility index, the higher the downstream
resistance to flow in the blood vessels.92 One possibility is that this TCD pattern may reflect
venous stasis within the venous angioma, which may contribute to chronic hypoperfusion of
brain tissue. Alternatively, this TCD blood flow pattern could mean the presence of
decreased arterial perfusion secondary to cortical vessel hypoplasia resulting from cortical
atrophy on the involved side. The occurrence of this TCD pattern in young children with
SWS brain involvement before the onset of symptoms or developmental issues gives
credence to the venous stasis hypothesis. In addition, descriptions of cerebral angiography in
children with SWS has revealed thrombosis and obstruction of cerebral veins as well as a
relative lack of superficial cortical veins.93 Furthermore, magnetic resonance perfusion-
weighted imaging in children with SWS has suggested that impaired venous drainage
contributes to the cerebral hypoperfusion.42 Comparing TCD data from children with SWS
to measurements made in healthy children suggests that children with SWS have a
significantly more asymmetric blood flow.91,94,95

Therefore, in children with SWS, TCD may provide a non-invasive tool to determine the
severity of blood flow abnormalities at baseline and monitor progressive changes over time.
Additional studies need to be carried out to ascertain test–retest reliability of TCD, to
determine the precise TCD measures that correlate with functional outcome, and to
determine whether changes in asymmetry in TCD velocities over time correlate with
alterations in neurological status. It would be also useful to correlate TCD measurements
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with perfusion imaging, SPECT imaging, and PET imaging results; this would enable us to
determine how the TCD measurements relate to these other functional imaging modalities in
SWS. In summary, TCD abnormalities have been measured in SWS, and TCD could be
developed as a biomarker and future clinical tool reflecting impaired cerebral blood flow
and stroke risk.

Urine angiogenesis factors
The development of vascular biomarkers has been reported by Marler and et al. who
undertook the non-invasive profiling of vascularization in patients with a variety of vascular
disorders including infantile hemangioma, lymphatic and capillary-lymphaticovenous
malformations, extensive and unremitting capillary malformations and arteriovenous
malformations, and other vascular neoplasms.96 These authors demonstrated that matrix
metalloproteinases are elevated in the urine of children with these vascular anomalies and
that increases in the levels of these urinary matrix metalloproteinases parallels the extent and
activity of the vascular anomalies.96 Comi and Moses are currently pursuing a similar
approach to validate the use of urine vascular biomarkers in patients with SWS. The
continued identification and validation of biomarkers for SWS will be an important
complement to current and future therapeutic approaches for the treatment of this disease.96

THE ROLE OF ADVOCACY GROUPS AND PARENT ORGANIZATIONS
SWF was founded in 1987 during an emergence of patient advocacy groups for rare
diseases. Patient advocacy organizations improve patient care and access to care, increase
the pace of discovery by encouraging collaboration, mold public policy, and serve as patient
advocates for better health insurance and reimbursement. SWF has become an effective
advocate for global awareness and serves to guide strategic research investigations. Since
1987, SWF’s toll-free telephone line, compassionate staff, website, and international
conferences have given patients the resources to feel connected and no longer alone in
dealing with their condition. The Internet provides patients even faster access to SWS
education and the ability to network with other patients internationally through online
discussion forums. The use of diverse social media enables people to access news
conveniently on the latest education, advocacy efforts, and research advances.

SWF acts as a liaison with the researchers at the NIH, private institutions, and the US Food
and Drug Administration (FDA) in order to increase the pace of discovery. Networking with
umbrella organizations expands their ability to assist patients and healthcare providers. For
instance, the Coalition of Skin Diseases (CSD), a group of 19 skin disease advocacy groups
of which SWF is a member, awarded in excess of $16.5 million dollars in research funding
in a 15-year period. It will be beneficial to collaborate with these umbrella organizations as
funding for research becomes scarcer. SWF has a strategic research plan and has been
partnering with scientists worldwide to support their investigations. For example, SWF’s
research seed grants have investigated the impact on quality of life, growth hormone
abnormalities, angiogenesis, and other comorbidities in SWS. SWF is also funding research
involving animal models and investigating the use of drugs clinically approved for other
disorders.

Another model many rare disease groups are adopting is the establishment of Centers of
Excellence around the US and abroad. The SWF currently refers patients to and works with
11 SWF Centers around the country. This local and regional access to care makes it
emotionally and financially easier for patients to find knowledgeable healthcare providers
and to participate in scientific research studies. Currently SWF is collaborating with the
Beckman Laser Institute to conduct an FDA-approved investigational new drug study on the
use of combined pulsed dye laser and oral sirolimus to treat port-wine stain birthmarks. The
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involvement of SWF has also significantly aided investigators’ efforts to obtain a grant from
the NIH’s Rare Diseases Clinical Research Network (RDCRN) in order to investigate the
somatic mutation hypothesis, develop urine biomarkers, and establish a de-identified online
patient registry. SWF had a key role in generating a ‘first-generation’ patient registry which
has served as a foundation for a second-generation registry (http://
rarediseasesnetwork.epi.usf.edu/BVMC/index.htm), funded by the NIH. Looking to the
future, SWF is updating its strategic research plan and is fostering SWS awareness with
biotechnology companies who have potential drug candidates for therapeutic intervention.
As SWF expands its collaborative clinical and scientific research endeavours, it is expected
that new discoveries will continue to emerge in SWS.

Ultimately, the patients and their families are flourishing in spite of a rare disease that can be
devastating, frustrating, and isolating, in part because the SWF is a community of hope.
Other advocacy groups that serve this population include the Vascular Birthmark
Foundation, the Sturge–Weber Syndrome Community and Birthmarks.com in the USA, and
SWF United Kingdom, SWF Germany, and SWF Canada. However, more can and should
be done. With patient participation and more scientific investigations and collaboration,
patients with SWS can look forward to a brighter future with new discoveries and
therapeutic options.

Conclusion
Momentum is gathering for significant research advances that will answer longstanding
fundamental questions such as What causes SWS? What is the optimal way to screen for and
diagnose presymptomatic brain involvement? How do we develop information to guide
treatment? What is the best way to monitor response to treatment? How do we improve
outcome and patient quality of life? These challenging questions require the kind of
multidisciplinary and multicentered efforts that are now possible and that promise to provide
future breakthroughs in the management of patients with SWS.
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ABBREVIATIONS

FDA Food and Drug Administration

MCAV Middle cerebral artery velocity

NIH National Institutes of Health

PET Positron emission tomography

qEEG Quantitative electroencaphalogram

SPECT Single-photon emission computed tomography

SWF The Sturge-Weber Foundation

SWI Susceptibility-weighted imaging

SWS Sturge–Weber syndrome

TCD Transcranial Doppler ultrasound
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What this paper adds

• Assembles a comprehensive range of experts to present a novel view of this
complex problem.

• Describes biomarkers being developed to characterize SWS brain involvement.

• Summarizes the latest treatment and comorbidity studies in patients with SWS.
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Figure 1.
Co-registered susceptibility weighted imaging (SWI) and 2-deoxy-2[18F]fluoro-D-glucose
positron emission tomography (FDG-PET) in a child with Sturge–Weber syndrome and left
hemispheric involvement. Native SWI shows calcified areas in the left occipital and
posterior temporal cortex. Hypometabolism on PET extends into the anterior temporal
cortex.
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Figure 2.
2-deoxy-2[18F]fluoro-D-glucose positron emission tomography (FDG PET)) images of two
children with Sturge–Weber syndrome (SWS) and unilateral brain involvement. (a) Severe,
extensive hypometabolism in the left hemisphere occurred before 3 years of age; this child
had relatively well-preserved cognitive functions (full scale IQ 79, with good verbal skills),
suggesting effective reorganization; his seizures became controlled with medication. (b)
Increased glucose metabolism (arrows) in the left occipital lobe of a 4-year old child with
SWS and severe right occipital damage.
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