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Abstract

Sturge-Weber syndrome (SWS) is a rare, non-inherited neurovascular disorder characterized by
abnormal vasculature in the brain, skin, and eye. Patients with SWS characteristically have

facial capillary malformation, also known as port-wine birthmark, a leptomeningeal vascular
malformation seen on contrast-enhanced MRI images, abnormal blood vessels in the eye, and
glaucoma. Patients with SWS have impaired perfusion to the brain, and are at high risk of venous
stroke and stroke-like episodes, seizures, and both motor and cognitive difficulties. While the
activating R183Q GNAQ somatic mutation is the most common somatic mutation underlying
SWS, recent research also implicates that GNA11 and GNBZsomatic mutations are related to
SWS. Recent retrospective studies suggest the use of low dose aspirin and vitamin D in treatment
for SWS, and prospective drug trials have supported the usefulness of cannabidiol and Sirolimus.
Presymptomatic treatment with low-dose aspirin and anti-epileptic drugs shows promising results
in delaying seizure onset in some patients. This review focuses on the latest progress in the field of
research for Sturge-Weber syndrome and highlights directions for future research.
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Sturge-Weber syndrome is known to be caused by somatic mosaic mutation during fetal
development. An R183Q GNAQ mutation is most common, and result in a congenital
leptomeningeal vascular malformation and cortial dysgenesis. These abnormalities result in
venous hypertension, impaired blood flow, seizures and stroke. In time, these pathologic
processes produce brain atrophy, calcification, and can epileptogenesis, and can lead to cognitive
impairment, motor impairment, and visual deficits.

Introduction

Sturge-Weber syndrome (SWS) is a neurocutaneous disorder involving atypical formation
and function of blood vessels in the skin, eye, and brain. SWS is usually associated with

a facial capillary malformation (port-wine birthmark) on the upper face, leptomeningeal
vascular malformation in the brain visible on contrast-enhanced MRI studies, and glaucoma
(1). The neurological manifestations include strokes and stroke-like episodes (SLE),
acquired hemiparesis, cerebral atrophy and calcifications, seizures, visual field deficits,

and intellectual disorders (2). Patients with a facial port-wine birthmark also are at high

risk for developing glaucoma (3, 4). As SWS is a multi-system disorder, with endocrine,
psychiatric, ophthalmologic, rehabilitative, dermatologic and other medical issues often
arising (2), patients with SWS are best followed by a multidisciplinary team of providers
including neurologist, ophthalmologist, dermatologist, neuropsychologist, physical therapist,
and occupational therapist.

Recent identification of the underlying somatic mosaic mutation and putative hyperactivity
of the downstream pathways, as well as the development of biomarkers and outcome
measures in SWS, has facilitated the recent prospective drug trials for these patients.

While R183Q GNAQ mutation is commonly associated with SWS (5), recent discoveries
suggest that mutations in GNA11 and GNB2 are also related to SWS (6, 7). Quantitative
electroencephalography (EEG) (8) and transcranial doppler (9) have recently been suggested
to be possible biomarkers in aiding diagnosis and follow up with SWS patients in clinical
settings. More centers are implementing low dose aspirin for reduction of stroke-like
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episodes and seizures in SWS patients (10). Also in the last few years, oral drug trials

for SWS have shown promising results in the treatment of stroke and stroke-like episodes,
seizure management, and cognitive improvements (11, 12). The purpose of this review is
to summarize recent updates in the field of SWS research important in the treatment of
patients with SWS, and to lay the foundation for future multi-centered drug trials aimed at
preventing stroke injury and preserving neurologic function in SWS.

Gene Mutation/ Molecular Aspect

Sturge-Weber syndrome is most commonly associated with a R183Q somatic
nonsynonymous mosaic mutation in GNAQ (5). GNAQ encodes Gaq, a member of the

q class of G-protein alpha subunits. Gaq mediates signals between G protein coupled
receptors and downstream effector proteins. In SWS, the R183Q mutation of GNAQ is
predicted to hyperactivate the downstream Ras/Raf/MEK/ERK pathway and other key
pathways such as mTOR activity (Figure 1). The R183 GNAQ residue is located in the core
of hydrophobic cleft between two inter-domain linkers that connect the GTPase and helical
domains of Gag. Computational analysis of the R183Q GNAQ mutation (13) suggests

that the mutation impairs formation of the hydrogen bond between R783residue and GDP
molecule, which destabilizes the inactive GDP-bond conformation of the Ga.q mutant.

This alteration is predicted to decrease auto-hydrolysis of GTP to GDP, re-assembly of

the trimeric G-protein complex, and inactivation of Gaq, resulting in a constitutive hyper-
activation of downstream pathways. How this dysregulation of downstream pathways result
in the vascular malformations associated with SWS is the subject of recent and ongoing
studies (14, 15).

The underlying somatic mutation most likely occurs at an early stage of embryonic
development (16). Individuals with SWS have mosaic pattern of mutation, meaning that they
have cells with normal copy of the gene interspersed with cells containing abnormal copies.
In SWS, the somatic mutation is generally localized to the involved tissue of the head, and
are therefore not inherited (5). Patients can have variability in severity of symptoms, in part
depending on the extent of their involvement. Somatic mutations occurring later in fetal
development more likely have lesser extent of involvement and involve fewer cell types;
earlier timing of the mutation is more likely to involve brain, skin and eye involvement and a
greater range of cell types (17).

Recent findings suggest that other somatic activating mutations may be less commonly
underlying SWS. Thorpe et al. reported that mutations in the paralogue, GNA11 (which is
similar to GNAQ), can also lead to Sturge-Weber syndrome (6). Furthermore, through deep
DNA sequencing from skin biopsies, Fjaer et al reported that a somatic mutation in GNB2
(p.Lys78Glu) which encodes a beta chain of the same G-protein complex might be related to
SWS. While previous research focused on regulation of downstream MAPK signaling (15)
in the pathogenesis of SWS vascular abnormalities, results from GNB2 suggest that Yes-
associated protein (YAP) in the Hippo signaling pathway might be involved in pathogenesis
of SWS phenotypes (7). Further research is needed in the fields of genetics and pathogenesis
of SWS. Table 1 presents gene mutations that are reported to be associated with SWS and
other capillary malformation-related conditions. We do not routinely do genetic testing in
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patients with typical SWS. Genetic testing in this situation generally requires a skin biopsy;
however, this is a rapidly evolving area.

Clinical Presentation

Presentation of skin involvement: Sturge-Weber syndrome presents with a facial
capillary malformation at birth, which indicates increased risk of SWS brain and eye
involvement. Facial port-wine birthmark/capillary malformation in the forehead area, eyelid,
or temple region is associated with high risk of SWS (24, 25), with a 20-50% chance of
being diagnosed with SWS brain involvement, depending on the size, location and extent

of skin involvement. In exceptional cases, patients may have frontonasal PWB. PWB can
present as red or pink, and the color will briefly lighten when the birthmark is compressed.
While SWS skin involvement typically is located on the upper face, location, extent, and
color of PWB can be highly variable. Study by Dymerska et al suggests that size of

facial PWB correlates with neurological severity ratings for patients ages 6 and above with
SWS brain involvement. The size and location of PWB in combination with brain MRI
images can be helpful in predicting the severity of neurological dysfunction (24). Some
patients (about 10%) have isolated SWS brain or eye involvement, without a facial port-wine
birthmark (26).

Presentation of eye involvement: Glaucoma is the most common ocular complication
in patients with SWS, with a 30-70% prevalence rate in patients with both upper and lower
eyelid birthmark involvement. Glaucoma (eye damage due to increased intraocular pressure)
can develop at any time, with the most common periods being in infancy and in young
adulthood (1). Patients develop glaucoma in early infancy in 60% of the cases, while 40%
of the patients show later onset. In SWS patients, open-angle glaucoma is the most common
form of glaucoma. Symptoms of open-angle glaucoma can include vision loss, development
of dilated conjunctival vessels, eye pain, excessive tearing and, in infants, eye enlargement
(buphthalmos) (27). If left untreated, glaucoma can threaten vision by causing ischemic
injury to the optic nerve (2).

Presentation, Diagnosis, and Symptoms of brain involvement: Patients with
SWS brain involvement most commonly present with seizures in infancy. Most often,

these patients will present with focal motor seizures, which can be subtle in infants, or
complex partial seizures where consciousness is impaired (2). More rarely the seizures can
present with infantile spasms or myoclonic epilepsy (28, 29). Status epilepticus is frequently
associated with stroke-like episodes, particularly in young patients (30). Seizures occur

in 75% of patients with unilateral brain involvement and in 95% of those with bilateral

brain involvement (31). While not as common, it is possible for infants with SWS brain
involvements to present with early handedness or visual gaze preference rather than acute
seizures (2). Neurologic deficit can result from venous strokes, stroke-like episodes, seizures
or migraines, often with progression of the brain injury on neuroimaging(2).

Sturge-Weber syndrome brain involvement is marked by a leptomeningeal vascular
malformation on contrast enhanced MRI images (Figure 2, Panels A-B) (32). Dilated deep
draining vessels underlying the affected cortical region and enhancement of the choroid
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plexus on the involved side are also often present in older children and adults. Cortical

and subcortical calcifications can be diagnosed with non-contrast head CT (Figure 2,
Panel C) (33) or sometimes on MRI. Because presymptomatic diagnosis of SWS brain
involvement on brain MRI has low sensitivity in the newborn period, an early negative
contrast enhanced MRI image does not exclude the possibility of SWS brain involvement
for infants (2). However, a normal neurologic exam, no history of seizure onset, and

a negative MRI image with contrast after a year of age generally excludes SWS brain
involvement. MRI sequences should include SWI, T1 spin echo post-contrast, T2 post
contrast flair, diffusion weighted imaging (DWI) and apparent diffusion coefficient (ADC)
to aid diagnosis of brain involvement. Over time, patients frequently acquire brain atrophy,
calcification, loss of white matter, and impaired perfusion of the affected region (34). With
leptomeningeal venous malformations inducing destruction of effective superficial venous
pathways, venous pressure results in an alternate drainage route with dilated deep draining
vessels demonstrated on neuroimaging (35).

Stroke-like are characterized by transient episodes of hemiparesis, with or without speech
impairments, and are considered to be the most enigmatic severe neurological symptoms for
patients with SWS (36). Stroke-like episodes are called “stroke-like” as, in the acute phase,
these episodes clinically resemble ischemic strokes, but have variable clinical course and
often fully resolve in a period of days, weeks or a few months. One study reported median
recovery time of 24 hours (37); this publication grouped all transient episodes of neurologic
impairment in SWS, including episodes after seizures that resolve by 24 hours later, and
included episodes associated with headaches (37). This classification acknowledges the role
of the vascular malformation and perfusion impairments in these SWS-related episodes, as
compared to transient weakness after focal seizure or with a migraine in other patients.

Over time and with multiple events, weakness may be permanently acquired, and further
study is needed to determine factors that predict, or contribute to, prolonged stroke-like
episodes and permanent neurologic impairment. In a retrospective cohort study, 54.5%

of transient hemiplegic episodes had onset associated with seizures, 18.1% with blow to
head or fall, and 6% with brain surgery (37). As seizures and head injuries are commonly
associated with onset of stroke-like episodes, aggressive seizure management, as well as
head injury prevention could prevent neurologic deterioration(36). SWS stroke-like episodes
are different from strokes in that their brain diffusion weighted MRI rarely shows acute
evidence of stroke. Perfusion imaging demonstrates impaired venous drainage in the affected
brain regions, which is worsened by seizures, and results in impaired arterial perfusion (38).
The decision to obtain rapid MRI during a SLE in a patient with SWS depends on patient
age, the severity of the SLE symptoms, and how long the symptoms have been present for;
imaging is frequently done in young patients, those with significant weakness or loss of
language, or with more prolonged duration of symptoms. Further study of this area is needed
and current research is underway through the Brain Vascular Malformation Consortium.

SWS related stroke-like episodes can be triggered by seizures, head trauma or illness but can
also occur without an apparent trigger. Furthermore, the differential for stroke-like episodes
includes complicated migraine and Todd’s Paralysis; episodes with prominent headaches
are likely the former, while episodes lasting less than 24 hours in duration are often
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referred to as the later. EEG has been reported to be helpful in the differential diagnosis;
however, in practice, many patients have features of seizures and migraines, at least initially,
during these events. To avoid stroke-like episodes and worsening of neurologic deficits

(39), patients with SWS are advised to avoid recreational activities with significant risk of
head injuries, address any symptoms of illness, and obtain recommended vaccinations (2).
Treatment includes aggressive use of fluids, treatment of fever, treatment of nausea and
vomiting if present, and physical therapy and occupational therapy if recovery is slow (40).

Headaches are another neurological symptom that can have moderate to severe impact
on the quality of life for patients with SWS. A visual or sensory-motor aura can

occur with these headaches, which if prolonged and prominent, can be referred to as a
stroke-like episode. Vasomotor disturbance within and around the vascular malformation
is hypothesized to lead to oligemia and to trigger cortical spreading depression (41).
While no clear consensus on treatments for SWS-related headaches exists, ibuprofen and
acetaminophen are widely used (42). The use of Flunarizine as preventative and abortive
treatment for migraine has shown promising results as well (43). Triptans have also been
safely used in patients with SWS and migraines with variable effectiveness (42).

Intellectual and language impairments are frequent in patients with SWS. Cognitive
outcomes were associated with number of affected lobes, and bilateral brain involvement
with more severe intellectual disability and language disorder (44). Earlier seizure onset
was associated with intellectual and language disabilities; active epilepsy was associated
with language disorder. Patients with PWB showed higher rates of intellectual disability
and language disorder than patients without PWB, who had more favorable outcomes (45);
this association may result from the mutation occurring later on in the fetal development
in those without birthmark, which would result in fewer cell types affected. Absence of
facial port-wine birthmark is associated with later age for seizure onset, which in turn is a
predictor of cognitive and neurologic outcomes (44).

Recent studies suggest that SWS patients may be at higher risk of Autism Spectrum
Disorder (ASD). Twenty-four percent of 92 children with SWS seen at a national referral
center in England between 2002 and 2015 had diagnosis of autism spectrum disorder; 45%
of the 92 patients had evidence of social communication difficulties (46). Patients with SWS
reported other social-behavioral problems as well: 50% of the patients reported significant
behavioral difficulties while 26% reported sleep difficulties. While difficulties with social
communication, behavioral difficulties, and sleep difficulties were closely associated with
one another, they were not significantly associated with epilepsy severity. Autism spectrum
disorder was more likely to be present in patients with bilateral brain involvement.

The natural history of Sturge-Weber Syndrome is highly variable. While some patients
continue to suffer significant neurologic deficits, others do well. In a study that analyzed
physical and family history variables for 277 SWS patients (44), brain involvement and
PWB were associated with SWS symptom severity. While bilateral brain involvement
was associated with learning disorder and intellectual disability, extent of skin capillary
malformation was associated with epilepsy and likelihood of glaucoma surgery. Earlier
seizure onset was associated with learning disorder, intellectual disability, stroke-like
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episodes, symptomatic stroke, hemiparesis, visual field deficit, and brain surgery; this data
reinforces the prior studies suggesting that age of seizure onset is important to natural
history of the disease (47, 48). Patients with family history of seizure reported earlier seizure
onset, while patients with family history of vascular malformations were more likely to
report symptomatic strokes. The impact of family history of seizures and stroke on outcome
in SWS patients requires further investigation; this association suggests the presence of
inherited seizure and stroke susceptibility genes interacting with SWS brain involvement to
result in more severe neurologic impairment.

A survey distributed to SWS patients and their families revealed that in 52 adults, patients
with seizures had a greater chance of developmental delay, more emotional and behavioral
problems, and were less likely to be employed (47). As adults, 39% of the 52 patients

were financially self-sufficient and 55% were or could get married. Ten of the 52 patients
had liveborn children as well. This survey was completed by SWS patients, unless they
were physically or mentally incapable of completing the survey; relatives or caretakers
completed the survey in those cases. As most research on natural history of SWS is cross-
sectional, further prospective, longitudinal research is needed. Data from a multicenter effort
to study the progression of SWS has closed and results are currently being analyzed (https://
clinicaltrials.gov/ct2/show/NCT01425944).

The standard neurologic treatment for Sturge-Weber syndrome focuses on managing specific
symptoms such as seizure management, occupational therapy, and physical therapy.

Treatments for Neurologic Symptoms: Treatment options for seizures in
Sturge-Weber include using anticonvulsants and more invasive approaches including
hemispherectomy, focal resection, and VNS. According to a multicenter cross-sectional
questionnaire, levetiracetam, oxcarbazepine, and low-dose aspirin were the most frequently
used medications (10). Forty-eight percent of patients reported being on levetiracetam,
45% of patients were on low-dose aspirin, and 40% reported being on oxcarbazepine.
Subjects with bilateral brain involvement, early onset of seizures, and a family history

of seizures were using a greater number of anticonvulsants. Patients with a history of
neurosurgery were more likely to report no current anti-seizure medication use. Surgery
should be considered for patients with medically refractory seizures and unilateral brain
involvement (49). Bilaterally affected patients with SWS are generally not considered

good surgical candidates, as they are at high risk of poor neurologic and cognitive
outcomes. Hemispherectomy should only be considered for bilaterally involved patients
with severe disabling seizures coming from one side of the brain; surgery in these patients is
considered palliative (50). According to a questionnaire, 81% of 32 SWS patients who had
hemispherectomies reported being seizure-free, with 53% being off of anticonvulsants and
more recent studies confirm these findings (49, 51).

We recommend low-dose aspirin for almost all young patients under 3 years of age who
have 3 or more lobes of brain involvement; it may be recommended to older or less severely
involved patients who are having issues with uncontrolled seizures, stroke-like episodes, or
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focal neurologic deficits. Use of low dose aspirin is growing internationally in patients with
SWS, particularly in centers who see larger numbers of these patient; a recent multi-centered
study indicated that aspirin use is common (10). However, use of low-dose aspirin is not
universal. Anecdotally bleeding can be a concern, patients with SWS rarely can developed

a subdural hematoma, presumably due to hemispheric atrophy and tearing of bridging

veins. The precise mechanism of low-dose aspirin in SWS remains uncertain and continued
research is needed in this area.

Recent biomarker development for SWS: Magnetic resonance imaging with contrast
is used to diagnose patients with leptomeningeal vascular malformation, dilated deep
draining vessels, and brain atrophy seen in SWS brain involvement (2). Extent and
location of MRI brain involvement has been correlated with intelligence quotient (52).
MRI, EEG, and neuropsychology evaluation of 33 young subjects suggested that frontal-
lobe abnormality rather than side or hemispheric extent of brain involvement is associated
with 1Q. Recently, an effort has been made to diagnose infants pre-symptomatically using
neuroimaging clinical biomarkers (53). Machine learning approaches have been proposed
for biomarker development to predict the age of seizure onset (53). As early diagnosis

and treatment may be crucial for delaying seizure onset (54) and earlier seizure onset is
associated with lower cognitive quality of life (55), a consensus on how best to make early
diagnosis on neuroimaging remains an important research goal.

Since MRI has low sensitivity for SWS brain involvement in young infants, EEG and
quantitative EEG can screen for evidence of SWS brain involvement (8). EEG evaluates
for excessive spike, sharps, slowing and ictal activity in these patients; gEEG can quantify
power on both sides of the brain and screens for significant asymmetry of power (8, 56,
57). This approach to qEEG added about 40% diagnostic information in screening for
risk of SWS brain involvement, compared to prediction based on the size and extent of
the birthmark alone. gEEG can be helpful in terms of determining the optimal timing of
diagnostic MRI and in risk prediction for infants born with a high-risk facial capillary
malformation (8).

Research suggests that transcranial doppler (TCD) can also be utilized in evaluation and
follow-up of patients with SWS by monitoring flow velocity (decrease) and pulsitility

index (increase) (9, 58). As neurological decline in patients with SWS is associated with
progressive venous hypertension and impaired perfusion, TCD has studied the correlation of
asymmetry of flow velocity in the middle cerebral arteries and both clinical and radiological
presentations in SWS patients. The results indicated that the percentage of MCA velocity
asymmetry detected in TCD is positively correlated with seizure frequencies and clinical
severity of SWS symptoms. In some cases, therapeutic and clinical changes were also
associated with changes in TCD asymmetry as well. More research is necessary in the use of
TCD in assessments of patients with SWS as TCD is a noninvasive method of screening that
could be beneficial for younger patients.

Very few fMRI studies have been done in Sturge-Weber syndrome (59). This is because
patients with SWS have very abnormal neural-vascular responses, suggesting that increased
or decreased blood flow to a brain region in SWS does not necessarily accurately reflect
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increases or decreases in neuronal activity. Seizures are associated with decreased blood
flow rather than increased blood flow, and neural-plasticity, coupled with abnormal neuro-
vascular responses, may result in atypical findings on fMRI that are difficult to interpret
(60).

Interictal 2-deoxy-2[18 F]fluoro-D-glucose (FDG)-PET scans, of 27 children with unilateral
SWS and age-matched controls, indicated hemispheric differences in metabolic function
(61). Verbal 1Q was notably higher than non-verbal in the majority of the SWS group, while
affected hemisphere FDG SPM(t) scores correlated with 1Q in subjects with left-sided, but
not right sided, SWS brain involvement. Normal interhemispheric metabolic connectivity
was decreased in the SWS group, and unaffected right hemisphere regional FDG SPM(t)
scores were negatively correlated with 1Q. This study inferred that left-hemispheric lesions
in SWS may reshape verbal functions, while negatively impacting non-verbal cognitive
abilities.

Outcome measures for SWS treatment trials

Neuropsychological testing: A study of intellectual and adaptive functioning in
children and young adults with SWS found that patients with SWS are at risk of impaired
intellectual and adaptive functioning. Patients displayed significantly lower functioning
compared to normative data on neuropsychological evaluation: 32% of the sample presented
impaired intellectual functioning while 58% displayed impaired adaptive functioning (62).

NIH Toolbox: The National Institutes of Health toolbox has shown promising results in
assessing neuropsychological outcomes in patients with SWS. The NIH Toolbox includes
several domains such as cognitive, executive function, attention, episodic memory, language
skills, and working memory to allow for assessment of neuropsychological functioning
across several domains for patients with SWS. As the NIH Toolbox has a “low test

floor,” children with developmental disorders and cognitive and functional impairments

can be assessed (11). The NIH Toolbox was recently used in a prospective drug trial to
assess the effect of Sirolimus in patients with SWS with cognitive impairments (11). The
NIH Toolbox was also recently used in trial of Epidiolex for refractory seizures in SWS
(12). Utilizing the National Institutes of Health’s Pediatric Quality of Life in Neurologic
Disorders (NeuroQoL), pediatric patients with SWS were reported to have significantly
lower t-scores for cognitive function quality of life (55). Earlier seizure onset was associated
with lower cognitive quality of life.

SWS Neuroscore: A composite measure of neurological status (SWS-NRS) was
successfully used to measure hemiparesis and seizure frequency to predict functioning level.
Hemiparesis status predicted overall adaptive functioning level, while seizure frequency
predicted intellectual functioning (62). The SWS Neuroscore has been validated by EEG,
quantitative EEG and multiple neuroimaging measures including MRI and transcranial
doppler (9, 56, 63); it has also been used in drug trials for Epidiolex and Sirolimus to assess
changes in seizure, hemiparesis, visual field cut, and cognitive function (11, 12).
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Motor Assessments: Motor impairments can be quantified and assessed in clinical trials
in children with SWS using the Modified Ranking Scale, Pediatric Evaluation of Disability
Index, Modified House Functional Classification, and a modified version of the Erhardt
Developmental Prehension Assessment. Results indicated that inter-rater reliability was high
across all measures in the testing battery, and the study measures demonstrated correlations
with the SWS Neuroscore(64). These motor assessment measures were used in a drug trial
of Epidiolex for cognitive impairments, which has closed, and the data is currently being
analyzed (https://clinicaltrials.gov/ct2/show/NCT04447846).

Recent Studies of Other Neurologic Treatments:

Low-dose aspirin: Low dose aspirin has shown promising results in reduction of

strokes and stroke-like episodes, and in seizure control in patients with SWS. This dual
positive effect may reflect prevention of thrombosis in the setting of venous stasis, thereby
improving blood-flow to the brain, and reducing the risk of seizures (65). In one series of

6 well-described patients on chronic low-dose aspirin, only one patient had a stroke-like
event while none had status epilepticus; all demonstrated improvements in their stroke-like
episodes and in seizure control(66). A retrospective study of aspirin use in patients with
SWS suggested that most patients taking low-dose aspirin had well controlled epilepsy and
surgery was not pursued (65). A questionnaire that collected information on low-dose aspirin
use reported a significant reduction in number of stroke-like episodes after aspirin use (67).
The mean number of reported stroke-like episodes in 26 patients was reduced from 1.1 to
0.3 per month in the year after starting aspirin therapy; seven of the 26 patients reported
cessation of stroke-like episodes, while 2 subjects reported onset of stroke-like episode after
starting aspirin therapy. This study also indicated a significant reduction in median number
of seizure episodes from 3 episodes to 1 episode a month (67). Further studies are needed, to
determine the mechanism of low-dose aspirin effects upon seizures and stroke-like episodes
in patients with SWS, as well as studies directly evaluating low-dose aspirin to prevent brain
injury in SWS.

Presymptomatic Treatment: As SWS has a progressive nature, early intervention may
be important. Infants who received presymptomatic treatment, with low-dose aspirin and

a seizure medication, reported lower seizure scores and older age of seizure onset (54)

than case-matched controls matched for age and extent of brain involvement. Four out of
eight infants treated presymptomatically with low-dose aspirin and low-dose anti-epileptic
drugs had not develop seizures at ages 14 to 39 months. As seizures can lead to cognitive
impairment and worse quality of life for patients with SWS, presymptomatic treatment

may improve outcome. Patients with prophylactic phenobarbital exhibited a trend for less
intellectual disability compared to controls matched for extent of involvement, but matching
for age was not done (68). Use of Sirolimus in combination with aspirin to prevent

seizures in an infant with SWS has been reported (69). Patients prophylactically treated with
valproate or carbamazepine did not show significant difference in epilepsy onset compared
to patients who were not treated prophylactically (70). Further prospective studies are
needed to determine the optimal presymptomatic approach.
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Vitamin D Deficiency Treatment: Vitamin D deficiency and insufficiency are common
in patients with Sturge-Weber patients (71). In fifty-eight patients with SWS, 66%

had vitamin D levels below the normal range; this was more common in African

American patients and in patients with more severe brain involvement. When these
patients were treated, an increase in vitamin D level was associated with an improvement
in hemiparesis; patients with early onset of seizures and bilateral brain involvement
demonstrated improvements in hemiparesis. Vitamin D deficiency and insufficiency is
common in pediatric epilepsy patients taking seizure medications (72, 73). However, as
Vitamin D deficiency has also been associated with endothelial dysfunction (74), regulation
of inflammatory processes, and nerve health (75), vitamin D has been suggested to be a
useful therapeutic method for patients with SWS (71). Further in vivo and in vitro studies
are needed to establish causal relationship.

Recent Prospective Drug Trials for SWS brain involvement

Cannabidiol Treatment: In a recently published study on Epidiolex for refractory
seizures in SWS, subjects reported seizure reduction and improved quality of life (12).
Subjects also reported subjective improvements in fine and gross motor skills, speech, and
cognitive ability. Subjects also showed improvements in weight gain, level of alertness,
communication, mood, strength or balance, and mobility. Adverse events included tiredness,
behavioral issues, and temporary increase in seizures. CBD may be safe and effective as
adjunctive medicine for patients with SWS and treatment resistant seizures. Cannabidiol
(CBD), a cannabinoid without psychoactive properties, is a safe and effective treatment
option for patients with treatment-resistant epilepsies (76, 77). Having neuroprotective
properties, CBD is suggested to block the mammalian target of rapamycin pathway and
have antioxidant and anti-inflammatory properties. CBD inhibits Ga.q coupled receptors,
GPR55 and TRPBL1 to increase extracellular adenosine and GABA receptor function and,
as a result, decreases seizures (78, 79) Anather prospective drug trial of CBD (Epidiolex)
for subjects with SWS and cognitive impairments, but controlled seizures, has closed and
submitted for publication. Further study is needed.

Treatment with mTOR inhibitor: Cutaneous vascular malformation samples from

SWS patients revealed increased expression of phosphorylated S6, a downstream target

of the mTOR pathway (80). In addition, leptomeningeal endothelial cells in the vascular
malformation also express p-S6 (81). As the somatic mutation in GNAQ probably increases
ERK activation, which in turn can activate mTOR pathways in affected vascular cells,
patients with SWS may benefit from treatment with an mTOR inhibitor (5). Sirolimus is

a direct inhibitor of mTOR pathway (82), and has been used to treat animal models and
patients with complicated vascular malformation disorders (83, 84). It is hypothesized that
Sirolimus can reduce the risk of stroke, by normalizing the function of affected vascular
cells, including endothelial cells. Furthermore, Sirolimus may benefit seizure control (84).

In a small open-label prospective study targeting cognitive impairments, subjects taking
oral Sirolimus showed significant improvement in neuroquality of life assessment subscales
measuring anger, cognitive function, and depression (11). Subjects who experienced stroke-
like episodes before and during the study showed shorter duration in their events. Subjects
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showed increased mean processing speed score after being on Sirolimus for 6 months and
anecdotally reported improved school reports, reading and vocabulary. Overall, Sirolimus
was considered safe and tolerable, and adverse events considered related to Sirolimus were
mostly mild. Further research on the use of Sirolimus for SWS patients is needed, especially
targeting strokes and stroke-like episodes.

Future prospects for SWS research:

As the previous drug trials on Sirolimus and Epidiolex are limited by small sample sizes,
multi-centered drug trials with larger sample size are necessary to fully determine the
safety and effectiveness of these and other proposed new treatment approaches. Adding
a placebo group in future drug trial designs will also likely be important in establishing
new treatment approaches. Continued efforts in understanding of the underlying genetic
mutations and pathogenic mechanisms involved in SWS is essential, as the development
of clinically-relevant /n vitro and in vivo models will likely aid the development of new
targeted treatments. Efforts to establish these networks and follow up multi-centered,
placebo-controlled trials are underway.

Early diagnosis of SWS brain involvement and prediction of seizure onset and other
neurologic outcomes is becoming increasingly urgent. As effective treatment approaches are
developed, it is likely that new interventions, possibly able to delay or prevent seizure onset
and thus decrease cognitive deterioration, will be considered. Small trials should continue,
and when results are promising, multicenter efforts must be implemented to further assess
these approaches.

Conclusions:

Sturge-Weber Syndrome is a multi-systems disorder characterized by a leptomeningeal
vascular malformation in the brain, port-wine birthmark, and abnormal blood vessels

in the eye. Because of the often progressive and potentially devastating nature of the
disease, patients are encouraged to continuously follow with a team of specialists based
on each patient’s symptoms. While R183Q GNAQ mutation is widely considered to be
the SWS gene mutation, recent research suggests that GNA11 and GNBZ (p.Lys78Glu)
somatic mutations are also associated with SWS. Further research is needed to improve
the understanding the underlying genetic pathology behind SWS, the natural history from
longitudinal studies, and both biomarker and outcome development. New advances are
reported in care for patients with SWS. Low dose aspirin is utilized by several, but not

all centers, and data suggests that it may reduce both stroke-like episodes and seizure
symptoms. Drug trials for Sirolimus and cannabidiol have indicated improvements in
cognition and seizure frequency respectively. Presymptomatic treatment with low-dose
aspirin and low-dose anti-epileptic drugs may delay early seizure onset. Future research
focusing on multi-centered drug trials and genetic models will bring significant advances in
patient care and our understanding of Sturge-Weber syndrome.
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Figure 1:
Diagram of molecular pathways which are likely hyper-activated by SWS somatic mutation

in the protein Gag. This figure also indicates several classes of inhibitors, including mTOR
inhibitor such as Sirolimus, which are being tested, or may be studied in future clinical drug
trials for SWS.
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Figure 2:
Neuroimaging in 3 patients with Sturge-Weber syndrome. Stars indicate affected areas.

A: Axial T1 post-contrast image showing leptomeningeal enhancement over the right
hemisphere. B: Susceptibility weighted imaging (SWI) of another patient showing greatly
dilated deep draining vessels draining to the deep venous system. C: Head CT, non-contrast,
from another patient showing calcification in affected areas.
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Table 1.

Gene mutations of SWS and other capillary malformations

Capillary Malformations

Mutated Genes

Sturge-Weber Syndrome

GNAQ (5), GNALL (6), GNB2 (7)

Capillary Malformation-AVM Syndrome RASAL (18), EPHB4 (19)

Microcephaly-Capillary Malfor

mation Syndrome (MIC-CAP) | STAMBP (20)

PIK3CA-related Overgrowth Spectrum (PROS) PIK3CA (21)

Capillary Malformation with U

ndergrowth (CMU) DDR2, GRHL2, PIK3CA (22), TEK, GNAQ, GNA11(23)

Isolated Port-Wine Birthmarks

GNAQ (5), GNA11
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