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Abstract: Sturge-Weber syndrome (SWS) is a congenital, sporadic, and rare neurocutaneous disorder, characterized by the presence
of a facial port-wine birthmark (PWB), glaucoma, and neurological manifestations including leptomeningeal angiomatosis and
seizures. It is caused by a postzygotic, somatic, gain-of-function variant of the GNAQ gene, and more recently, the GNAII gene in
association with distinctive clinical features. Neuroimaging can help identify and stratify patients at risk for significant complications
allowing closer follow-up; although no presymptomatic treatment has been demonstrated to be effective to date, these patients could
benefit from early treatment and/or supportive interventions. Choroid plexus (CP) thickness measurements in brain magnetic resonance
imaging (MRI) have a high sensitivity and specificity for early and incipient changes in SWS. In contrast, the absence of pathologic
findings makes it possible to rule out associated neurological involvement and leads to periodical observation, with new imaging
studies only in cases of new clinical signs/symptoms. Periodic ophthalmological examination is also recommended every 3 months
during the first year and yearly afterwards to monitor for glaucoma and choroidal hemangiomas. Treatment for SWS depends on the
extent and areas that are affected. These include laser surgery for PWB, anticonvulsants in the case of brain involvement, with either
seizures or abnormal EEG, and medical treatment or surgery for glaucoma. Sirolimus has been used in a limited number of patients
and appears to be a safe and potentially effective treatment for cutaneous and extra-cutaneous features, however controlled clinical
studies have not been carried out. Better knowledge of GNAQ/GNAII molecular pathways will help to develop future targeted
treatments.
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Introduction
Sturge-Weber syndrome (SWS) is a congenital, sporadic, and rare neurocutaneous disorder, characterized by the presence
of a facial port-wine birthmark (PWB), glaucoma, and leptomeningeal angiomatosis. Classically, it is caused by post-
zygotic, somatic, gain-of-function variants in GNAQ but recently GNAI! variants have been described with subtle
phenotypic particularities.’

SWS occurs at an estimated frequency of between 1:20,000 and 1:50,000 live births and affects males and females
equally without racial predilection. It is the third most common neurocutaneous syndrome behind neurofibromatosis and
tuberous sclerosis.”?

Embryology

The exact reason for the vascular and neurologic involvements remains an ongoing debate; however, it is hypothesized
that capillary malformations (CM) and leptomeningeal angiomatosis could be the result of the absent regression of
a primitive cephalic plexus.” The persistence of primordial sinusoidal vascular channels and the underdevelopment of the
brains’ superficial venous drainage with compensatory deep dilated venous channels affect the capillaries as well.*
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The embryological proximity of the ectoderm that will form the frontonasal skin and the contiguous neural folds
(those involved in the primitive formation of the parieto-occipital lobes of the brain) could explain the association of
PWB with leptomeningeal angiomatosis.” The distribution of facial PWB in patients with SWS on the forehead area
suggests a mutational event on the forebrain, from which the cerebral cortex and eye are also derived.®

Endothelial vessels in PWB co-express venous (EphB1) and arterial (EphrinB2) markers, demonstrating abnormal
endothelial cell differentiation that results in venule-like vasculature and conforming areas of angiomatosis with abnormal
flow.” These areas of angiomatosis are described as capillary-venous-type vascular malformations, which result in an
abnormally loose network of perivascular nerve fibers running longitudinally along the axis of the vessels. In fact,
histological and imaging findings from brain angiomas in SWS have revealed tortuous and abnormal vascular structures
in the thickened leptomeninges, ensuing in underlying brain tissue that may be atrophic, show neuronal loss, astrogliosis,
dysgenic cortex, and/or calcification in cortical layers. There is a relative lack of superficial cortical veins, and the blood is
shunted to the deep venous system by the enlarged medullary veins, which result in stasis and ischemic changes.

Genetics, Pathogenesis, and Genotype Correlation
Our knowledge and understanding of the pathogenesis of SWS, particularly its genetic origin and pathogenesis, has
increased over recent years.

Shirley et al’ detected an activating somatic variant in the GNAQ gene (located in chromosome 9;locus 9q21.2),
specifically, an arginine to glutamine substitution at 183 amino acid residues (c.548G—A, p.Arg183Gln) in 23 samples of
affected tissue from 26 patients with SWS (88%), and in 12 of 13 patients with non-syndromic facial capillary
malformations (92%). The variant allele frequency (VAF) was reported between 1% and 18%, confirming the mosaic
nature of SWS.

Couto et al® confirmed that CM is caused by somatic activating missense variants (VAF ranged from 2% to 11%) in
GNAQ and that p.R183Q is the most common mutation. These authors identified two novel GNAQ variants in the same
codon (p.R183L and p.R183G) and demonstrated that GNAQ mutations are enriched in the endothelial cell
compartment.” Familial cases of SWS due to a variant in this codon (R183Q) have been reported.'”

GNAQ synthesizes Gaq (guanine nucleotide binding protein) - an alpha subunit of the heterotrimeric G protein that
links G-protein—coupled receptors (GPCR) to activation of PLC (phospholipase C) . The latter hydrolyzes phosphati-
dylinositol 4,5 biphosphate (PIP2) to generate diacylglycerol and inositol 1,4,5 triphosphate (IP3)."' G protein-coupled
receptors (GPCRs) release guanosine diphosphate (GDP) and promote the binding of guanosine triphosphate (GTP) to
GNAQ, causing its activation by the dissociation from the GPy complex.'? This effector process is stopped upon
hydrolysis to its inactive form via the GTPase activating proteins (GAPs). The GTPase RAS-like domain (where the
GDP/GTP binding and hydrolysis occur) is surrounded by an a-helical domain that protects it from binding to any
effector nucleotides.'*'* The mutated R183 codon blocks the uncoupling function of Gaq with GDP, therefore promoting
uncontrolled tumoral and vascular growth seen in cases of uveal melanoma as the second most common oncogenic
mutation.'®'> Although no association between SWS and uveal melanoma has been reported to date, the fact that they
share the same variant (also the reported isolated cases of uveal melanoma in phakomatosis pigmentovascularis) suggests
that patients with SWS should likely undergo ophthalmic examination to evaluate features of ocular melanocytosis and
potentially, yet unlikely, uveal melanoma.'>

More recently, reports of SWS due to variants in the GNAII gene have expanded our understanding of the SWS
phenotypic spectrum.’'®!” Patients with somatic GNAII variants have been described with some distinctive clinical
features (see clinical features section) from the classical SWS and are now to be considered within the phenotypic
spectrum of this condition.'” The GNAII gene, a paralog of GNAQ (Gall shares 90% amino acid affinity with Gaq),
encodes the alpha subunits of the heterotrimeric G proteins, Gq and G11. Mutations in these proteins lead to dysregula-
tion of several signaling pathways, including phospholipase C, and activation of the transcription factor YAP, leading to
cellular proliferation via mitogen-activated protein kinase and abnormal gene transcription.”'® The presence of GNAQ
variants within blood vessels stimulates the activation of c-Jun N-terminal kinases (JNK) and extracellular signal
regulated kinases (ERK)."”
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In SWS, the variant GNAQ/GNAI1I gene causes abnormal gain-of-function signal enhancement that is further
translated into active endothelial cells, proliferative capillary overgrowth, or differentiation-impaired endothelial cells
with a progressive dilatation of immature venule-like vasculature.”® In a lentiviral construct to express p.R183Q in
normal human endothelial colony forming cells showed constitutively activated PLC (phospholipase C) f3,
a downstream effector of Gaq.?' Activated PLCB3 has also been detected in human CM tissue sections. Bulk RNA
sequencing of mutant endothelial colony forming cells showed constitutive activation of PKC (protein kinase C), NF-kB
(nuclear factor kappa B), and calcineurin signaling. Increased expression of downstream targets in these pathways,
ANGPT2 (angiopoietin-2) and DSCR (Down syndrome critical region protein) were confirmed by qPCR and immunos-
taining of human capillary malformation tissue sections.”’ Mutant endothelial colony forming cells when injected
subcutaneously into immunodeficient mice formed enlarged blood vessels, reminiscent of those found in human capillary
malformation and suppression of ANGPT2 prevents the enlargement.”’

Additionally, GNAQ and GNAII genes are involved in calcium homeostasis. They exert functional effects on the
endoplasmic reticulum and regulate the extracellular calcium (Ca2+e) levels by mediating calcium-sensing receptors
(CaSR), a class C G-protein coupled receptor (GPCR).**> GNAQ/GNA1I variants cause increased activation of intracel-
lular calcium signaling, which may explain low calcium serum values and abnormal brain calcifications seen in some
patients with SWS.? In fact, germline missense GNAQ/GNA1] variants or deletions have been associated with familial
hypocalciuric hypercalcemia type-2 (FHH2) and autosomal dominant hypocalcemia type-2 (ADH2).%? It is believed that
this may play a role in the pathogenesis of SWS due to the interplay of calcium with endothelial growth factors (VEGF)
and endothelial receptors (VEGFR) (unpublished data), which are known promoters of extracellular growth via cytokine

stimuli and growth factors interaction.”*-*

Clinical Features

SWS is characterized by cutaneous, neurological, and ocular abnormalities. The characteristic vascular malformations are
facial capillary malformation (PWB) and ocular and cerebral leptomeningeal capillary-venous malformation (or lepto-
meningeal angiomatosis), which are usually ipsilateral to facial PWB.

Encephalofacial angiomatosis, a flawed and outdated but persistent term, has been divided into three phenotypes
recognizing variable distribution of facial capillary malformation to include isolated facial involvement versus associated
leptomeningeal involvement.?>* One of the initial clinical classifications of SWS, the Roach Scale classification, divided
encephalofacial angiomatosis as follows: Type I: both facial and leptomeningeal malformations; may have glaucoma
(classic SWS). Type II: facial capillary malformation alone; may have glaucoma. Type III: isolated leptomeningeal
angiomatosis; usually no glaucoma.” Nonetheless, this outdated classification incorrectly implies that all patients with
a facial capillary malformation (without brain or eye involvement) have type Il SWS. At present, we now know that the
syndromic association to SWS and the risk of both brain and eye involvement can be more accurately stratified based on
the extension and location of the facial capillary malformation (Figure 1).

Dermatological Manifestations
Capillary malformations are the most common type of vascular malformation, affecting about 0.3% of the general
population.®® They range from pink and red to violaceous macules and patches that may be geographic or blotchier in
nature. CM may affect the mucous membranes. In SWS, capillary malformation follows a distinctive anatomical
distribution in the face, which is characteristic of these conditions (Figures 1 and 2). The associated risk of leptome-
ningeal or ocular involvement depends on the extent and location of the CM but it ranges from 7% to 28%.%°
Historically, it was thought that the distribution of facial PWB followed the distribution of the sensory innervation
branches of the trigeminal nerve (ophthalmologic [V1], maxillary [V2], and mandibular [V3]) and that children with
involvement of the first branch (V1) were at highest risk of SWS.?” >’ More recently, it has been demonstrated that the
area of highest risk is the forehead, the area demarcated laterally and inferiorly by the outer margins of the canthus of the
eye (including the upper eyelid) to the top of the ears.® This area corresponds to the frontonasal prominence and the skin
in the optic vesicle area. The skin in these areas is formed by the migration of neural crest cells from the prosencephalon
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5.1. Distinctive forehead PWS 5.2 High-risk facial PWS
phenotypes. phenotypes.
Very high risk (forehead bilateral). ‘_' Hemifacial.
. High risk (> 50% of hemi-forehead). . Forehead & upper eyelid.
. Low risk (localized linear). . Medial.

Figure | Risk stratification for the development of Sturge Weber Syndrome (SWS) based on distinct facial port-wine birthmark (PWB) phenotypes.

Figure 2 GNAQ SWS phenotype. Extensive facial Port-Wine birthmark with geographical and sharp borders (a). Presence of additional and extensive capillary malformations
of the anterior, lateral and posterior trunk (b and c). Bilateral and symmetrical involvement of the plantar aspect of both feet (d).

(forebrain) and anterior mesencephalon (midbrain). Leptomeninges and the eye also derive from prosencephalon and
therefore a somatic mutation in prosencephalon could affect the skin of the forehead, leptomeninges, and the eye.®*°
Aside from location, the risk of SWS is higher with increased extent of facial capillary malformation (Figure 1).*°
Patients with extensive bilateral involvement in hemifacial forehead locations are at highest risk of SWS (Table 1).27-3032
There is some debate as to whether median frontal location of PWB confers a higher risk than lateralized PWB.

A retrospective study of 124 children reported that SWS was exclusively found in those with large and segmental PWB
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Table | Port Wine Stain Characteristics and Risk of CNS Involvement

High-Risk Patients for Central Nervous System (CNS) Abnormalities
Based on the Location and Extension of the Port-Wine Stain.

® Extensive bilateral involvement.
® Hemifacial and forehead involvement (+ upper eyelid).
® Median port-wine birthmark.*

® >50% of contiguous hemi forehead involvement.

Note: “Linear extension from the medial forehead, glabella, and base of the nose.

(at least half of a contiguous hemi forehead area), and this location had the highest specificity (72%) and positive predictive
value (42%) for the risk of SWS compared to other forehead locations (Figure 1).3033

It is important to note that localized and minimal forehead involvement might still confer a small risk of SWS.** Evaluation
and screening of these patients should be tailored individually and based on additional supportive clinical findings.

Over time, facial skin lesions tend to darken, turning to a deep red to purple, or “port-wine” appearance. The affected
skin might also grow thicker as the patient grows, and progressive vascular ectasias can lead to blebbing and nodularity
on the surface of the PWB. There may be bony and soft tissue overgrowth, especially of the maxillary bone and of the
lips when these areas are affected. This overgrowth is suspected to be triggered as well by the GNAQ/GNAI1 activation.
Soft tissue or bony hypertrophy occurs in approximately two-thirds of patients by the age of 50.>*3°

Nodules are composed of either an aggregation of numerous thin-walled vessels whose lumina are of various calibers or
authentic pyogenic granulomas. This may arise within capillary malformation both in the skin and mucosa.**>” In some
instances, these “angiomatous” nodules show a well-circumscribed proliferation of thick-walled muscle-containing blood
vessels, lined by a single layer of endothelial cells resembling arteries, but lacking a well-formed elastic internal membrane
and have been named acral arteriovenous tumors.*® It has been proposed that they can spontaneously grow from abnormal
and microscopic arteriovenous anastomoses within the context of ectatic capillaries and veins.’” Dermal melanocytosis
may be seen in patients with SWS and is called phakomatosis cessioflammea or phakomatosis pigmentovascularis.

The phenotypic spectrum of SWS recently expanded.'”***° Patients with a GNAI/ variant have a slightly different
clinical presentation compared to the classical SWS (Figure 3). In GNA1I-SWS, the capillary malformation is pale and
pink, and more reticulated in configuration (Figure 3). This variant may be accompanied with variable degree of other

Figure 3 GNAI| SWS phenotype. Facial, truncal and appendicular extensive, reticulated and blotchy capillary malformation (a—c).
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pigmentary changes in combination with capillary malformation, such as nevus anemicus (nevus vascularis mixtus),
cafe-au-lait macules, and dermal melanocytosis. GNA I capillary malformations tend to have progressive but slower
purpuric darkening of the capillary stain over time compared to patients with GNAQ variants.'” Neurological manifesta-
tions tend to be milder and there are other distinctive extra-cutaneous features such as limb hyper or hypotrophy, renal
anomalies, and hypertension (discussed below)."'®!” There are only a few case reports and small cohorts of GNA/I-
SWS and therefore the distinct clinical phenotype needs further clarification.

Even though activating variants in GNAQ/GNA 1l have potential oncogenic activity (as demonstrated in cases of uveal
melanoma), PWB and SWS are not known to be associated with a significant risk of skin tumor development. However,
several reports have been published describing basal cell carcinomas (BCC) arising within the PWB. Currently, there are
reports of 36 patients and 79 BCCs arising within PWB, especially in patients who had undergone previous treatments
with radiotherapy, or with occupational exposure to sunlight.*' These may be difficult to detect, mainly because over time
the stain gradually darkens, becomes thicker, raised, and nodular, concealing potential malignant lesions. In most cases,
simple excision of the tumor is sufficient, followed by skin grafting if needed. Local flaps must be considered for
assessing the risk of flap complications due to surrounding tissues affected by PWB and compromising local vascular
irrigation.

Therefore, it is important to encourage periodic follow-ups, and eventually, perform skin biopsies in areas of
persistent scaling or ulceration within the PWB. This is specially recommended in patients previously treated with
carcinogenic agents or with chronic exposure to sunlight.

Neurological and Neuroendocrine Manifestations

Neurologic complications are common and affect about 70-80% of patients with SWS. These are varied and include
seizures, hemiparesis, stroke-like events, intellectual disability, and behavioral problems, amongst others.’ Seizures
usually manifest as infantile spasms before the first year of age.” Although rare, patients with their first seizure in
adulthood have been reported.**** Seizures may be initially focal and may go unrecognized but often evolve to
generalized seizures and status epilepticus. Leptomeningeal angiomatosis is not always symptomatic and up to 15—
25% of affected children and young adults do not develop seizures.'”***3

Leptomeningeal angiomatosis is usually unilateral, posterior, and ipsilateral to PWB; however, it may not always
correlate with the distribution of facial birthmark.*® Also, the extent of facial lesion does not always predict the severity
of brain lesion and intellectual disability.***® Bilateral intracranial involvement, reported in about 15% of patients, is
associated with a higher incidence and earlier presentation of seizures and a poorer outcome.”*

Seizures present in patients with SWS are the result of cortical irritability caused by cerebral vascular malformation,
through mechanisms of hypoxia, ischemia, and gliosis.” The underlying cause of these clusters remains unclear, but it
may relate to underlying vascular or parenchymal changes, including dense calcifications near the leptomeningeal
capillary malformations. Early onset of seizures, medical intractability, bilateral leptomeningeal involvement, and severe
unilateral lesions are indicative of a poor prognosis.** The latter can pose a therapeutic challenge due to its refractory
nature and might respond poorly to multiple antiepileptic medications.

While epilepsy and mental retardation are the most common symptoms, migraine-like headaches have been recog-
nized as an important feature of SWS. Twenty-eight percent of patients with SWS may experience headaches having
clinical characteristics of migraines, which might also be debilitating to patients.**

“Stroke-like” episodes or transient/permanent hemiparesis episodes are seen with relative frequency in SWS.*
A retrospective cohort from the UK (n=102) reported that the frequency of these episodes ranges from 31% to 46% in
SWS patients aged 2-22 years, similar data compared to a multi-center cohort study of the USA (n=277).*”*® These
events tend to appear between 6 months to 5 years; however, when present <6 months of age, they could be long-lasting
or permanent in nature. Its etiology and physiopathology has not been fully understood, but it is thought that these can be
the result of either a transient ischemic event or seizures/epileptiform activity; however, due to the inconsistent
epileptiform EEG and/or ischemic brain MRI changes during these events it continues to be subject of ongoing
debate.’ A traumatic injury to the head (contusion or fall) should always be taken into consideration as a triggering
event, as 1 of 5 patients report this association according to a previous report.*’ The clinical variability amongst these
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episodes (degree of motor weakness) and broad time until recovery (1 min to 6 months) make the prognosis challenging.
Low-dose aspirin and anti-epileptic drugs (read below in other treatments section) seem to delay the onset of seizures and
frequency of stroke-like events,”® however, further studies are needed to better understand and characterize these events
in order to provide accurate preventive strategies and potentially, effective treatments that might aid in a faster recovery
and/or minimize sequelae.

Cognitive impairment is also common in patients with SWS. Attention, emotional, and behavioral problems,
including a higher prevalence of depression, oppositional/defiant, and conduct disorders are also often described in
this population.** Social skills issues are more common in those children with seizures with cognitive deficits.’!

Ophthalmological Manifestations

Up to 50% of patients with SWS have a variable degree of ocular abnormalities.’ The two most common manifestations
include glaucoma and the presence of choroidal hemangiomas. Other eye vascular anomalies can affect the conjunctiva,
the episclera, the retina, and/or the choroid, which can lead to optic atrophy and blindness.?

Glaucoma, the most common ocular problem in patients with SWS, is almost always ipsilateral to facial PWB or
leptomeningeal angiomatosis. Glaucoma can be congenital or appear later in life.>>' Its exact pathophysiology is
unknown; however, it is thought to be secondary to abnormal angle development.*” Other suspected mechanisms include
an increased episcleral venous pressure (witnessed in older children or young adults) and/or drainage abnormalities
related to outlet resistance of the distal outflow pathway.>*

Up to 30-70% of patients with SWS develop glaucoma, and 60% of them develop it during infancy.”' Glaucoma is
challenging to manage and often refractory to medical and surgical therapy,”® and requires regular examinations due to its
life-long risk.>* A study of 34 neonates with facial PWB who underwent ocular pressure measurements before 1 month
of age noted that those with both frontal and malar involvement had the highest risk of glaucoma and correlated with the
size of the capillary malformation in the malar area and involvement of the lower eyelid.’® Interestingly, in this report,
none of the nine eyes lacking PWB eyelid involvement were diagnosed with glaucoma. Children with involvement of
both eyelids were at highest risk, and in this study, involvement of the lower eyelid conferred higher risk than upper
eyelid alone (83% vs 18%, respectively) (Table 2).>

Another study analyzed a cohort of 569 patients with facial PWB and stratified the risk of glaucoma based on specific
features of facial capillary malformations.>® The prevalence of glaucoma in this study was 19.3% and correlated to a higher
risk of developing glaucoma in bilateral and extensive PWB lesions involving the malar area. Also, male gender was
associated with a higher risk for the development of early-onset glaucoma (defined as present <4 years of age) in this cohort.*®

Choroidal hemangioma (CH), which is a benign vascular tumor, is prevalent in 40% to 50% of patients with SWS. It
is more often diffuse in nature but can be circumscribed and is usually ipsilateral to the facial PWB.>”® It is caused by
aberrant and enlarged vessels and vascular channels that cause variable clinical features including reduced visual acuity,

refractive errors, scotoma, or retinal detachment.””

Table 2 Port Wine Stain Characteristics and Risk of Glaucoma

High-Risk Patients for Development of Glaucoma
Based on the Location and Extension of the Port-Wine Stain.

Extensive port-wine birthmark.

Port-wine birthmark involving frontal and large malar area.”

°
°

® Lower lid involvement.

® Right and bilateral port-wine birthmark.
°

Male gender (<4-year-old patients).

Note: "Based on the traditional method based on the sensory branches of the
trigeminal nerve.
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Choroidal hemangioma gives an appearance of “tomato ketchup” fundus. Diagnostic suspicion can be confirmed by
fundus fluorescein angiography, indocyanine green chorioangiography, B-scan ultrasound, OCT, and even MR.
Management of CH depends on whether it is diffuse or circumscribed.

For diffuse CH causing vision loss, external beam radiotherapy, stereotactic radiotherapy, proton beam radiotherapy,
and plaque brachytherapy may be used. Photodynamic therapy with verteporfin has become more popular recently. In
circumscribed CH, argon lasers have been used in addition to the treatments used for diffuse choroidal hemangioma.
Treatment may be challenging due to the anatomical regions that are affected (both juxta papillary and foveal regions).>

Other ocular abnormalities that present with variable frequency include vascular malformation, conjunctival affection
(diffuse or localized), dilated retinal and persistent episcleral vessels, all of which have an ipsilateral presentation in
relationship to facial PWB.>? Iris heterochromia, if present, is related to an increased risk (up to 45%) of glaucoma.>>
Ocular melanocytosis, iris mammillations, cilioretinal occlusion, and hemiretinal occlusion have been reported in patients
with SWS as well.*

Screening for ophthalmologic involvement is critical to promptly managing any complications in order to preserve
vision.

Other Manifestations

Additionally, patients with SWS are at a higher risk of developing hormonal imbalances. An earlier publication reported
that growth hormone deficiency can occur even in the absence of clear anatomical alterations of the pituitary or
hypothalamus on brain imaging studies.’® Considering that patients with SWS are at a higher risk of hypothalamic—
pituitary compromise, testing should be done based on the appearance of any suggestive signs/symptoms. Additionally,
two studies reported central hypothyroidism in three patients, one of which was detected incidentally on a routine
examination.®®! We consider that a low threshold for endocrinology referral or evaluation is to be considered in patients
with SWS.

Patients with SWS are at a higher risk of oral mucosal bleeding during regular dental procedures due to the presence
of intra-oral angiomatosis exacerbated by the presence of soft-tissue overgrowth and gingival hyperplasia (triggered/
worsened by the use of antiepileptic medications) which may complicate good dental hygiene in addition to compromis-
ing physiological hemostasis.®*

Oral vascular lesions may range from localized vascular hyperplasia to severe angiomatous proliferation or pyogenic
granulomas, making the affected mucosa friable to minimum trauma and minor dental interventions.®® These lesions are
sharply demarcated in the midline and are ipsilateral to the facial lesion (Figure 4). For this reason, careful pre-operative
planning should be carefully done prior to any dental surgery and a multidisciplinary approach is recommended in the
hands of an experienced pediatric dentist and maxillofacial surgeon at tertiary centers rather than outpatient dental/
surgical offices, which may offer limited support.**

Some additional features are to be considered and screened in patients with SWS (Table 3). Hyper and undergrowth
have been reported in previous studies.'® An international cohort study of 45 patients reported that up to 9% of cases

Figure 4 Palatal and gingival angiomatosis. Note the abrupt demarcation at the midline (a and b).
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Table 3 Clinical manifestations in diferent organs to be evaluated and followed in patients with Sturge-

Weber.
Subspecialty Clinical Manifestations to be Evaluated and Followed
Dermatology ® Port-wine birthmark
® Port-wine birthmark elsewhere
® Overgrowth
Neurology ® Seizures or Epilepsy
® Headaches
® Stroke-like events
® Cognitive impairment
® | eptomeningeal angiomatosis
® Other structural brain abnormalities
Ophthalmology Glaucoma

Choroidal or Episcleral Hemangiomas
Visual field defects
Retinal occlusion

Ocular melanocytosis

Orthopedic Surgery/Physiotherapy Growth asymmetry
Hypertrophy or hypotrophy

Secondary scoliosis

Functional limitations

Dentistry/Maxillofacial Surgery ® Gingival and palatal angiomatosis
® Gingival hyperplasia
® Pre and intra-operative planning for dental surgery/procedures

Nephrology ® Renal Hypertension

Endocrinology ® Hypothalamic Hypopituitarism

® Hypothyroidism

(where head circumference was measured) had macrocephaly. Growth asymmetry was reported in 35% of the cases in
this cohort and renal hypertension was detected in a few patients with GNAI/ mutation, therefore anthropometric
measures are recommended to be screened thoroughly and blood pressure checks done regularly in these patients.'”

Differential Diagnoses

Facial PWB may be confused early on with a precursor of hemangioma. Follow-up over time allows differentiation as
hemangioma will proliferate, even if minimally and precursors of hemangioma usually develop a white peripheral halo
and are more telangiectatic in nature.

Salmon patches can be confused with PWB, especially when they are intense in color. Salmon patches can be
distinguished by their characteristic locations such as bilateral upper eyelids, glabella, nape, and scalp. PWB is
commonly lateralized to one side of the face, but on rare occasions PWB can present at the medial forehead
location.>®%° Differentiation in these cases may be impossible from a clinical point of view and close follow-up or
even brain imaging may be considered.

Arteriovenous malformations in their quiescent phase present as a “capillary” stain that may be confused with a PWB.
The precursors of an arteriovenous malformation are usually warmer to palpation, more heterogeneous in color, and have
archipelago-like borders. A Doppler ultrasound may help in differentiation.

Megalencephaly capillary malformation syndrome (MCAP), a PIK3CA overgrowth syndrome, may be confused with
SWS as this condition is also associated with facial (medial forehead location) and truncal reticulated capillary
malformations (similar to the GNAII SWS phenotype), partial overgrowth, and macrocephaly. However, the more
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extensive overgrowth; toe abnormalities, the frequent involvement of the philtrum, and the lack of leptomeningeal
angiomatosis or glaucoma in MCAP help in differentiation. Genetic studies also help in differentiation.

Other conditions within the PIK3CA-related overgrowth syndromes (PROS) spectrum can also present with a facial
capillary malformation but lack leptomeningeal angiomatosis or glaucoma and have a more pronounced (and often
lipomatous) overgrowth of subcutaneous tissue. A few patients with SWS with more extensive capillary malformations
and mild overgrowth have been reported as having a SWS-Klippel Trenaunay syndrome (KTS) overlap. In our opinion,
these patients lack the more characteristic venous anomalies and the degree of overgrowth seen in KTS and fit more into
the SWS definition.®® " When performed, genetic studies demonstrate overlap the GNAQ R183 variant in these patients

with clinical overlap.”""?

Radiological Management and Neuroimaging

Gadolinium enhanced MRI is the main imaging modality for the diagnosis of SWS brain involvement. It can detect
leptomeningeal enhancement, abnormal venous drainage, cortical atrophy, and hypermyelination underneath the lepto-
meningeal angiomatosis, as well as calcifications. There is extensive controversy regarding imaging studies of pre-
symptomatic infants at risk, and despite a recent expert panel recommendation, the debate has not been settled
(Figure 5).

Those against presymptomatic imaging argue that early MRI requires anesthesia in young infants and may give false-
negative results as leptomeningeal angiomatosis may be difficult to visualize early on. There is a current push to raise
awareness of subtle and incipient radiological findings that could be supportive of the diagnoses of SWS from an earlier
age.”> One study showed that choroid plexus (CP) thickness and CP thickness ratio (cut-off value of 5.6 mm of the
affected side) correlated with a sensitivity and specificity of 91.7% and 100%, respectively, for the diagnostic ratification
of SWS.

Other indirect findings, such as focal areas of abnormal white matter signal, cortical atrophy, and CP asymmetry, can
also be helpful to prove the diagnosis in more challenging or subtle cases.”* Another study reported that susceptibility-
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weighted imaging (SWI) and contrast-enhanced fluid-attenuated inversion recovery (FLAIR) provided the best sensitivity
for the detection of pial vascular abnormalities in SWS.'¢

Bar et al’* evaluated the diagnostic yield of early asymptomatic screening via brain MRI in infants with SWS before
3 months of age for the detection of leptomeningeal angiomatosis, documenting a sensitivity and specificity of 85% and
94%, respectively. Additional use of indirect MRI signs increased the sensitivity to 100%.”* However, another publica-
tion mentioned that, in the absence of contrast administration, the sensitivity decreased to 35% (using the same diagnostic
criteria of Bar et al’®), as it compromised subtle and indirect signs.”® For this reason, careful and cautious evaluations
should be taken into consideration, particularly in non-contrast weighted imaging modalities.

Earlier detection could potentially be proven beneficial by identifying high-risk patients that are likely to present
symptoms who may benefit from closer multidisciplinary monitoring. On the other hand, a normal MRI, even consider-
ing a small percentage of false-negatives, is reassuring, and these low-risk patients may save some appointments.
However, the risks and benefits of sedation before the age of 2 years need to be weighted on a patient-to-patient
basis. In cases where sedation might not be desired, alternative non-sedative imaging modalities might provide insightful
clinical data.”® After 2 years of age, imaging studies are debatable in asymptomatic patients, considering that most of the
patients with brain involvement will have presented with seizures before 1 year of age.”

The preferred post-symptomatic imaging modality is pre- and post-contrast magnetic resonance imaging (MRI)
sequences focusing on parenchymal and vascular anomalies, however, this is subject to individual hospital policies and
procedures. Susceptibility weighted imaging (SWI) and contrast-enhanced FLAIR (fluid attenuated inversion recovery)
images are particularly important to obtain as it may complement conventional contrast-enhanced T1 weighted MRI in
characterizing brain abnormalities of Sturge-Weber syndrome.’®””

Routine follow-up MRIs are not recommended in SWS children with stable clinical symptoms, controlled seizures,
and no neuro-cognitive decline, due to the potential risks delineated above. An additional MRI may be indicated in select
patients with known SWS, eg, in the case of new or progressive neurological symptom(s), uncontrolled or worsening
seizures, change in seizure semiology, new stroke-like symptoms with prolonged neurological deficit, new-onset
migraine, or other clinical symptoms that raise concerns of progressive changes in brain structure and/or function.>*

In the case of stroke-like episodes, a repeated MRI (after the event) is controversial considering that the radiological
changes (diffusion restriction abnormalities and increased edema) are self-resolving in nature. Also, event is suspected to
occur at the microangiopathic level, where the use of a cerebral angiogram has been questioned in previous studies.”®

The primary goal of pre-surgical MRI in children with drug-resistant epilepsy is to determine the extent and severity
of brain involvement (frontal lobes, eloquent cortical areas, unilateral versus bilateral involvement). Imaging in the
context of pre-surgical evaluation could be of benefit for tailored planning for a surgical approach (ie, epilepsy surgery),
both of which should be performed in an experienced neurosurgical and neuroradiological center.”®

Non-invasive (and non-sedative) imaging modalities like MRI with the feed and wrap technique or the transcranial
Doppler (TCD) merit consideration in the evaluation of SWS. The “feed and wrap” technique is a modified MRI
technique, which is practical, easily reproducible, and when done properly, it can provide useful radiological information
in infants under 3 months of age.”® It can avoid unnecessary periods of fasting, insertion of intravenous lines, and the use
of sedatives and/or general anesthesia in newborns and infants. Nevertheless, many centers do not use contrast for non-
sedated cases, making this technique much less informative. To our knowledge, no studies have addressed the use of the
“feed and wrap” technique in SWS. This is to be explored further, as earlier, or incipient brain imaging findings can be
detected at a younger age in SWS (as discussed above) safely without the risks of sedation or anesthesia, as it is widely
performed in Sickle Cell disease.

Chen et al performed a qualitative and quantitative analysis of a rapid (5-min sequence) and high-resolution adapted
MRI sequence, including susceptibility weighted imaging (SWI) and quantitative susceptibility mapping (QSM) modalities
in a pediatric SWS cohort minimizing the time and degree of sedation.®® The authors were able to obtain high-quality data
for accurate imaging reading interpretation and analysis, however, the authors mention that larger and prospective studies
are required to evaluate the feasibility of this modified technique versus the traditional MR sequences in SWS.°

Transcranial Doppler as a non-invasive imaging modality was investigated in a cohort of 14 patients with confirmed
SWS, who had unilateral brain involvement confirmed with MRI comparing them with age-matched controls.”> Overall,
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subjects with SWS had lower peak systolic velocity (PSV) and end diastolic velocity (EDV) scores in the median, posterior,
and anterior cerebral arteries compared to healthy controls (both in affected and unaffected sides). Patients with the lowest
mean flow velocities of the middle cerebral artery (MCA) had the worst neurological scores. This study suggested that TCD
might be a valuable non-invasive tool with predictive value of disease monitoring and progression in SWS.”>

Perfusion imaging by either positron emission tomography (PET) or single photon emission computed tomography
(SPECT) may be important to monitor disease progression in SWS.®' PET can detect subtle changes in the degree and
asymmetry of glucose activity/levels in the brain, which are sensitive markers for cognitive decline and seizure activity in
SWS. In a study, the use of SPECT concomitantly used with MRI demonstrated a “steal” phenomenon of the affected
brain areas during seizure activity leading to significant remote ischemia.®® As this is another mechanism that can
provoke brain injury in children with SWS, it urges for aggressive seizure control and prompt management early on.

Other imaging modalities include computed tomography with or without contrast, which can detect calcification,
cortical atrophy, enlarged choroid plexus, and enlarged ventricles.

Electroencephalography (EEG) is a cost-effective and minimally invasive diagnostic tool that can aid in the detection
of cortical affection and epilepsy in SWS. Subclinical seizure activity in SWS might manifest as rhythm and voltage
asymmetry and might be seen more frequently than epileptiform abnormalities.?”®* Subclinical seizure activity usually
reflects brain injury from prior insult (seizure or calcification). There is discrepancy as to when the initial EEG should be
performed in SWS; however, according to some reports it can detect background voltages and rhythm asymmetry starting
at 3-6 months of age.””**® Nonetheless, subtle or incipient changes might go unrecognized. The use of quantitative EEG
for the prompt detection of asymptomatic patients remains attractive, although guidelines and recommendations for the
standardized use of EEG in SWS are lacking, and its clinical relevance remains to be evaluated in larger and higher-
powered studies. Finally, EEG is an important test to perform for SWS patients with a febrile illness and altered mental
status (unexplained confusion or unresponsiveness), as they are at risk for non-convulsive status epilepticus. Prolonged
video EEG may be needed in some cases of episodic mental status changes.>*

Neurodevelopmental outcomes depend on optimal seizure control and early detection of neurological red flags.” For
this reason, we recommend a low threshold for the performance of EEG (regardless of imaging considerations) and the
referral to a pediatric neurologist should always be considered for regular monitoring, screening, and prompt treatment
when required in patients with extensive facial PWB.?’

Biomarkers for Disease Monitoring

Sreenivasan et al®* published on the utility of urine vascular biomarkers in SWS. They analyzed the urine levels of
Matrix Metalloproteinases (MMP) MMP-2 and MMP-9, Vascular Endothelial Growth Factor (VEGF), and basic
Fibroblast Growth Factor (b-FGF) and correlated them with disease progression. The results suggested that MMP-2
and MMP-9 levels may be useful as non-invasive methods for assessing SWS progression, but it could also show which
patients might benefit from earlier and aggressive treatment, while b-FGF levels may be useful in judging the efficacy of
neurologic treatment in SWS.

Laser Therapy
Sabeti et al®

first line and gold standard amongst light-based instruments.®>*> Treatment response varies depending on the depth of the

published consensus guidelines for the treatment and management of PWB in SWS. PDL is considered the

vessels;®® the initial PWB color; patients phototype; and the affected anatomical site, where frontal lesions have the
greatest degree of clearance compared to malar and perioral lesions.>®> Based on expert observations and limited studies,
treatment of PWBs at an earlier age, particularly in the first year of life, results in better outcomes.®® Several PDL
sessions (between 7 and 15) are usually needed to achieve the desired therapeutic response; however, the capillary stains
do not clear completely. Complete to near-complete clearance was reported in only 3% of patients in a multicentric,
retrospective, cohort study of patients with hypertrophic.>* Less than 50% improvement was reported in 67.2% of these
patients. Of note, the median age of starting laser therapy in this study was 6 years with a range of 3 months to 58 years
in 67.2% of these patients.>*
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Laser treatments are usually scheduled every 6 weeks. More frequent treatments are safe but do not show a better
therapeutic response.® There is no evidence that laser treatment can prevent hypertrophy and PWB may become thicker
even if early treatment is performed. After initial lightening there may be some redarkening over time and additional
treatments may be needed at a later age. PDL is considered safe in children and has a low incidence of complication
when used appropriately. Treatment of the periocular areas, with adequate eye shields, does not worsen existing
glaucoma or precipitate seizures.

It is believed that partial or non-responders might suffer from ongoing regeneration and/or revascularization of the
photocoagulated vessels. Intense pulse light may also be used with success if PDL is not available. Longer laser
wavelengths such as those of Alexandrite laser and NdYag are commonly employed for hypertrophic, nodular lesions
or deeper/larger vessels, or in PDL resistant stain.®” Other laser modalities such as ablative lasers like CO2, Erbium:
YAG, and Erbium:Glass have been used in combination with PDL but will inevitably leave a scar.®**®

Alternative therapies for PWB that do not respond to conventional laser therapy include adjuvant medications (see
below), photodynamic therapy (intravenous administration of photosensitizer), surgery, or corrective cover-up.®’

The adjuvant use of topical agents with the use of PDL for the treatment of PWB has been studied recently.

A Phase II, randomized, double-blind, intraindividual placebo-controlled, clinical trial demonstrated that the use of
topical rapamycin (RPM) was more effective than the use of PDL treatment alone in the treatment of facial PWS in an
adult cohort.®® Nevertheless, treatment quadrants were non-randomly assigned, so a cautious interpretation of the results
is recommended considering the study design. Musalem et al”® reported on the response to dual therapy by adding topical
RPM to subsequent laser sessions where PDL was ineffective alone in an observational cohort study, suggesting that dual
therapy can increase clearance rates in some resistant cases. However, based on a review of the literature, these findings
have not been replicated consistently in other publications.”’ The use of an enhanced drug delivery system using non-
thermal resurfacing technology has shown promising results without significant side effects.

Nonetheless, further prospective, head-to-head, and comparative studies are required to rigorously evaluate the
efficacy and long-term safety of the combination of topical RPM with PDL.

Other adjuvant combination topical agents in PDL-resistant cases have been used. Timolol and topical Imiquimod in
combination with the use of PDL have been studied without conclusive results.”’ > A study evaluated the concomitant use
of PDL and topical axitinib (an inhibitor of MEK/ERK), a medication with angiogenic properties, using animal models.”
The treatment combination was shown to prevent vessel regrowth, although efficacy in patients has yet to be demonstrated.
One small-scale pilot study evaluated topical bosentan (endothelin receptor antagonist) 1 day before PDL and for 14 days
after the session in PDL-resistant PWB and showed partial efficacy in one of four PWB patients treated.”

Photodynamic therapy, which consists of the administration (topical, oral, or intravenous) of photosensitizing agents
that create a photochemical reaction targeting and destroying specific cells (ie cancer cells), has been used for the
treatment of refractory choroidal hemangiomas in PWB.’ The use of 5-aminolevulinic acid (ALA) in combination with
PDL was evaluated in one study and noted mild-to-moderate improvement of recalcitrant PWB.”’

Li et al’® reported on the effective and safe use of photodynamic therapy with hematoporphyrin monomethyl ether
(HMME) for the treatment of patients with SWS and large/segmental PWB. However, undesirable reactions such as
facial swelling, infection, and skin necrosis have been reported so this modality of treatment should be used cautiously
and in an experienced center.”’

As laser therapy is associated with discomfort, pain management should be discussed with parents and patients before
therapy. Pain can be minimized with topical anesthetics, local anesthetics, and nerve blocks. For younger children, these
methods may not be feasible or may be intolerable and general anesthesia may be needed. The risk of multiple general
anesthesia events should be weighed against the benefits from early treatment. There are studies on the safety of a single
anesthesia episode in infants; however, there are no studies addressing the long-term safety, neurocognitive, neuropsy-
chological, and behavioral outcomes of multiple anesthesia events in young children.'®’ %2

Pulsed dye laser treatment without general anesthesia may be preferred in very young children, particularly before 12
months of age. There are several positive considerations in favor: the laser procedure only lasts a few seconds, the
treatment area in infants is smaller (compared to older children and adults); eye shields can be placed easily in infants,
and they are more easily restrained from motion than older children. Non-medical interventions are commonly used to
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minimize discomfort, anxiety, and pain, including soothers, sucrose, distraction, and the company of the parents or
caregivers (depending on the laser surgeon’s comfort).

The potential impact of painful procedures early in life must be carefully weighed against the risk of general
anesthesia and the advantages of having more rapid vascular clearing with significant cosmetic improvement before
school age. Joint decision-making with parents before moving forward with laser under general anesthesia is strongly
recommended. Quality of life (QoL), self-esteem, and related psychosocial issues should not be overlooked and should
be taken into consideration when deciding and discussing the timing for laser surgery.®®

Targeted Therapies, a Novel Approach in SWS

To date, there is no known targeted treatment for SWS. Treatment with sirolimus has shown some benefit, but the effect
on the GNAQ pathway may be indirect. Sirolimus binds to FKBP-12, an intracellular protein, forming an intracellular
complex that inhibits mTOR (target of rapamycin), a regulatory kinase. It inhibits T-lymphocyte activation and
proliferation via antigenic and cytokine stimulation, later inhibiting antibody production.'® This mechanism makes
Sirolimus an attractive therapeutic choice for downstream signaling pathway like PI3K/AKT/mTOR (mammalian target
of rapamycin).zo’104 However, GNAQ has not been shown to signal directly through this pathway.

In 2021, a systematic review evaluated the efficacy and safety of sirolimus, showing that it can improve the prognosis
of vascular tumors (especially those with severe coagulopathy), venous and lymphatic malformations.'® These results,
taken together with the importance of mTOR in cell growth and proliferation, have motivated its use in other vascular
anomalies, including CM (Capillary Malformations) associated with SWS.

The effectiveness of topical rapamycin in SWS was evaluated in phase II, randomized, double-blind, intraindividual
placebo-controlled, clinical trial." The use of topical rapamycin in combination with PDL proved to be the most effective
intervention in both subjective and objective measurements (including photographs, clinical evaluation, and histopathol-
ogy) compared to either topical or laser therapy alone in post-hoc paired analysis in this study. This treatment modality
was postulated as presumably most effective in the pediatric population,®® where earlier tampering of the expression of
proangiogenic factors that contribute to ongoing angiogenesis in SWS could potentially inhibit the formation of larger
ectatic vessels that are challenging to treat later in adulthood.

Rapamycin in combination with aspirin has been given orally in an infant with bilateral facial and extensive
leptomeningeal involvement prophylactically.'®® The patient was prophylactically started on oral rapamycin (0.8 mg/
m?*/dose) in combination with aspirin (10 mg/kg/day) at 3-weeks of age and remained seizure free at 23-months; the
patient also underwent 10 sessions of PDL (starting at 2 months of age) that were considered significantly effective,
showing notable lightening of the PWB.

Sun et al reported on the beneficial use of sirolimus on a small cohort of patients, in whom their epilepsy was
gradually controlled and had sustained effective remission for 26 months and without any other antiepileptic
medications.** Neurologic development was reported as stable. Moreover, the associated hemihypertrophy and color
of the capillary stain improved with treatment as well. Another study showed that cognitive functioning, recovery after
stroke-like events, and quality of life were improved with the use of sirolimus in SWS.*’

Soft-tissue overgrowth, which is seen in some patients with SWS, can be significantly distressing to patients and their
caregivers, as it can lead to progressive cosmetic disfigurement and functional limitations such as limited eye and mouth
opening. The use of rapamycin was shown to be beneficial with a reduction in the associated overgrowth within the PWB
of an 11-year-old girl 8-months into treatment, without the use of other adjuvant therapies.'®’” Furthermore, attenuation of
capillary discoloration and reduction of ocular pressure were seen as added treatment benefits.

Sirolimus was considered safe and well tolerated in all the reports discussed above. Adverse events were mild and
classified as grade I (CTCAE classification), reporting hypertriglyceridemia, decreased HDL, mouth sores, headaches,
increased LFTs, and personality changes (worsening behavior).**

There are only a few other studies evaluating other potential targeted therapy agents in SWS. A recent study by Feng
et al'®® has demonstrated that the presence of oncogenic GNAQ mutations can cause an overactivation of FAK-mediated
YAP activation, which transcriptionally activates the TEAD transcription factor family and downstream pro-growth and
pro-survival genes. No specific YAP inhibitors are currently in clinical use; however, Truong et al'” demonstrated that
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combined therapy with trametinib (MEK1/2 inhibition) and the lysosome inhibitor chloroquine, increased cytotoxicity
while indirectly decreasing YAP nuclear localization and transcriptional activity. This could be of interest in the treatment
of uveal melanoma and, potentially, also SWS. Additional in vivo and in vitro complex studies are needed to advance our
understanding of PWB and SWS.

Other Treatments

The mainstay of treatment for seizures remains antiepileptic medications. From a multicenter registry of 268 patients
with SWS, the most frequently used medications were levetiracetam (48.1%), low-dose aspirin (44.8%), oxcarbazepine
(39.9%), and phenobarbital (14.9%). In this study, the presence of family history of seizures, bilateral brain involvement,
and no anti-epileptic medication use was associated with a higher incidence of neurosurgery.''® It is currently advisable
to warn parents and caregivers about the risk of seizure clusters and to encourage the development of individualized
emergency plans that include the use of rescue benzodiazepine therapy. Some providers recommend the use of
intermittent benzodiazepine therapy during febrile illnesses. A similar strategy, as used for the prevention of status
epilepticus in Dravet syndrome, may be considered.'""

Low-dose aspirin (3—5 mg/kg/day) can be used as concomitant therapy (in addition to antiepileptic drugs), as it
decreases both the frequency and severity of headaches, seizures, and stroke-like events in patients with SWS.>® Aspirin
was demonstrated to be safe and well tolerated in a pediatric cohort study.''? In this study, patients were introduced to the
drug starting as early as 1 month of age.''? Patients with anatomical brain abnormalities detected on imaging that are
asymptomatic may particularly benefit from treatment.’®''? Speculation regarding the concomitant relief of glaucoma
(via endothelial antiaggregant effect) of aspirin has been proposed; however, this requires further study.

Use of (CBD) in patients with SWS and refractory epilepsy has been reported.''® Doses of 2-25 mg/kg/day of CBD
were employed in this study and although adverse effects were frequent, they were transient, mild, and resolved with
dosage adjustments or transient discontinuation of the CBD.'"?

Conclusion
In summary, SWS is a neurocutaneous disorder caused by GNAQ and GNA/l somatic variants that lead to progressive
capillary vessel dilation and dysfunction in skin, eye, and brain tissue with negative impact on patients’ quality of life.

Our understanding and knowledge about SWS have improved over recent years and will continue to evolve rapidly.
However, a better understanding of the pathophysiological basis of the disease is needed in order to identify accurate
biomarkers capable of monitoring disease progression. The identification of the activating somatic GNAQ mutation and
more recently, in the GNAII gene are of significant interest for future and more specific targeted therapies.

Although the number of cases is still limited, sirolimus seems to be effective for both cutaneous and extra-cutaneous
features in SWS and is alluring for prophylactic therapy. Robust multicenter, blinded, and prospective clinical trials with
long-term follow-up are required to demonstrate the effectiveness and safety of sirolimus and other targeted therapeutic
agents in SWS.
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