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The Rare Neurocutaneous Disorders
Update on Clinical, Molecular, and Neuroimaging Features

bstract: Phakomatoses, also known as neurocutaneous disorders, com-
rise a vast number of entities that predominantly affect structures originated
gfrom the ectoderm such as the central nervous system and the skin, but also the
Smesoderm, particularly the vascular system. Extensive literature exists about

-Sthe most common phakomatoses, namely neurofibromatosis, tuberous scle-

vrosis, von Hippel-Lindau and Sturge-Weber syndrome. However, recent
Sdevelopments in the understanding of the molecular underpinnings of less
ééommon phakomatoses have sparked interest in these disorders. In this article,
e review the clinical features, current pathogenesis, and modern neuroim-
Saging findings of melanophakomatoses, vascular phakomatoses, and other
Stare neurocutaneous syndromes that may also include tissue overgrowth or

Y . . “e
aneoplastlc predisposition.
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ﬁN eurocutaneous disorders, also known as phakomatoses, clas-
S sically refer to a group of diseases that features abnormalities
g;involving predominantly structures originating from the ectoderm

Zsuch as the central nervous system (CNS) and the skin, but also the
Svascular system given its common origin from the neural crest. The
Zterm phakomatosis, first described in 1920, comes from the Greek
word for birthmark, which accurately correlates with the clinical
hallmark of these disorders: skin changes.

The CNS and the skin share common developmental origins.
The development of the CNS begins at 2 to 3 weeks of gestation when
the neural plate appears as a thickened layer of ectoderm at the
cranial dorsal midline of the embryo. The neural plate forms the
neural tube by the process of primary neurulation, in which thicken-
ing and infolding of the neural plate with subsequent fusion at the
midline creates the neural tube while separating from the overlying
closing cutaneous ectoderm.'” The molecular signals for primary
neurulation include sonic hedgehog (SHH), WNT, and bone mor-
phogenetic protein (BMP) signaling pathways.>~>
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TEACHING POINTS

e Phakomatoses comprise a large number of entities that predominantly
affect structures originated from the ectoderm (central nervous system
and skin) and mesoderm (vascular system), classically divided into 3
different subgroups, listed as melanophakomatoses, vascular, and
other phakomatoses.

Melanophakomatoses include a variety of entities including cutaneous
lesions ranging from hypo- to hyperpigmented skin abnormalities. The
most common entities are hypomelanosis of Ito and incontinentia
pigmenti.

e Hypomelanosis of Ito usually presents with a distinctive pattern of the
skin involvement, which is characterized by hypomacular zones with
irregular borders, V" or "‘S” shaped, striations, swirls, patches, or
whorls along the lines of Blaschko, typically not associated with
inflammatory changes. Imaging findings include T2/FLAIR white
matter abnormalities in association with cystic lesions/prominent
perivascular spaces within the white matter of the parietal lobes.
Incontinentia Pigmenti usually presents with hyperpigmented skin
lesions along the lines of Blaschko and are classically associated with
inflammatory changes. The most common imaging features are brain
infarctions and T2/FLAIR white matter signal abnormalities; however,
hemorrhagic lesions along with ischemic changes have been reported.
Patchy punctate lesions with restricted diffusion along the cerebral and
cerebellar hemispheres add specificity to the diagnosis.

Vascular phakomatoses include a variety of entities in which the
cutaneous lesions are present in association with low-flow or high-
flow vascular abnormalities of both the skin and the central nervous
system. The most common entities are Ataxia Telangiectasia and Rendu-
Osler-Weber disease. Spinal and cerebral metameric syndromes are also
subgroups of vascular phakomatoses.

Ataxia Telangiectasia is the most common cause of cerebellar ataxia in
children younger than 5 years of age and the second most common
pediatric neurodegenerative disorder involving the cerebellum. It
presents classically with ocular abnormalities, visual impairment, and
oculocutaneous telangiectasias. Affected patients most commonly
presents with diffuse progressive cerebellar atrophy.

e Rendu-Osler-Weber disease is a highly penetrant autosomal vascular
neurocutaneous disorder. Its hallmark is the presence of multiples
arteriovenous malformations (AVMs) involving many organs and
tissues, such as central nervous system, lungs, and gastrointestinal
tract. The most common symptom is anemia due to the chronic
gastrointestinal bleeding, however, severe pulmonary hemorrhage
due to pulmonary AVMs is a major cause of death. Neuroimaging
findings include several small cerebral AVMs, which tend to occur
superficially and have a low Spetzler-Martin grade.

Other phakomatoses include a miscellaneous group of entities that most
commonly present as overgrowth syndromes with a higher risk of
tumorigenesis, such as Proteus syndrome and basal nevus syndrome.

After the closure of the neural tube, cells at the neural crest will
give origin to both structures derived from ectoderm and mesoderm
(eg, blood vessels and melanocytes). Several genes are related to
promotion of neural crest differentiation, such as PAX3, BMP4,
WNTI1, EGR2, SOX10, among others. Abnormal differentiation of
the neural crest constitute the basis for several neurocutaneous
disorders and their remarkable association between brain, skin,
and vascular abnormalities.®
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Melanoblasts are derived from the neural crest and later differ-
entiate into melanocytes. They migrate to the dermal-epidermal
junction to produce melanin. However, arrested migration with
persistence of melanocytes in the dermis may lead to skin abnormal-
ities such as Mongolian spot, cellular blue nevus, nevus of Ito, and
nevus of Ota (NO).7 Arrested migration of melanoblasts from the

oneural crest may also result in pigmentary abnormalities involving
%the brain, meninges, inner ear, eye, and nerve fibers.”

In this article, we review clinical features, molecular basis and
@pathophysiology, and imaging findings of less common neurocuta-
=neous disorders. According to their embryologic origin and main
iaffected tissues, neurocutaneous disorders can be classified into
Smelanophakomatoses, vascular phakomatoses, and other phakoma-
Stoses. The most common phakomatoses (neurofibromatosis type 1
Sand 11, tuberous sclerosis, von Hippel-Lindau disease, and Sturge-
%Weber-Dimitri syndrome) are not discussed in this article; however,

= we refer the readers to excellent reviews on these disorders.®~'°
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MELANOPHAKOMATOSES
:Hypomelanosis of Ito (OMIM 300337)

o
<
o)

wuisoldo

Clinical Features

2 Hypomelanosis of Ito, also known as incontinentia pigmenti
=(IP) achromians, has an estimated Ii)revalence of approximately 1/
©820,000 in the general population.!’ The disorder most commonly
Sl%affects the skin, the central nervous system, and the musculoskeletal
=system. However, craniofacial, dental, cardiac, renal, and gonadal

mabnormalities may also be seen (Table .12
One of the hallmarks of this disorder is the distinctive pattern of
the skin involvement, which is characterized by hypomacular zones
with irregular borders, “V** or ““S”” shaped striations, swirls, patches,
or whorls along the skin cell developmental lines of Blaschko
(Fig. 1). These lesions involve mainly the trunk but can occur in
the extremities, face, and scalp, usually sparing palms and soles.'>~
141618 Thig pattern of skin involvement is described as the ““negative
image” of that of IP. The term ‘‘linear nevoid hypomelanosis’ has
£been proposed for cases with isolated skin involvement, whereas the
Sterm hypomelanosis of Ito would be reserved for cases with multi-

dorgan involvement."

Skin abnormalities are typically not associated with inflam-
matory signs and can be present at birth, which differs from the

OHISqbZay1r+erNiOITWNO

cutaneous changes seen in IP.">' If not present at birth, approxi-
mately 75% of cutaneous abnormalities develop within the first year
of life, and characteristically do not fade with age.'>'” There is no
correlation between severity of the disease and skin abnormalities.

Neurological symptoms are prevalent (affecting up to 80%—
100% of the cases) but variable, and can include developmental
delay, epilepsy, autism spectrum disorder, hyperkinesia, nystagmus,
ataxia, sensorineural deafness, speech delay, and muscular dystonia.
It may present with either macro- or microcephaly,'?~'#!'6:18

Hypomelanosis of Ito has been associated with the develop-
ment of several types of benign tumors including -cystic
teratoma of the mediastinum, complex mature sacrococcygeal
teratoma, choroid plexus papilloma, dental hamartoma, and
less commonly malignant tumors such as acute lymphoblastic
leukemia, medulloblastoma, neuroblastoma, and primary menin-
geal rhabdomyosarcoma.'?

Pathogenesis

Recent theories suggest that hypomelanosis of Ito is caused by a
chromosomal mosaicism, which is not present in all cases. Autoso-
mal dominant inheritance has been seen in some cases.'>!>!7

Even though several genetic abnormalities have been reported,
the 4 most commons defects are a short arm of X-chromosome
(XP11), a short arm of chromosome 12, trisomy of chromosome 18,
and triploidy."” Failure of X-inactivation may be the cause of
sporadic cases.

Imaging findings

Imaging findings are nonspecific. Brain magnetic resonance
imaging (MRI) usually shows T2/FLAIR white matter abnormalities
involving both the subcortical and periventricular white matter of the
parietal lobes (Fig. 2A and B).'*'*?° Cystic lesions and prominent
perivascular spaces within the white matter signal abnormalities may
be present (Fig. 2C and D), and diffuse brain atrophy with cerebellar
hypoplasia is another possible feature.'?

Migration and cortical organization abnormalities such as poly-
microgyria, heterotopic gray matter, cortical dysplasia, and hemi-
megalencephaly (Fig. 3A, B, and C) have been described. Vascular
anomalies including arteriovenous malformations (AVMs) and
moyamoya vasculopathy have been described in association with
hypomelanosis of Ito.">'* Neurological impairment is correlated
with extent of CNS abnormalities.

TABLE 1. Clinical Features and Neuroimaging Findings in Melanophakomatoses

Melanophakomatoses Clinical Features

Neuroimaging Findings

Hypomelanosis of Ito Hypomacular lesions along the lines of

Blaschko.
Incontinentia pigmenti Hyperpigmented lesions with inflammatory
changes, along the lines of Blaschko.

Neurocutaneous melanosis Giant congenital melanocytic nevus.

Bluish/brownish oculocutaneous lesions.

Abnormal pigmentation of the skin and
eyes, associated with dystopia canthorum
and sensorineural hearing loss.

Café au lait skin changes associated with
precocious puberty.

Nevus of Ota
Waadenburg syndrome

McCune-Albright
syndrome

White matter changes associated with cystic lesions/proeminent
perivascular spaces, predominant in the parietal lobes.

Cortical migration abnormalities

Acute injury in the periventricular and subcortical white matter
overlapping with areas of microhemorrhage.

Sequelae of previous ischemic or hemorrhagic lesions on the
cerebral hemispheres.

Cortical migration abnormalities.

Melanin deposition in the brainstem, cerebellum, amygdala, and
along the leptomeninges.

Intracranial melanoma with variable hemorrhagic component.

Dysplasia of the inner ear.

Fibrous dysplasia, commonly involving the craniofacial bones.

434 | www.topicsinmri.com

© 2018 Wolters Kluwer Health, Inc. All rights reserved.

Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.



Topics in Magnetic Resonance Imaging e Volume 27, Number 6, December 2018

Rare Neurocutaneous Disorders

IGURE 1. 10-Year-old boy with hypomelanosis of Ito presenting with
utaneous hypopigmentation changes along the lines of Blaschko on
e left hemithorax, extending to the ipsilateral shoulder and arm.
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ncontinentia Pigmenti (OMIM 308300)

linical Features
IP, also known as Bloch-Sulzberger syndrome, is an X-linked
ominant disorder associated with a skewed X-chromosome inacti-
ation in blood cells that is usually lethal in men,?' "> with an
stimated incidence of approximately 0.2 in 100,000 births.?®
Most affected females will develop multiorgan abnormalities
Gwith a broad spectrum of involvement of the skin, hair, nails (e§
subungual benign tumors), teeth, eyes, and the CNS2!'~2326-%8
Affected patients also present with innate immunodeficiency, which
leads to recurrent infections.*’

Skin changes along the lines of Blaschko are present in virtually
all affected patients,”® and classically occurs in 4 stages: perinatal
inflammatory vesicles, verrucous patches, hyperpigmentation
(Fig. 4), and hypoplgmented atrophy.?>?*?73% These stages are
considered as major criteria for the diagnosis of IP.**?’

CNS abnormalities are reported in up to 30% of the cases and
correlate with clinical symptoms, prognosis, and outcome.>’ Neuro-
logical symptoms occur early in life and are the major cause of
morbidity in IP. Affected individuals usuall ]zaresent with develop-
mental delay, seizures, and cerebral palsy.*>***® The majority of
patients have normal vision; however, vision abnormalities are linked
to worse prognosis, and include retinal detachment, eplthellogath;f
optic atrophy, microphthalmia, and blood vessel tortuosity.
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Pathogenesis

IPis believed to be caused by the IKBKG (inhibitor of kappa light
polypeptide gene enhancer in B-cells, kinase gamma)/NEMO (NF-
kappa-B essential modulator) gene. It is located in the Xq28 region,
and encodes for a regulatory subunit of NF-kB signaling, involved in
many regulatory functions such as immune/inflammatory responses,
cell-growth, and apoptosis. IP is mostly a sporadic syndrome, and most

© 2018 Wolters Kluwer Health, Inc. All rights reserved.

of IKBKG mutations occur de novo.?' %8323 Mutations that result
in the loss of functions of the IKBKG/NEMO gene are lethal in men.
Rarely, the mutation leads to mosaicism and is therefore not lethal,
instead, these patients develop a disease similar to IP>*?® As the
NEMO/inhibitor of nuclear factor kappa-B kinase gamma protein is
enrolled in signaling pathways of several genes, its mutation can
produce different phenotypes and outcomes, which can help explain
the broad clinical spectrum of IP28343

Imaging Findings

The most common imaging features are brain infarction, lesions
with atrophy involving the corzpus callosum, and T2/FLAIR white
matter signal hyperintensity,>>>*"31%¢ which can occasionally
be reversible.”’ Hemorrhagic and ischemic lesions have been
widely reported (Figs. 5 and 6), especially in neonates. Although
some studies have reported ischemic changes involving
distinct vascular territories, in most cases lesions affect the micro-
vasculature,?22331-3233

Diffusion-weighted imaging may add specificity to the diagno-
sis in the presence of acute injury depicted as patchy, punctate,
and confluent areas of restricted diffusion in the periventricular
and subcortical white matter, basal ganglia, thalami, corpus cal-
losum, and cerebellum.>**® Hypointense foci on susceptibility-
weighted imaging (SWI), indicating microhemorrhages, may
overlap with areas of acute injury on diffusion-weighted imaging
(Fig. 7A-D).**%

Other imaging findings include microcephaly, sequelae of
injury such as focal cerebral atrophy and porencephaly, and devel-
opmental cortical abnormalities (Fig. 8A and B) including hemi-
megalencephaly. Vascular malformations may also be seen.”

Neurocutaneous Melanosis (OMIM 249400)

Clinical Features

Neurocutaneous melanosis (NC) is a rare disorder that presents
with congenital pigmented nevi and CNS involvement which can be
characterized by leptomeningeal or parenchymal melanin deposition,
but classically without malignancy in the skin or nonmeningeal
organs. Intracranial melanoma rarely occurs. Its prevalence is esti-
mated approximately 1/50,000 to 1/200,000 births, with close to 30%
to 50% of patients presenting with clinical symptoms.*®

Children are most commonly diagnosed with NC when large or
multiple congenital nevi (Fig. 9A) exist in association with menin-
geal melanosis or melanoma.®® The risk of children with a giant
melanocytic nevus to develop NC is unknown,*® but studies have
estimated it in approximately 7%. Patients with NC are at higher risk
of developing melanoma, but malignant transformation is uncom-
mon.*!

Although asymptomatic disease is possible, symptoms usually
manifest within the first 2 years of life. Neurological symptoms vary
according to the location and extension of the brain lesion, and it
tends to occur early in life. The most common clinical symptoms are
seizures, cranial nerve palsy, myelopathy, radiculopathy, and hydro-
cephalus.®® These symptoms are related to poor prognosis due to the
higher association with the most severe spectrum of the disease:
leptomeningeal melanosis.*°

Pathogenesis

The pathogenesis of giant cutaneous nevus and NC is believed
to be secondary to dysplasia of the neuroectodermal melanocytic
precursor cells.”®

Recent developments in genetics have included NC on the
spectrum of the RASopathies. In a mouse model, embryonic somatic
mutations in NRAS gene (chromosome 1p13) contribute to the
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ZFIGURE 2. 1-Year-old infant with hypomelanosis of Ito. Axial (A) and sagittal (B) T2-FLAIR images show signal hyperintensity of the periventricular

%white matter, more prominent in the right parietal lobe (white arrows). Sagittal T2-FLAIR (C) and sagittal FIESTA (D) images after 2-year follow-up
show prominent perivascular spaces within the periventricular and subcortical white matter of the right parietal lobe (white arrows).

pathogenesis of NC by activation of the NRAS GTPase, which is
involved on intracellular signal flow and melanocytic cell lineage
proliferation. Most probably the mutation occurs during the develop-
ment of the neural crest or neuroectoderm.**~*” The clinical outcome
may vary according to additional chromosome abnormalities.*?

Although rarer, BRAF mutations have also been
described,*****7=% creating the prospect of new potential treatments
with targeted molecular therapies such as BRAF inhibitors for
patients with metastatic melanoma.**-°

Imaging findings

The cutaneous lesions are the hallmark of the diagnosis of
NC; however, MRI plays a critical role in demonstrating CNS
melanin deposition. MRI should be performed in all patients with
giant melanocytic nevi, preferably within the first 6 months
of life 38:4051-55

Computed tomography (CT) can occasionally demonstrate
melanocytic foci as hyperdense areas, but MRI is the method of

436 | www.topicsinmri.com

choice. Melanin is better seen on nonenhanced TI1-weighted
images as parenchymal nodular or leptomeningeal linear T1
hyperintense lesions. NC lesions have a predilection for the
cerebellum, brainstem, meninges, and temporal lobes, especially
the amygdala (Fig. 9B). 33199756 1) more severe cases MRI can
show leptomeningeal thickening with contrast enhancement
(Fig. 10A and B).

Isolated parenchymal deposition is associated with a better
prognosis and is seen in less symptomatic patients.*® Detection of
melanotic deposition in the brain changes with time, as they tend to
become less conspicuous with the progressing myelination.*°

Affected patients are at a higher risk of developing melanoma.
Malignant transformation to leptomeningeal melanoma occurs in
approximately 40% to 65% of symptomatic cases.**° Malignant
transformation can be suspected by imaging by the presence
of nodular/thick plaque-like contrast enhancement, adjacent paren-
chymal edema, lesion growth, and by the presence of necrosis and
hemorrhage within the lesions.*

© 2018 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 3. 27-Year-old man with hypomelanosis of Ito. Axial T2-weighted image (A) shows hemimegalencephaly of the right cerebral hemisphere
(white arrow). Axial T2-FLAIR image (B) shows white matter signal abnormalities in the right frontal lobe (white arrow). Coronal T2-FLAIR with
superimposed tractography (C) shows asymmetry of the corticalspinal tracts, the right (long white arrow) wider than the left (short white arrow).

Cerebellar hypoplasia may be seen.” In addition, approxi-
mately 10% of the affected patients present with a Dandy-Walker
malformation. Both disorders probably relate to a disturbance in the
formation of the cerebellar cortex and abnormal cerebrospinal fluid
dynamics secondary to parenchymal and leptomeningeal melanin
deposition.*®>

© 2018 Wolters Kluwer Health, Inc. All rights reserved.

Nevus of Ota (ORPHA 263425)

Clinical Features

NO, also known as oculodermal melanocytosis, is a benign
congenital melanocytic pigmentary disorder characterized by a blue
hyperpigmented dermal lesion that affects the trigeminal dermatome,
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FIGURE 4. 9-Year-old girl with incontinentia pigmenti presenting with
hyperpigmented lesions in the right hemithorax and neck, with exten-
sion to the ipsilateral shoulder and arm, along the lines of Blaschko.

most commonly the V1 and V2 branches. It has a 5:1 female
predilection and a unilateral pattern in 90% of the cases. In approxi-
mately 60% of the cases, the lesion is present at birth, and the other
40% will appear within the first decade of life.”®

The lesion must be differentiated from the Mongolian spot,
which is present at birth in up to 90% of the cases and it usually
disappears in puberty, as opposed to NO, which tends to become
more visible with progressing age. The classic description of the
skin pigmentation includes a deeper bluish color with superficial
brownish areas, but this pattern is more commonly seen in the eyes
(Fig. 11A).7°

Ocular involvement occurs in up to 50% of the cases. Affected
patients are at a higher risk of developing uveal melanoma than the

438 | www.topicsinmri.com

FIGURE 5. 10-Year-old girl with incontinentia pigmenti. Axial T2-FLAIR
image shows atrophy and gliosis of the periventricular white matter
bilaterally, consistent with sequelae of parenchymal injury, as well
as compensatory enlargement of the left lateral ventricle (white
arrow).

general population, and it can very rarely develop malignant trans-
formation into cutaneous meningeal and dural melanoma.>*~%* NO
has also been associated with other disorders such as Takayasu
arteritis, Klippel-Trenaunay-Weber syndrome, AVMs, neurofibro-
matosis type I, and spinocerebellar degeneration among others.”

FIGURE 6. Incontinentia pigmenti. Axial T2-weighted image shows
sequelae of parenchymal injury associated with atrophy of the left
hemisphere, with compensatory enlargement of the left lateral ventri-
cle, and areas of cystic transformation of the periventricular white
matter (white arrow).

© 2018 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 7. 6-Year-old girl with incontinentia pigmenti. Axial diffusion-weighted imaging (DWI) (A) and ADC map (B) show multifocal
parenchymal diffusion restriction involving predominantly the cortex of the left frontal and right occipital lobes, consistent with acute cytotoxic
injury. Axial T2-weighted image (C) shows cortical edema in the left anterior frontal lobe. Axial SWIimage (D) shows microhemorrhagic foci within

the right occipital lobe.

Pathogenesis

It 1s believed that NO develops due to incomplete migration
of melanocytes of the neural crest to the epidermis during embryo-
genesis.”*® Two main causative mutations were identified:
GNAQ (a mutation also present in uveal melanomas) and
MMPI0. Interestingly, NO often overlaps histologically with

© 2018 Wolters Kluwer Health, Inc. All rights reserved.

a blue nevus, which also harbors the GNAQ mutation in up
to 80%.°%" It is suggested that in cases in which NO harbors
GNAQ and MMPI0 mutations it may evolve to melanoma by
acquiring BAP1, COL4A4, PLD3, and FN3K mutations.®’ These
mutations may serve as a basis to develop targeted molecular
therapies.®’
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FIGURE 8. Young adult female with incontinentia pigmenti. Axial con-
trast-enhanced T1-weighted (A) and coronal T2-FLAIR (B) images show
cortical dysplasia in the right temporal lobe (white arrows) characterized
by thickening of the cortex, blurring of the grey-white matter junction,
and FLAIR signal hyperintensity of the subcortical white matter.

Imaging Findings

Patients with NO may present with intracranial melanoma,
which can appear as hemorrhagic lesions (Fig. 11B and C) and
tends to occur in the cerebral hemispheres, optic chiasm, optic tract,
and pineal gland.”

Meningeal primary melanomatosis may also be seen, character-
ized by T1 hyperintensity along the subarachnoid spaces. Another less
common lesion is meningeal melanocytoma, which can have a variable
presentation on imaging depending on the degree of myelination. On
CT they usually appear as hyperdense lesions, with variable contrast
enhancement. On MRI they correlate with melanin signal.”¢*%*

MRI has a critical role in surveillance for possible malignant
transformation. Malignant transformation is suspected when there

440 | www.topicsinmri.com

are growing masses, change in the signal intensity pattern and
infiltration of previously uninvolved structures. Positron emission
tomography (PET) may be useful in detecting malignant transfor-
mation of the NO.®

Another imaging findings include ocular melanoma and facial
bone abnormalities typically with a hypertrophy pattern, with thick-
ening of the orbital wall and the paranasal sinuses.®”

Waardenburg Syndrome (OMIM 277580)

Clinical Features

Waardenburg syndrome (WS) is a rare inherited disorder, with
an estimated prevalence of 1/40,000 births, characterized by abnor-
mal pigmentation of the skin, hair, and eyes, dystopia canthorum
(lateral displacement of the inner canthi of the eyes), and various
degrees of sensorineural hearing loss.°°~"" It is responsible for
approximately 1% to 3% of all cases of congenital deafness.®®
Although pigmentary changes and congenital deafness are its most
characteristic features, WS includes a more variable spectrum of
abnormalities, which are separated into 4 distinct clinical sub-
types.®”¢87071 Facial dysmorphism is mainly present in WS types
1 and 3; however, musculoskeletal abnormalities are usually absent
in WS type 1. WS type 2 is characterized by all the classical clinical
features seen in WS, except for dystopia canthorum. Association
with Hirschsprung disease is characteristic of WS type 4.4 Neural
tubes defects such as spina bifida are more common in WS type 1 and
3 than in the general population.®® Myelomeningocele, when present,
is associated with a dramatic reduction in quality of life.%®

Pathogenesis

Six related genes have been described: PAX3, MITF, EDN3,
EDNRB, SNAI2, and SOX.%”"' There is a positive correlation
between clinical symptoms and genetic abnormalities.®” SOXI0 is
the most common mutation associated with WS and is responsible for
15% of WS type 2 and 40% of WS type 4. SOX10 is involved in the
development of neural crest derivatives and in the development of the
glia, oligodendrocytes and also Schwann cells.®” Patients that harbor
SOX10 mutation have a poor prognosis due to severe neurological
symptoms, mainly caused by myelination abnormalities of the
central and peripheral nervous system.®® PAX3 is mostly expressed
in the neural crest and is the primary cause of WS types 1 and 3.5
Severe neural tube defects are usually related to PAX3 mutations and
are most commonly seen in WS type 3. WS type 2 shows mutations in
the MITF (microphthalmia-associated transcription factor) and SRY
(sex determining region)-box 10 (SOX10) in approximately 15%
each. Mutations in the EDNRB (endothelin receptor type B), EDN3
(endothelin 3), and in the SNAI2 (snail family zinc finger 2) are seen
in fewer than 5% of the cases.®” Mutations in the MITF gene are
correlated with several ocular abnormalities.”

Imaging Findings

Neural tubes defects are relatively common, particularly mye-
lomeningocele. Several abnormalities of the inner ear are also
described. The most common involve the semicircular canals—
agenesis of the posterior and superior semicircular canal is most
frequently seen. Other findings may include enlargement of the
vestibular aqueduct, obliteration of the oval window, or narrowing
of the internal auditory canal.®®7>

McCune-Albright Syndrome (OMIM 174800)
Clinical Features

McCune-Albright syndrome (MAS) is a rare congenital
disorder with an estimated prevalence between 1/100,000 and

© 2018 Wolters Kluwer Health, Inc. All rights reserved.
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=FIGURE 9. Male child with neurocutaneous melanosis presenting with a giant melanocytic nevus involving the dorsal region, posterior cervical

%egion, right arm, and anterior abdominal wall (A). Axial unenhanced T1-weighted image (B) shows a hyperintense nodular/linear lesion in the left

§amygdala, consistent with melanin deposition (white arrow).

1/1,000,000,” characterized by a clinical triad of fibrous dysplasia
FD; monostotic or polyostotic), skin abnormalities (classical café au
Zait skin pigmentation) and precocious puberty.”*~77 When the
=classic clinical triad is incomplete, establishing the correct diagnosis
Zmay be challenging.

Affected individuals may also develop several endocrinopathies
and gastrointestinal abnormalities.”® Skeletal abnormalities usually
present with limb/rip pain, progressive scoliosis, or pathologic
fractures.” Usually, the typical skin changes of MAS first appear
shortly after birth, and bear no correlation with disease severity.’

Patients with MAS carry a higher risk of developing testicular
cancer secondary to high serum levels of testosterone.”

HIS9BZ3u10

0

Pathogenesis

MAS is caused by a postzygotic somatic activating mutation at
the GNAS gene (located in chromosome 20q13), which is responsible
for encoding the G-protein alpha subunit (Gsa). Activation of
the Gsa leads to activation of the cAMP pathway, which is respon-
sible for endocrine abnormalities and overproduction of
melanocytes, resulting in the typical skin changes seen in the
syndrome.”*7%79=82 Affected individuals usually present with
mosaic genetic pattemsA79 The higher the mosaicism, the more severe
the disease phenot%/pe.76 The GNAS mutation is confirmed by biopsy
of affected bone.”

Imaging Findings

The most common imaging finding is FD, which can be
monostotic or polyostotic, commonly involving the craniofacial
bones (25%—30%).”*” Clinical symptoms vary according to the

© 2018 Wolters Kluwer Health, Inc. All rights reserved.

region involved. The pattern of FD varies from predominantly lytic
lesions to the classic ground glass appearance seen in the majority of
cases.”>””

CT is the criterion standard for the characterization of osseous
abnormalities; however, MRI better depicts soft tissue components
and the effects of bone changes on adjacent structures such as the
optic nerves.”>*? Malignant transformation of FD is extremely rare;
however, there are reports of sarcomatous transformation within FD
lesions.”

VASCULAR PHAKOMATOSES

Hereditary Hemorrhagic Telangiectasia (OMIM
187300)

Clinical Features

Hereditary hemorrhagic telangiectasia (HHT), also known as
Rendu-Osler-Weber disease, is a rare and highly penetrant autosomal
dominant vascular neurocutaneous disorder with a prevalence of 1/
10,000 births. The hallmark of the disorder is the presence of AVMs
that may involve many organs and tissues such as CNS, lungs, and
gastrointestinal tract (Table 2).84‘85

Diagnostic criteria for HHT are called Curagao criteria, in which
HTT is “definitive” if at least 3 out of the 4 classical features are
present: epistaxis, telangiectasia, visceral lesions, and positive family
history (first-degree relative). HTT is “‘suspected” if the patient has 2
of these features, and “unlikely” if only 1 feature is present.®> % If a
positive family history is present, active search for other cases,
especially among children, is crucial. 3%
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FIGURE 10. 12-Year-old man with neurocutaneous melanosis. Axial
unenhanced (A) and contrast-enhanced (B) T1-weighted images
show signal hyperintensity, slight contrast enhancement, and thicken-
ing of the leptomeninges of the right greater than left cerebral hemi-
spheres (white arrows).

Affected individuals most commonly develop anemia second-
ary to chronic bleeding, usually due to recurrent epistaxis or gastro-
intestinal hemorrhage. However, a significant number of patients
present with acute severe pulmonary hemorrhage secondary to
pulmonarg/ AVMs manifesting as massive hemoptysis or hemo-
thorax.®

Others possible symptoms and complications of AVMs in HHT
are migraine, seizures, ischemic or hemorrhagic stroke, cardiac
failure, and brain abscess.30 8891 The risk of a rupture of cerebral
AVMs in HHT is lower than in children with sporadic AVMs. 5! =93

Mucocutaneous vascular lesions of HHT may be visible on
physical examination as small, sometimes pulsatile, linear reddish
lesions (Fig. 12A).34

442 | www.topicsinmri.com

Pathogenesis

Current evidence suggests that HHT is caused by an enhanced
response to angiogenic stimulus in ALK1 and reduced BMP signal-
ing, a pathway crucial for develogment and maintenance of the
vascular and lymphatic circulation.”*%>

Four genes have been associated with HHT development: ENG,
ACVRLI, SMAD4, and GDF2/BMP9. The vast majority of the cases
(approximately 96%) are caused by ENG and ACVRLI, which are
located in the chromosome 9q34 and chromosome 12q13, respec-
tively,3>-86-88.92:94.96-98 A1l of these genes are involved in the trans-
forming growth factor beta signaling pathway, which plays an
essential role in maintaining vascular integrity. A genotype-pheno-
type correlation exists: patients with mutations in the ENG gene are
more likely to develop multiple lesions including pulmonary AVMs,
and therefore a more severe pattern of disease, whereas patients with
the ACVRLI mutation are more likely to develop hepatic and
gastrointestinal AVMs.%®

Imaging Findings

Numerous vascular malformations are associated with HHT,
including cavernous malformations, dural AV-fistulas, aneurysms,
and AVMs.”' Typically, the cerebral AVMs have a small nidus
(““micro AVMs”) and are located superficially and in the supra-
tentorial compartment (Fig. 12 B, C, and D), which usually correlates
with a low Spetzler-Martin grade.”>°*° Although cerebral AVMs
occur both in children and adults, pulmonary AVMs are more
frequent in adults (Fig. 12E).”"%>%°

Ataxia Telangiectasia (OMIM 208900)

Clinical Features

Ataxia telangiectasia (AT) is a rare autosomal recessive pro-
gressive neurodegenerative disorder with a prevalence of 1 to 40,000
to 100,000 births. 100-103 AT i5 the most common cause of cerebellar
ataxia in children younger than 5 years of age and the second most
common 0pediatric neurodegenerative disorder involving the cerebel-
lum.'°*'® Children of consanguineous marriage carry a higher risk
for AT.'0%105-198 AT ig classically associated with high and progres-
sive serum levels of alpha-fetoprotein, which may serve as a diag-
nostic clue.'*

Ocular abnormalities and visual impairment are main concerns
in AT given its high prevalence, and a significant cause of morbid-
ity.'® Oculocutaneous telangiectasias have been classically related
to AT (Fig. 13A) but may not be present in earl stages of the disease,
and do not correlate with vision loss.'*%'%*

Affected children also present with signs of immunodeficiency
(sometimes one of the first symptoms are recurrent sinopulmonary
infections). In addition, these children can develop insulin resistance,
gonadal failure, growth retardation, and a hlgher risk for cancer
development, mostly lymphoid malignancies.'%~10!1!-''2 Hetero-
zygous carriers also have a higher cancer predisposition.'%*'!?

Neurological symptoms appear in the early stages of the
disease, most commonly within the first year of life, and consist
of ataxia, oculomotor apraxia, and extrapyramidal symptoms.'®%'°!
Although these are the most common neurological symptoms, the
spectrum is much broader. Affected patients may present with other
movement disorders such as dystonia, choreoathetosis, tremors,
myoclonus, as well as peripheral neuropathy and absence of deep
reflexes, 102103110111

Pathogenesis
AT is caused by a mutation in the ATM gene located in
chromosome 11q 22-23.'%%19:11% The ATM gene plays several
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FIGURE 11. Nevus of Ota. Brownish and bluish areas on the sclera of the left eye (A). Axial unenhanced T1-weighted image (B) and axial T2« (GRE)
(C) show a nodular lesion in the left temporal lobe, presenting with T1 signal hyperintensity and marked signal hypointensity on GRE, which may
represent melanin deposition and/or blood products (white arrows).
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TABLE 2. Clinical Features and Neuroimaging Findings in Vascular Phakomatoses

Vascular Phakomatoses

Clinical Features

Neuroimaging Findings

Hereditary hemorrhagic
telangiectasia
Ataxia-telangiectasia
oWyburn-Mason syndrome
2Cobb syndrome
3

Klippel-Trenaunay-
Weber syndrome

dny wouy papeoy

PHACES syndrome

MM ‘S[eunoly/

=Blue rubber bleb syndrome

Epistaxis, mucocutaneous telangiectasias, chronic
anemia, and family history.

Ataxia with high AFP serum levels.

Variable

“Port-wine” stain, usually on the trunk. Can be
asymptomatic.

Varicose veins, cutaneous capillary malformation
and bone and soft tissue overgrowth.

Overlap with other cutaneous disorders.

Facial hemangioma involving the trigeminal
territories, cardiac defects, coarctation of the
aorta, eye, and sternal abnormalities.

Multiorgan venous malformations and anemia due
to chronic gastrointestinal bleeding.

Vascular malformations, commonly AVMs with
small nidus.

“Pure” cerebellar atrophy.

High-flow AVMs involving the optic apparatus

Spinal AVMs involving the same metamere as the
skin change.

Vertebral hemangiomas with soft tissue and
epidural component.

Leptomeningeal angiomatosis, hemimegalencephaly,
parenchymal calcifications.

Posterior fossa malformation, neurovascular
abnormalities, and ischemic stroke.

Venous and capillary malformations.

AFP indicates alpha-fetoprotein.
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FIGURE 12. 26-Year-old woman with HHT. Cutaneous telangiectasia in the palm of the left hand (white arrow in A). Axial contrast-enhanced T1-
weighted images (B and C) show ill-defined areas of enhancement in the right occipital lobe (white arrow on B) and in the right cerebellar
hemisphere (white arrow on C), compatible with small arteriovenous malformations. Digital cerebral angiography (D) shows a small AVM in the right
occipital lobe (white arrow), supplied by the calcarine artery. Digital pulmonary angiography (E) shows a high-flow pulmonary AVM in the left lung

(white arrow).
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FIGURE 13. 11-Year-old boy with ataxia-telangiectasia. Cutaneous telangiectasia on the right cheek (white arrow on A). Sagittal unenhanced T1-
weighted image (B) and axial T2-FLAIR images (C) show diffuse cerebellar atrophy (white arrow on B) without signal abnormalities in the cerebellar

cortex (white arrow on C).

roles in different tissues, including protein activation, apoptosis, cell
cycle checkpoint control, and DNA repair. Mutation in the ATM gene
leads to increased oxidative stress and progressive DNA dam-
age.'9193 111 Knowledge regarding the many functions of the
ATM gene explains many clinical features of AT, such as sensitivity
to radiation and cancer predisposition, !9 !11-115-117

Imaging Findings

On MRI, patients with AT frequently present with early onset
of progressive cerebellar atrophy, sometimes predominantly affect-
ing the vermis without signal intensity abnormalities of the cerebellar
cortex (Fig. 13B and C). 02.110.118 There is no established correlation
between the de%ree of cerebellar atrophy and the severity of clinical
symptoms.'?>!"® Cerebral white matter changes have also been

© 2018 Wolters Kluwer Health, Inc. All rights reserved.

described, either T2 hyperintensity or hypointensity, probably attrib-
uted to demyelination or capillary telangiectasia, respectively.

Wyburn-Mason Syndrome (ORPHA 53719)

Clinical Features

Wyburn-Mason syndrome (WMS), also known as Bonnet-
Dechaume-Blanc syndrome, is a very rare neurocutaneous disorder
with approximately 100 reported cases. It is recognized as a form of
metameric vascular dysplasia.''®='?* No familial forms or risk
factors have been described. WMS is characterized by the association
of high-flow AVMs involving the brain and the optic apparatus with a
variable subtle reddish-bluish cutaneous nevus that commonly
affects the trigeminal territory.''®'*?
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Affected patients usually become symptomatic during child-
hood, although the nevus can be present at birth. Symptoms vary
according to the size and location of the AVMs, but the most common
presentation is progressive vision loss.''*'?! AVMs in WMS occur at
a much younger age than sporadic AVMs.''"'*? Although the
classical features are seen in the majority of the cases, WMS is

oconsidered to be part of a broader spectrum which includes orbital
2 AVMs that spare the retina, and bilateral ocular AVMs or multifocal
Sbrain lesions.!'>!?!

Neurological symptoms are variable and nonspecific, with the
affected individuals usually presenting with headache, focal deficit,

and seizures. There is also a higher risk of severe and occasionally
life-threatening epistaxis and gingival bleeding due to high-flow
AVMs, 121:122

Pathogenesis

WMS appears to be caused by an early insult in the
primitive vascular mesoderm, which will later develop the
neural tube and the optic cup.'?*7'** This theory explains the

metameric distribution of unilateral WMS; however, bilateral cases
have also been reported; their pathogenesis remains to be fully
elucidate

122
d.

FIGURE 14. 28-Year-old woman with Wyburn-Mason syndrome. Axial T2-weighted (A) image shows a large high-flow AVM involving the left optic
apparatus including the left orbit (short white arrow), left optic nerve, optic chiasm and also the temporal lobe (long white arrow). Sagittal magnetic
resonance venography image (B) shows the high-flow AVM involving the left optic apparatus (long white arrow) with venous drainage to the
superior ophthalmic vein and to the deep venous system (short white arrows). There is also retrograde opacification of the left facial vein (white
arrowhead). Digital cerebral angiography (C) shows the high-flow AVM involving the left optic apparatus (long white arrow) with venous drainage to
the superior ophthalmic vein and to the deep venous system (short white arrows). Courtesy of Dr. Marcos M. B. Negreiros, Botucatu, Brazil.
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Imaging Findings

WMS is characterized by unilateral high-flow AVMs involving
the optic apparatus and the brain, most commonly the optic nerve,
optic chiasm, retina, cerebral hemispheres, thalamus, and basal
ganglia. Lesion location can be highly variable (Fig. 14A, B, and
C). The internal carotid artery is most commonly responsible for the
carterial supply, whereas venous drainage via the vein of Galen or
écavernous sinus is seen with deep lesions.

obb Syndrome (ORPHA 53721)

} papeo|

WwoJ,

Clinical Features
Cobb syndrome (CS) is a rare sporadic disorder characterized
spinal AVMs associated with cutaneous ‘‘port-wine” stains
involving the same metamere. It has an unknown prevalence,
ith approximately 100 reported cases.'*>'?® CS is recognized as
Za spinal arteriovenous metameric syndrome, which is defined by the
resence of separate vascular malformations involving the same
etamere.' %

Although classically described with “‘port-wine’” stains in the
kin (Fig. 15A), the cutaneous abnormalities have a broader spectrum
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including angiomas, keratomas, ai 5glolipomas, and lymphangiomas,
which do not involute with time.'*> Unlike many phakomatoses, CS
can remain asymptomatic for a long period; patients may only seek
medical attention for esthetical purposes or due to cutaneous bleed-
ing after local trauma.'®> Affected patients can also present with
neurological symptoms secondary to cerebral or spinal cord com-
pression, congestive edema, ischemia, or hemorrhage. Presenting
symptoms are focal deficit, paraplegia, headache, and neurogenic
bladder.">>'?

Pathogenesis

As with others cutaneous-vascular malformations with meta-
meric distribution, CS is believed to be caused by an insult to the
primitive vascular mesoderm before its migration.”>

Imaging Findings
MRI is the exam of choice to deglct s%)mal AVMs and to
evaluate intramedullary signal changes.'?"'?”"!*® CS may also pres-

ent with multiple vertebral body venous malformations (formerly
referred to as hemangiomas) associated with soft tissue component
that may invade the spinal canal (Fig. 15B and C).'*’

FIGURE 15. Male adult with Cobb syndrome. Cutaneous “‘port-wine” stain on the back (white arrow on A). Axial contrast-enhanced T1-weighted
image (B) shows an enhancing left paraspinal thoracic venous malformation (long white arrow) with an adjacent epidural component (short white
arrow). Sagittal T2-weighted image (C) shows multiple vertebral venous malformations ("hemangiomas’) involving contiguous thoracic vertebral

bodies (white arrows). Courtesy of Dr. Marcelo Canuto, Brasilia, Brazil.
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Conventional angiography can add relevant information regard-
ing the anigloarchltecture of the AVMs, as well as for therapeutic
planning.'?~'712913% The correct identification of AVM location is
crucial because it may contraindicate lumbar puncture.'®

Klippel-Trenaunay-Weber Syndrome (OMIM
.149000)

S
& Clinical Features
Klippel-Trenaunay-Weber syndrome (KTWS) is a rare and
most commonly sporadic multiorgan disorder. It has been recently
recognized as part of PROS (PIK3CA-related overgrowth spectrum),
characterized by congenital cutaneous capillary malformations
=(“port-wine” stain), venolymphatic malformations, and growth dis-
turbances (mainly segmental hypertrophy).'?! '3
PROS include several overgrowth disorders previously consid-
ered separate entities, but currently known to be similar disorders
with highly overlapping phenotypes, such as megalencephaly-capil-
lary malformation and congenital lipomatous overgrowth vascular
malformation, and epidermal nevi syndromes.'*? Overlap between
KTWS and Sturge-Weber syndrome has also been described in the
literature (Fig. 16). 136.137
The “port-wine” stains can appear on several different locations
(Fig. 17A), and together with bone and soft tissue hypertrophy are
resent in more than 90% of the cases. Hypertrophy is usually
ilateral and the lower limbs are mainly affected, although it can
fect the upper extremities and less frequently the trunk.'>'-'*?
Congenital varicosity is also very common (up to 75%), as are
lymphedema, swelling, gastrointestinal bleedmg and digital abnor-
malities such as syndactyly and polydactyly.'

5ET
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FIGURE 16. 8-Month-old male infant with an overlap of Klippel-Tre-
naunay-Weber and Sturge-Weber syndromes presenting with cutane-
ous lesions on the face and thorax (not shown). Axial unenhanced CT
shows gyriform calcifications associated with atrophy of the right
cerebral hemisphere (white arrow).
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Neurological symptoms can be present in early stages of the disease
and are usually characterized by seizures and development delay.

Pathogenesis

Disorders included in PROS usually carry PIK3CA gene muta-
tions. The PIK3CA gene is responsible for encoding a subunit of
PI3K that plays a critical role in the mechanistic target of rapamycin
signaling pathway which is responsible, amon% other functions, for
regulation of cell growth and proliferation.'*® Disruptions in the
PIK3CA gene explain the growth abnormalities seen in this group of
disorders, as well as some cancers associated with mutations in this
gene, 132139141

The VG50 gene has also been described as causative for KTWS
through the #(5;11) translocation, which results in overexpression
leading to angiogenesis in several tissues.'**

Imaging Findings

Neuroimaging findings include leptomeningeal angiomatous
enhancement, intense enhancement of the choroid plexus, arteriove-
nous fistula, cerebral calcifications (Fig. 17B and C), cerebral
atrophy, and malformations of cortical development, particularly
hemimegalencephaly. Affected patients may Present with cerebral
hemorrhage or recurrent brain ischemia.'*>%*!'** Hemimegalence-
phaly can be j)resent in association with several other overgrowth
disorders."?

The vascular malformations are mostly of capillary or venous
origin. Arterial malformations are usually not associated with
KTWS.'*

PHACES Syndrome (OMIM 606519)

Clinical Features

PHACES syndrome represents a spectrum of abnormalities
classically described as the association of posterior fossa malforma-
tion, facial hemangioma, arterial anomalies, cardiac defects/coarcta-
tion of the aorta (Fig. 18A), eye, and sternal abnormalities (Fig. 18B
and C). The simultaneous coexistence of all abnormalities only occurs
in a minority of cases.'*’~'*° PHACES has a strong female predilec-
tion with a 9:1 ratio. Diagnostic criteria have been established.'*®

Facial hemangiomas are the hallmark of PHACES syndrome, and
tend to involve the trigeminal territories with a predilection for the
ophthalmic segment (75%). Extracutaneous hemangiomas, including
the subglottic region, are present in up to 22% of the cases. Intracranial
hemangiomas (usually adjacent to the internal auditory canal) or
abdominal organ involvement may occur less commonly.

Neurological symptoms are nonspecific and include
seizures, developmental delay, nystagmus, headache, and hearing
impairment.'3>~'%*

Pathogenesis

PHACES is thought to be an X-linked dominant condition
due to its female predilection.”>® It is also believed that
PHACES syndrome is likely multifactorial in association
with genetic predlsgosmon and a result of an insult early on the
embryogenesis.' 7176715

Imaging Findings

Typical neuroimaging findings of PHACES syndrome include
posterior fossa abnormalities (Fig. 18D), classically unilateral cere-
bellar hypoplasia and Dandy-Walker malformation, and arterial abnor-
malities (Fig. 18E), most commonly internal carotid artery (ICA)
dysgenesis and persistence of embryonic patterns regarding origin and
course of intracranial and cervical arteries. Steno-occlusive arterio-
pathy with a Moyamoya pattern may also be seen, ' 4%-190:152:154.158 e
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FIGURE 17. 38-Year-old woman with Klippel-Trenaunay-Weber syndrome presenting with large “port-wine” stain involving all divisions of the
trigeminal nerves (not shown), cervical region (not shown), and the right arm (white arrow on A). Axial unenhanced CT images in brain parenchyma
window (B) and osseous window (C) show gyriform calcifications on the cerebral hemispheres (white arrows).

arteriopathy seen in PHACES syndrome confers a high risk for
vascular events, particularly ischemic stroke.'>*

Others imaging findings are unilateral enlargement of Meckel
cave, intracranial hemangiomas, brain atrosghz, malformations of
cortical development, and midline defects,'>*'>*18

Reports correlate PHACES syndrome with a higher incidence of
endobronchial tumors and even of glial tumors. "'’

© 2018 Wolters Kluwer Health, Inc. All rights reserved.

Blue Rubber Bleb Syndrome (OMIM 112200)

Clinical Features

Blue rubber bleb syndrome (BRBS) is a rare vascular disorder
characterized by the presence of multiple multiorgan venous mal-
formations. Although most cases are sporadic, there have been
reports of dominant, autosomal inheritance.'®%10!
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FIGURE 18. Young female child with PHACES syndrome. Axial contrast-enhanced CT (A) shows right aortic arch (short white arrow) associated with
asymmetric pulmonary arteries (long white arrows) secondary to tricuspid atresia. Sternal cleft (B and C). Axial T2-weighted image (D) shows
hypoplasia of the left cerebellar hemisphere associated with mega cisterna magna (white arrow). 3D image from MR angiography (E) shows ectasia
of the anterior cerebral arteries (short white arrow) associated with dysplasia of the internal carotid arteries (long white arrows).
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IGURE 19. Blue rubber bleb syndrome. Colonoscopy image shows
everal bluish superficial lesions within the mucosa of the gastrointesti-
al tract, consistent with venous malformations.
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Most commonly the lesions are present at birth and tend to
ncrease in size and number with time.'°® The most common sites are
he skin and gastrointestinal tract (Fig. 19), but lesions may be
resent in other locations, such as oropharynx and nasopharynx,
bdominal organs, lung, pleura, thyroid, parotid, bone, bladder,
rain, and eyes, 60162163

The clinical symptoms are variable and related to the affected
ite, but anemia secondary to chronic intestinal bleeding is a common
resentation.'®>'%*~1%7 The skin nevi are usually asymptomatic and
Zdo not require treatment.'®"'%> Affected individuals carry a higher
;%_isk of developing medulloblastoma.'®°
O
Pathogenesis

The pathogenesis of BRBS is not fully elucidated, but the few

nonsggoradic cases reported are associated with the chromosome
9p.'6>168:169 grydies have proposed an association of BRBS with
abnormalities in the c-kit (a stem cell growth factor receptor), and in
the mTOR signaling pathway.'**'®%1%° Mutation in the TEK gene
encoding TIE2 has been reported as a cause of BRBS.'” The TEK
gene mediates a signaling pathway that regulates embryonic
vascular development.

wno
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Imaging Findings

The CNS is rarely involved in BRBS. The disorder is charac-
terized by the presence of multiple vascular malformations, predom-
inantly of venous nature, such as hemangiomas, developmental
venous anomalies, sinus pericranii, and capillary telangiecta-
sias."®*171172 They are usually low-flow lesions, with no abnormal
flow void seen on MRI, that most commonly present with hyperin-
tense signal on T2-weighted images and intense homogenous
enhancement after gadolinium administration (Fig. 20A, B, and
C).162.173

Osseous abnormalities may also occur, with multiple lytic
lesions and cortical remodeling secondary to the vascular malfor-
mations.'®?

© 2018 Wolters Kluwer Health, Inc. All rights reserved.

OTHER PHAKOMATOSES
Basal Cell Nevus Syndrome (OMIM 109400)

Clinical Features

Basal cell nevus syndrome (BCNS), also known as Gorlin-Goltz
syndrome, is a rare X-linked highly penetrant autosomal dominant
disorder. It is characterized by the presence of basal cell carcinomas,
odontogenic keratocysts, palmar/plantar pits and ectopic calcifica-
tion of the falx cerebri, present in up to 90% of the patients.'”*~!7°
The complete clinical spectrum may also include several craniofacial
abnormalities such as macrocephaly, microcephaly, facial asymme-
try, cleft lip/palate, and dental, ocular, and skeletal abnormalities
(Table 3)."">177

The skin abnormalities may be the first clue for the correct
diagnosis, typically appearing as focal dermal hypoplasia charac-
terized by skin atrophy in areas that previously showed inflamma-
tory/erythematous changes since birth, and later progressed to
hypopigmentation with crusted erosions. Other skin abnormalities
include papillomas, which are more commonly seen in the perioral
area, groin and extremities, lipomatous skin changes, and patchy
alopecia.'””

Pathogenesis

BCNS is most commonly caused by mutations affecting the
transmembrane protein patched homolog 1 (PTCHI) (50%—-90% of
the cases). Mutations in the protein suppressor of fused (SUFU) gene
and in the PTCH2 also occur (15%—-27% of the cases).”>!7>:176:178~
82 The PTCHI gene acts as a tumor suppression in the SHH
signaling pathway, and mutations in this gene leads to functional
loss of PTCHI1 protein and consequent activation of the SHH
signaling, which also explains the predisposition for tumorigenesis
such as basal cell carcinoma and medulloblastoma,>-!75-176:183.184
BCNS is also associated with disruption of the WNT signaling
cellular pathway due to a mosaicism PORCN mutation in the X
chromosome, '3>8

Imaging Findings

The most typical imaging findings of BCNS are odontogenic
keratocysts and cerebral falx calcifications (Fig. 21A and B). The
complete spectrum of imaging abnormalities includes macro- and
microcephaly, skeletal abnormalities such as bifid ribs and kypho-
scoliosis, and abdominal abnormalities such as hamartomas and
ovarian fibromas.

Affected individuals are at a high risk of developing tumors,
particularly basal cell carcinomas and keratocystic odontogenic
tumors.'”>'7® Neuroimaging surveillance is needed due to higher
risk of intracranial tumors, especially meningiomas and SHH-acti-
vated desmoplastic medulloblastomas (Fig. 22).>

Encephalocraniocutaneous Lipomatosis (OMIM
613001)

Clinical Features

Encephalocraniocutaneous lipomatosis (ECCL) is a rare spo-
radic mesenchymal disorder with close to 100 cases reported. It
affects mainly tissues of ectoderm and mesoderm origin and present
with unilateral skin lesions, ocular, and CNS abnormalities.>> 87189

ECCL was recently included in the larger group of RASopathies
and, like other disorders in this group, shows multiorgan involvement
particularly of the cardiovascular, CNS, skin, and ocular systems.
ECCL carries a predisposition for tumorigenesis, most typically
giant cell tumors and embryonal rhabdomyosarcoma.
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FIGURE 20. Blue rubber bleb syndrome. Axial STIR of the skull base (A), coronal STIR of the thorax (B), and pelvis (C) show several T2-hyperintense
lesions consistent with venous malformations involving the right retropharyngeal space (white arrow in A) and the soft tissues of right hemithorax
(white arrows in B) and pelvis (white arrow in C).

TABLE 3. Clinical Features and Neuroimaging Findings in Other Rare Phakomatoses

Other Phakomatoses

Clinical Features

Neuroimaging Findings

Gorlin-Goltz syndrome

Encephalocraniocutaneous
lipomatosis

Cowden-Lhermitte-Duclos
syndrome

Bannayan-Riley-Ruvalcaba
syndrome

Proteus syndrome

Basal cell carcinomas, odontogenic keratocysts,
focal dermal hypoplasia.

Nevus psiloliparus, subcutaneous lipomas and cafe
au lait macules.

Facial trichilemmomas, acral keratosis and
mucosal lesions. Overgrowth of body parts.
Abnormal genital pigmentation, gastrointestinal
polyps, visceral and subcutaneous lipomas, over

growth of body parts.

Overgrowth of body parts, cerebriform aspect of
the connective tissue, vascular, and lymphatic
malformation, with mosaic distribution that is
progressive during childhood and stabilize on
adolescence.

Deep venous thrombosis

Abnormal calcification of the falx cerebri, medul
loblastoma

Intracranial lipoma, arachnoid cysts, inner ear
abnormalities, leptomeningeal angiomatosis,
cortical malformations.

Cerebellar dysplastic gangliocytoma (LDD),
meningioma and vascular malformations.

Macrocephaly, megalencephaly, proeminent peri
vascular spaces, and spinal lipomatosis.

Hyperostosis of the external auditory meatus,
macrocephaly, neuronal migration abnormalities,
Dandy-Walker malformation
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Approximately 90% of the affected patients will present with the

=characteristic skin change of this disorder, the nevus psiloli]parus, which
87,188,191—193

fis characteristically located in the scalp (Fig. 23A).

o
SOther skin abnormalities may include subcutaneous lipomas, nodular

187ZIMNZIDBPXZOBBAROATIAEIOVIHSALLIAIPOOAEIEAHIDN/AOAUMY TXOMA

skin tags, and café-au-lait macules that follow the lines of
ZBlaschko. 1%
g‘-’;’_ Neurological symptoms include seizures and intellectual
= cimpairment. The level of intellectual impairment has not been
£ Mcorrelated with the severity of the imaging findings.>>'®” Ocular
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FIGURE 22. Young male child with Gorlin-Goltz syndrome and
positive family history for basal cell carcinoma. Sagittal contrast-
enhanced T1-weighted image shows macrocephaly associated with
an intensely enhancing cerebellar mass (white arrow) compatible with
medulloblastoma.

© 2018 Wolters Kluwer Health, Inc. All rights reserved.

IGURE 21. Gorlin-Goltz syndrome. Axial (A) and coronal (B) unenhanced CT images show lytic expansile lesions involving the left maxilla
ompatible with odontogenic keratocysts (white arrows), as well as abnormal calcification of the falx cerebri (better seen in B).

abnormalities are variable, choristomas being the most common
among them,> but the spectrum also includes colobomas, aniridia,
glaucoma, microphthalmia, and calcifications.'®’ 189192193 Cop-
genital heart defects, coarctation of the aorta, and urogenital abnor-
malities are also seen.

Pathogenesis

ECCL is included in the group of RASopathies, which include
disorders caused by a germline mutation in genes responsible for
encoding components of the MPKA (RAS-mitogen-activated protein
kinase) signaling pathway, which regulates several cellular pro-
cesses, such as DNA synthesis and cell growth and differentia-
tion.'**1°! Recent data suggest that ECCL may be caused by a
postzygotic somatic activating mutation in the FGFRI gene, located
on chromosome 8p11.'"!

Imaging Findings

Imaging features of ECCL overlap with other neurocutaneous
disorders. Neuroimaging findings include intracranial and intraspinal
lipomas (Fig. 23B), arachnoid cysts, deficiency of the falx, hydro-
cephalus, corpus callosum dysgenesis, leptomeningeal angiomatosis
(Fig. 23C), inner ear abnormalities, and cortical malformations
(Fig. 23D), most typically hemimegalencephaly and associated facial
hypertrophy. Spinal lipomatosis can also be seen with variable
extension, sometimes extending throughout the entire length of
the spinal canal 5187:188.192.194

Other imaging findings may include skull hyperostosis, bifid
ribs, mesenchymal tumors such as lipomas, choristomas, odontomas,
ossifying fibromas, and benign jaw tumors such as odontomas and
ossifying fibromas.'**'% Affected patients also carry a higher risk
for development of gliomas.188

Cowden-Lhermitte-Duclos Syndrome (OMIM
158350)

Clinical Features

Cowden-Lhermitte-Duclos syndrome (COLD) is a rare
autosomal dominant hereditary disorder with multiorgan
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FIGURE 23. 4-Year-old boy with encephalocraniocutaneous lipomatosis. Fatty tissue nevi, smoothly surfaced and hairless involving the scalp,
compatible with nevus psiloliparus (white arrow on A). Sagittal unenhanced T1-weighted image (B) shows nodular hyperintense lesion in the right
cerebellopontine angle compatible with intracranial lipoma (white arrow). Axial contrast-enhanced T1-weighted image (C) shows abnormal
leptomeningeal enhancement in the right temporal lobe, compatible with leptomeningeal angiomatosis (white arrow). Coronal T2-FLAIR image (D)
shows cortical thickening and blurring of the grey-white matter junction as well as parenchymal signal hyperintensity, compatible with cortical

dysplasia (white arrow).

involvement belonging to the group of phosphatase and tensin
homolog (PTEN) hamartoma tumor syndrome (PHTS). It is charac-
terized by the development of multiples hamartomas in different
systems, and a higher rate of tumorigenesis, both benign and
malignant.'**=2% The clinical spectrum of COLD is variable and
overlaps with other PTEN syndromes.

454 | www.topicsinmri.com

Lhermitte-Duclos disease (LDD), or dysplastic gangliocytoma of the
cerebellum, is a rare hamartomatous abnormality in which the classical
imaging finding is a non- or slowly progressive cerebellar mass with a
striped appearance that typically enlarges the interfolial space.”'?®

The diagnosis of COLD can be made exclusively on the basis of
clinical features when their pathognomonic findings are present:

© 2018 Wolters Kluwer Health, Inc. All rights reserved.
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acial trichilemmomas, acral keratosis, papillomatous papules, and
ucosal lesions.?"!

The spectrum of benign tumors associated with COLD includes
omeningiomas, breast fibroadenomas, gastroint?sti{lal polyps, uterine
Iibroids, and thyroid adenomas, among others.'**1%8 All patients with
2COLD must be periodically screened for tumors. The most common
Smalignancies seen in these patients involve the breast, thyroid, and
Gendometrium. However, other malignancies can also be seen such as

renal cell carcinoma, melanoma, and colon cancer. 72027205

673 u%m

Pathogenesis

COLD is part of PHTS. It is caused by mutations in the tumor
suppressor gene PTEN, included in the mTOR signalin§ 2pathway that
regulates cellular growth and proliferation,'?519%:199:206-215 A ¢ 4
result, patients with PTEN-related syndromes have a higher risk
of developing tumors, but the risk is particularly high in COLD.>'®
Other mutations have also been identified such as germline mutation
in the SDHB, SDHC, and SHD genes.>*®

All patients diagnosed with COLD should be tested for PTEN
mutations, as well as their family members, due to the autosomal
dominant inheritance pattern.

Imaging Findings

LDD is the most typical finding in the CNS. Its classic imaging
appearance is an expansile lesion that appears isodense on CT,
isointense on TI1-weighted imaging and hyperintense on T2-
weighted imaging, with a typical striated pattern (Fig. 24A and
B). Contrast enhancement is variable, but most commonly
absent.'”®'*72!7 Surgical resection is the treatment of choice; how-
ever, rapamycin was recently reported as an effective treatment,
especially in bilateral cerebellar LDD.'*%?

© 2018 Wolters Kluwer Health, Inc. All rights reserved.

IGURE 24. Cowden-Lhermitte-Duclos syndrome. Coronal (A) and axial (B) T2-weighted images show a hyperintense expansile cerebellar lesion
ith a “tiger-striped’” appearance compatible with Lhermitte-Duclos disease (also known as desmoplastic cerebellar gangliocytoma) (white arrows).

Other CNS imaging features are macrocephaly, AVMs, and
hemangiomas.'®”?!'” The incidence of meningiomas approaches that
of LDD in COLD.**

Bannayan-Riley-Ruvalcaba Syndrome (OMIM
153480)

Clinical Features

Bannayan-Riley-Ruvalcaba syndrome (BRRS) is a rare autoso-
mal dominant disorder. It is caused by a germline mutation in the
PTEN gene (involved in the mTOR signaling pathway) and is
included in the group of PTEN syndromes.'®

The clinical features are highly variable and overlapping
among other neurocutaneous disorders, but affected patients usually
present with multiorgan abnormalities such as macrocephaly, vis-
ceral and subcutaneous lipomas, hemangiomas, genitalia abnormal-
ities, myopathy, pectus excavatum, scoliosis, and hamartomatous
growth in several sgstems, mainly in the intestines, represented by
polyps.208:209.219-221

There are no formal diagnostic criteria for BRRS, but it must
be suspected when its main clinical features are present: macro-
cephaly, genital pigmentation abnormalities, and gastrointestinal
polyps. 201208216

BRRS is reported with childhood onset, as o%)osed to COLD,
which is rarely diagnosed before adolescence.?’%*"

Neurological features are usually nonspecific and include devel-
opment delay, muscular hypotonia, and seizures.?*®*!° Craniofacial
abnormalities are also common and include frontal bossing, down-
slanting palpebral fissures, strabismus, hypertelorism, depressed
nasal bridge, long philtrum, epicanthus inversus, a broad mouth,
and relative micrognathia.?*>*!
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FIGURE 25. 5-Year-old girl with Proteus syndrome. Asymmetric overgrowth of the right leg (white arrow on A). Cerebriform aspect of the plantar
surface of the right foot (B). Epidermal nevi on the right surface of the neck (C). Axial T2-weighted image (D) shows right perisylvian polymicrogyria
(white arrow). Axial T2-FLAIR image (E) shows right hemimegalencephaly (white arrow). Axial T2-weighted image of the lumbar spine (F) shows

asymmetric overgrowth of a right vertebral pedicle (white arrow).

Pathogenesis

BRRS is caused by a mutation of the PTEN gene, located
on chromosome 10q23.3. However, this mutation is not present in
all cases of BRRS.?08209211.214 pTEN mutations are present in
approximately 80% of COLD, 60% of BRRS, and 20% of Proteus
syndrome (PS).208.209

Imaging Findings

Macrocephaly and megalencephaly are prevalent, the former
present in virtually all affected patients and the latter usually

456 | www.topicsinmri.com

associated with other overgrowth features.’®® As with other PTEN
syndromes, BRRS can be associated with intracranial vascular
abnormalities.”*®**? Other findings include prominent perivascular
spaces, intracranial, and spinal lipomatosis.*'

Proteus Syndrome (OMIM 176920)
Clinical Features

PS syndrome is a rare disorder with an estimated prevalence
of 1:1.000.000,** that presents with a variable spectrum of

© 2018 Wolters Kluwer Health, Inc. All rights reserved.
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clinical features, characterized by asymmetric overgrowth of body
parts (Fig. 25A), skin abnormalities, vascular and lymphatic
malformations. It presents with a mosaic distribution of the lesions
that tend to be progressive during childhood and then stabilize
during adolescence.**?%

PS may overlap with other phakomatoses, but shows some
Gparticular clinical features: cerebriform aspect of the connective
étlssue more commonly seen on the plantar surfaces of the feet
TFlg 25B), thin limbs, epidermal nevi (Fig. 25C), fattg overgrowth,
ﬁ)ulmonary abnormalities, and brain malformations.?**?*” In con-
Sjunction with the cerebriform aspect of the connective tissue, the
“presence of hyperostosis of the external auditory meatus is highly
Sspecific.

The diagnostic criteria for PS are based on clinical features and
Sincludes the 3 main characteristics of the disorder: mosaic distribu-
ation of lesions, sporadic occurrence, and progressive course. 225 The
Srevised diagnostic criteria divide the clinical features into 3 catego-
Sries. Category A, which is the most important, includes only the
gcerebriform aspect of connective tissue, a highly specific finding of
PS, but not always present.>?°
s Affected patients are at a higher risk of neoplasms such as
§11pomas (most common), parotid adenomas, testicular tumors,
“meningiomas, and mesotheliomas. In addition, they are more sus-
=eptible to deep venous thrombosis that may be comg licated by
Spulmonary embolism, one of the main causes of death. 25,226,229
2 Neurological symptoms are nonspecific and may include devel-
“opment delay, intellectual disability, and seizures.
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tPathogenesis

5 PS is thought to be associated with a mosaicism for a somatic
Eactivating mutation in the AKTI gene on chromosome 14q32.3,

There is no direct correlation

Zpresent in up to 90% of the cases. on

“between symptom severity and the proportion of mutant alleles.

maging Findings

The imaging findings of PS are variable and nonspecific;
Thowever, the diagnosis can be suspected if presented with other
clinical features. Neuroimaging findings include macrocephaly,
g)andy Walker malformation, callosal dysgenesis, and malforma-
Ctions of cortical development (Fig. 25D) including hemimegalence-
phaly (Fig. 25E). Craniofacial abnormalities including abnormal
hyperostosis, craniosynostosis, and facial asymmetry may also be
seen.>?°

Skeletal abnormalities are also vastly reported and include
scoliosis and asymmetric overgrowth (Fig. 25F), which can lead
to several complications such as sgnnal canal stenosis, tethered cord,
and even airway obstruction.??”*?

Abdominal organ abnormalities can also be ?resent such as
renal asymmetry, renal cysts, and hydronephrosis.”

In summary, the spectrum of clinical findings of melanopha-
komatoses, vascular phakomatoses, and other phakomatoses that
may show overgrowth is vast. Many disorders share overlapping
features which may pose a challenge to the diagnosis. However, a
multidisciplinary approach that includes knowledge regarding imag-
ing findings can improve the overall outcome by establishing an early
diagnosis and effective therapeutic interventions. The increased
understanding of the molecular basis of rare neurocutaneous disor-
ders creates hope for the development of targeted therapies.
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