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Multi-pronged approaches to pediatric neurovascular diseasesBridging the gap between the
pediatric specialist unaccustomed to handling neurovascular pathologies and the neurovascular
specialist unaccustomed to treating pediatric patients, this text covers the cutting-edge, multi-
modal techniques for managing pediatric neurovascular disease, disorders, and malformations.
It contains full descriptions and insightful perspectives on the most advanced surgical,
endovascular, and medical treatments for cerebral aneurysms, arteriovenous fistulas,
arteriovenous malformations, Galen's vein malformations, moyamoya disease, spinal vascular
malformations, pediatric stroke, and more.Highlights:Easy-to-follow organization of disease
topics according to endovascular, surgical, or medical treatment methodDiscussion of
endovascular techniques and tools for angioplasty and stents in children, as well as how to
manage possible complications such as stroke and hemorrhageMore than 200 illustrations
highlighting principles of disease pathologyReview of the existing literature helps the clinician
gain a full understanding of the fundamentals in neurovascular disease managementWith
contributions from world-renowned experts, this is an exceptional clinical reference for
neurosurgeons, neuroradiologists, neurointerventionalists, neurologists, and pediatricians
seeking to gain expertise in a multi-pronged approach to pediatric neurovascular disease.

Praise for this book: "Instructive and...high quality...[an] excellent book...it fully meets its
objective to highlight a very important part of both pediatric and vascular neurosurgery." --
Neurosurgical ReviewAn aptly titled and concise text. Complete, well-written, and up-to-date,
this book is a welcome addition to the library of those interested in pediatric and vascular
neurosurgery alike. It has many high quality illustrations that are a useful adjunct to the text. The
editors have done an excellent job in compiling chapters on stroke, aneurysms, arteriovenous
malformations of the brain and spinal cord, moyamoya disease, vein of Galen malformations,
and more. The information on endovascular therapies is particularly useful in light of the recent
rapid growth of this field. Overall, this timely and substantive text is a welcome addition to the
literature. It is particularly suited to the general adult or pediatric neurosurgery practitioner
looking for an introduction to the complexities of neurovascular disease in children. The price of
$149.95 seems appropriate.--Journal of Neurosurgery"This book focuses on a rare but highly
interesting group of neurosurgical diseases...There are excellent chapters on the development,
actiology and the angiographic findings as well as on various very rare syndromes that are
associated with vascular abnormalities...The images and article sketches are instructive and of
a high quality...The entire book contains very nice inserts that are highlighted as "PEARLS"
indicating the most important issues...excellent book...it fully meets its objective to highlight a
very important part of both paediatric and vascular neurosurgery."--Neurosurgical Review"Aims



to provide a balanced view on pediatric neurovascular disease. The book does exactly what it
aims to do. This is a superb book..I have not seen a comparable discussion in print."--Doody's
Book ReviewsFrom the Back CoverPraise for this book: Instructive and...high quality...[an]
excellent book...it fully meets its objective to highlight a very important part of both paediatric
and vascular neurosurgery.--Neurosurgical ReviewBridging the gap between the pediatric
specialist unaccustomed to handling neurovascular pathologies and the neurovascular
specialist unaccustomed to treating pediatric patients, this text covers the cutting-edge, multi-
modal techniques for managing pediatric neurovascular disease, disorders, and malformations.
It contains full descriptions and insightful perspectives on the most advanced surgical,
endovascular, and medical treatments for cerebral aneurysms, arteriovenous fistulas,
arteriovenous malformations, Galen's vein malformations, moyamoya disease, spinal vascular
malformations, pediatric stroke, and more.Highlights:Easy-to-follow organization of disease
topics according to endovascular, surgical, or medical treatment methodDiscussion of
endovascular techniques and tools for angioplasty and stents in children, as well as how to
manage possible complications such as stroke and hemorrhageMore than 200 illustrations
highlighting principles of disease pathologyReview of the existing literature helps the clinician
gain a full understanding of the fundamentals in neurovascular disease managementWith
contributions from world-renowned experts, this is an exceptional clinical reference for
neurosurgeons, neuroradiologists, neurointerventionalists, neurologists, and pediatricians
seeking to gain expertise in a multi-pronged approach to pediatric neurovascular disease.About
the AuthorNeurological Surgery, Pediatric Neurosurgical Research Laboratory, Barrow
Neurological Institute, Phoenix, AZRead more
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AlexanderIndexForewordIt is a pleasure and a privilege to write a foreword to Pediatric
Neurovascular Disease, a specialized textbook on cerebrovascular pediatric diseases edited by
Drs. Michael Alexander and Robert Spetzler. My task has been made easier by my personal
knowledge of the personal and professional integrity of Drs. Spetzler and Alexander. Through
their active and intense participation in teaching and improvement of their specialties, they have
demonstrated a commitment to disseminating the state of the art on the therapeutic
management of cerebrovascular diseases and in this particular book on pediatric
cerebrovascular diseases.This excellent textbook brings concise and modern information on
imaging and the use of combined therapeutic modalities to treat the most challenging pediatric
cerebrovascular diseases. The selection of the chapters and their respective authors reflects the



editors’ desire to bring together in one book a thorough review of the subject including the
embryology and anatomy of the cerebrovascular system, its pathophysiology, and therapeutic
management of pediatric cerebrovascular diseases.The chapters on the etiology and medical
and surgical management of pediatric ischemic stroke are excellent. Also included and well
done are chapters on pediatric thrombolysis and craniocervical angioplasty, and on
endovascular, radiosurgical, and surgical therapeutic management of hemorrhagic stroke
related to aneurysms, Galenic and non-Galenic arteriovenous fistulae, dual and pial
arteriovenous malformations, and spinal vascular malformations.This textbook, written by
renowned authorities in the field, allows the reader to compare the three main therapeutic
approaches—surgical, radiosurgical, and endovascular— to pediatric cerebrovascular diseases.
It also emphasizes the concept that the modern therapeutic management of pediatric
cerebrovascular diseases requires the cooperation of a group of specialized physicians in neo-
ICU environments, in which the neonatologist, pediatric anesthesiologist, and pediatric
neurosurgeon play essential pivotal roles. The interventional neuroradiologists need to be
experienced in using specialized intracranial navigational systems as well as embolic materials
to minimize cerebral or systemic iatrogenia in these patients.Congratulations to the editors and
authors for bringing this excellent and much needed comprehensive review of modern
diagnostic and therapeutic management of pediatric cerebrovascular diseases to print.Fernando
Vinuela, M.D.PrefaceNeurovascular disease is a multifaceted area that most clinicians associate
with adult pathologies, such as atherosclerotic disease, stroke, or cerebral hemorrhage. These
are high acuity problems that typically require a neurovascular specialist at a tertiary care
hospital. Pediatric neurovascular disease is more rare than in adults, and as such, the acuity
level increases. Many pediatric neurosurgeons or other pediatric specialists are not accustomed
to dealing with neurovascular pathologies, and many neurovascular specialists are not
accustomed to dealing with pediatric patients. It is my hope that this book will give some
additional insight into dealing with these complex patients.The pediatric neurovascular field has
seen tremendous advances in the past few decades with refinements in microsurgery,
endovascular therapy, radiosurgery, and medical management. My interest in neurovascular
disease developed early in my medical training, working under Alfred Luessenhop at
Georgetown University and Thoralf Sundt at the Mayo Clinic. Both were established
neurovascular surgeons who pioneered microvascular and endovascular techniques. The former
pioneered cerebral ateriovenous malformation (AVM) embolization, the latter pioneered
intracranial angioplasty for atherosclerotic disease. I was fortunate to complete my neurosurgery
residency at UCLA Medical Center in the early 1990s, where I learned microvascular techniques
from Neil Martin and John Frazee and helped manage the care of some of the very first patients
treated with GDC coils. It was here I developed a subspecialty interest in pediatric neurovascular
disease, treating patients with Moyamoya disease, vein of Galen malformations, cerebral and
spinal AVMs, and so on. I was able to further this interest by completing post-graduate clinical
fellowships in cerebrovascular surgery with Robert Spetzler and Joe Zabramski at the Barrow



Neurological Institute and in endovascular therapy at UCLA Medical Center with Fernando
Vinuela, Gary Duckwiler, Pierre Gobin, and Guido Guglielmi. Over the past five years at Duke
University, I have enjoyed working with Allan Friedman, Taka Fukushima, Dave Enterline, and
Tony Smith, as well as several dedicated, hard-working clinical fellows. I have learned and
benefited from their expertise and creativity, and I hope we continue to push the field forward to
benefit our patients and their families.We have attempted to choose topics and authors for these
chapters to provide a balanced view of contemporary management of pediatric neurovascular
disease. As such, many of the disease topics will have mirror chapters in surgical and
endovascular management. As a vascular neurosurgeon, who performs microsurgery,
endovascular treatment, and stereotactic radiosurgery (the so-called “triple threat”), I believe the
best way to minimize the morbidity for the patient and to obtain the best outcome is to employ
multi-modal management. A neurovascular team is more apt to deal best with the multiple
issues presented in the child with a neurovascular problem.Michael J. Alexander,
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the UCLA Stroke CenterDepartment of NeurologyUniversity of California, Los AngelesLos
Angeles, CaliforniaTony P. Smith, M.D.ProfessorDepartment of RadiologyDuke University
Medical CenterDurham, North CarolinaRobert F. Spetzler, M.D.DirectorBarrow Neurological
InstituteJ.N. Harber Chairman of Neurological SurgeryPhoenix, ArizonaProfessorSection of
NeurosurgeryUniversity of ArizonaTucson, ArizonaGary K. Steinberg, M.D., Ph.D.Professor and
ChairmanDepartment of NeurosurgeryStanford University School of MedicinePalo Alto,
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OhioOsama O. Zaidat, M.D., M.Sc.Department of Neurosurgery and NeurologyUniversity of
Wisconsin-MilwaukeeMilwaukee, Wisconsin S E C T I O N I Medical and DiagnosticEvaluation
and Issues1Development of the Cerebral VasculatureDAVID M. JOHNSON, THOMAS P.
NAIDICH, AND AMAN B. PATELThe standard model and numerous variations of the
cerebrovascular system all stem from its complicated embryogenesis. This chapter reviews the
formation of the arterial and venous systems of the head and neck through five main sections:
early embryogenesis, vascu-logenesis, formation of the aortic arches, the cerebral arterial
system, and the cerebral venous system. The description relies on the pioneering work of
Streeter,1 Padget,2–4 and Congdon,5 as well as more recent work by many others.6–12 Early
EmbryogenesisThe early embryo takes the form of a bilaminar disk. The superficial cell layer is
designated the epiblast, whereas the deep, subjacent cell layer is designated the hypoblast. All



of the future embryo derives from the epiblast. The hypoblast develops into the related
extraembryonic tissues, such as the placenta.By day 15, the primitive streak and the primitive
node (Hensen’s node) form in the midline toward the caudal end of the bilaminar disk (Fig.
1-1).9,13 Beginning around day 16, epiblastic cells proliferate, migrate toward the primitive
streak, ingress into the streak, and reach the potential space between the epiblast and
hypoblast. This ingression (gastrulation) forms the future endoderm and mesoderm. The first
ingressing epiblastic cells displace the hypoblast laterally and become the definitive
endoderm.9 Subsequent epiblastic cells ingress at the primitive streak and pass laterally
between the two cell layers to both sides forming a new third layer, the mesoderm. From medial
to lateral the mesoderm is considered in three longitudinally oriented zones: the paraxial
mesoderm, the narrow intermediate mesoderm, and the broad lateral mesoderm. By day 17,
epiblastic cells ingress at the primitive streak and ascend in the midline to form the notochordal
process and later the notochord. The remaining epiblastic cells then spread out over the surface
to become the definitive ectoderm.Ultimately, the paraxial mesoderm forms the axial skeleton
and musculature. The intermediate mesoderm forms the genitourinary system. The lateral
mesoderm splits into superficial and deep layers to form the superficial dorsolateral
somatopleuric mesoderm and the subjacent ventromedial splanchnopleuric mesoderm. The
splanchnopleuric mesoderm is believed to be the precursor of the hematopoietic system and the
blood vessels, as well as of the mesothelial coverings of the viscera (Fig. 1-2).13On day 18, the
neural plate appears as a thickening of the midline ectoderm. On day 22, the neural plate
buckles at the future mesencephalic flexure. At around the same time, the neural plate begins to
fold along its long axis and roll up into the neural tube. This process is designated neurulation.
On day 24, the rostral opening of the neural tube, designated the cranial or anterior neuropore,
closes. The caudal (posterior) neuropore closes a few days later.As the neural folds approximate
each other, cells de-laminate from the dorsal edges of each fold and migrate ventrolaterally to
form the neural crest.9 Cephalic neural crest cells will contribute to the cranial nerve ganglia and
will give rise to all of the craniofacial mesenchyme and the developing mesenchymal cores of
the pharyngeal arches. Neural crest cells also contribute to the meninx primitiva and, therefore,
to the future leptomeninges (pia-arachnoid).14FIGURE 1-1 (A,B,D) Bilaminar disk. The early
embryo is a two-layered disk formed by the epiblastic cell layer (e), which faces the amnion (1)
and the hypoblastic cell layer (h), which faces the yolk sac (2). The epiblast forms all of the future
embryo. The hypoblast will form the extra-embryonic tissues. The disk is marked by the
prochordal plate (p) at the future cephalic end of the embryo, and the primitive streak
(arrowhead) in the caudal half of the disk. Hensen’s node lies at the cephalic end of the primitive
streak. (C-E) Trilaminar disk. Cells from the epiblast (e) migrate to the primitive streak
(arrowhead), enter, and descend through it to form the future endoderm and mesoderm
(gastrulation). The first cells to enter displace the hypoblast laterally and become the deep cell
layer designated endoderm. The next-migrating cells pass between the epiblast and the new
endoderm to form (from medial to lateral) the future paraxial mesoderm, intermediate



mesoderm, and lateral mesoderm. The last-entering epiblastic cells ascend in the midline
toward the prochordal plate to form the notochordal process (n) that will become the notochord.
The epiblastic cells then spread out to become the ectoderm. By these processes, the bilaminar
disk is converted to the trilaminar disk. Thereafter, under the influence of signaling,
differentiation occurs into the central plate of the neural ectoderm (ne) overlying the notochord
and the cutaneous ectoderm (c) laterally (see Color Plate 1-1). (Reprinted with permission from
Naidich TP, Blaser SI, Delman BN, et al. Congenital anomalies of the spine and spinal cord:
embryology and malformations. In: Atlas SW, ed. Magnetic Resonance Imaging of the Brain and
Spine. Philadelphia: Lippin-cott Williams and Wilkins; 2002:1527–1537, Figs. 27.1 and 27.2, pp.
1528 and 1529.)FIGURE 1-2 The angioblastic cells originating in the splanchnopleuric
mesoderm. (Reprinted with permission from Langman J. Medical Embryology. Baltimore:
Williams and Wilkins; 1975, Fig. 12-3, p. 203.) VasculogenesisThe metabolic needs of the
developing, open neural tube are met by diffusion from the amniotic fluid. This period of amniotic
fluid diffusion ends when the neural tube closes at ~26 days. At that time, the neural tube is
surrounded by the meninx primitiva. The metabolic needs of the closed neural tube are then met
by diffusion from the meninx primitiva and the vascular plexi developing within it.8 Within the
meninx primitiva, hemangioblastic cells from the splanchnopleuric mesoderm condense into
blood islands. The inner cells of these blood islands evolve into hematopoietic stem cells. The
outer cells of the blood islands become angioblasts. During vasculogenesis, the angioblasts
differentiate into endothelial cells. The endothelial cells grow into tubes that interconnect to form
a rich, multi-layered capillary plexus that envelops the neural tube. The more superficial layers of
the plexus join to form the major arteries, whereas the deeper layers form the veins.As the
metabolic needs of the developing brain increase, intraneural vascularization begins.15 By the
end of the seventh week of gestation (wg), capillaries begin to penetrate the cerebral surface
(Fig. 1-3).16 During the eighth and ninth wg, these vessels form in-tracortical branches that align
parallel to the cortical and ventricular surfaces (designated the parallel vessels). During the ninth
and tenth wg, a second group of vessels arises from the pial vasculature. These pial vessels
may anastamose with branches from the parallel vessels or invade the mantle together with
penetrating branches arising from the parallel vessels. During the eleventh and twelfth wg, the
penetrating branches reach into the germinal layer and form a rete within the germinal
matrix.PEARL Early in development, vessels grow toward the angiogenic stimulus (VEGF)
secreted by the periventricular matrix.This extensive vasculogenesis depends upon rapid
endothelial cell proliferation coordinated through signaling systems. In mice, vascular endothelial
growth factor (VEGF) and its receptors (VEGFR-1 and VEGFR-2) are necessary for normal
vascular development.17 In developing murine neuroectoderm, VEGFRs are expressed on the
penetrating endothelial cells, whereas VEGF messenger ribonucleic acid (mRNA) is expressed
in the periventricular matrix zone.18,19 This system coordinates capillary ingrowth with the
proper target tissue, so the vessels grow toward the angiogenic stimulus (VEGF) secreted by the
periventricular matrix. Later, angiopoi-etin-1 mediates the interaction between maturing



endothelial cells and pericytes/smooth muscle cells, which they enlist to invest them.20FIGURE
1-3 (A-D) The four major stages of internal vascularization of the cerebral hemispheres, as
described in the text. (Reprinted with permission from Duckett S. The establishment of the
internal vascularization in the human telencephalon. Acta Anat 1971;80:107–113, Fig. 7, p. 110.)
Formation of the Aortic ArchesStepping back in time, around day 19, paired longitudinal
endocardial tubes develop in the splanchnopleuric mesoderm of the cardiogenic region. Paired
dorsal aortae form on both sides of the notochord and connect with the developing endocardial
tubes. In the third wg, the embryo begins cephalic and lateral folding, which bring the
endocardial tubes into close apposition in the thoracic region.14 This folding draws the dorsal
aortae ventrally, forming the first pair of aortic arches. Fusion of the paired endocardial tubes
forms the primitive heart tube. During the fourth and fifth weeks, four additional pairs of aortic
arches develop in relation to the developing pharyngeal arches (Fig. 1-4).17 By days 22 to 24,
the first pair of aortic arches becomes visible in the first pharyngeal arches. The first pair of
aortic arches consists of transient structures that, by day 28, have largely regressed. Their
remnants (still attached to the dorsal aortae) become the paired mandibular arteries. By day 29,
the second pair of aortic arches has similarly formed and regressed. Their remnants (similarly
attached to the dorsal aortae) become the hyoid arteries.By the end of the fifth week, the third
pair of aortic arches will become the common carotid arteries. The paired internal carotid
arteries (ICAs) develop from cranial extensions of the paired dorsal aortae. The ventral
pharyngeal plexi arise in the pharyngeal arches and help form the external carotid arteries.The
definitive aorta and brachiocephalic vessels develop from the aortic sac, asymmetric portions of
the paired fourth and sixth aortic arches, and the paired dorsal aortae, as follows. The aortic sac
gives rise to the proximal aortic arch and the brachiocephalic artery. The left fourth aortic arch
forms the apex of the aortic arch. The left dorsal aorta forms the distal arch. The paired dorsal
aortae fuse at approximately the fourth thoracic segment to form the descending aorta. The right
subclavian artery forms from the right fourth aortic arch and portions of the right dorsal aorta and
seventh intersegmental artery. The left sixth aortic arch becomes the ductus arteriosus. The right
sixth arch regresses without known remnant (Figs. 1-5, 1-6).10,21FIGURE 1-4 Formation of the
aortic arch and great vessels. (A) Pattern of the aortic arches and dorsal aortae prior to their
transformation into the adult pattern. (B) Pattern of the aortic arches and dorsal aortae following
their transformation to the adult pattern. The dashed lines indicate those components that
become obliterated. (C) Definitive form of the aorta and great vessels. (Reprinted with
permission from Langman J. Medical Embryology. Baltimore: Williams and Wilkins; 1975, Fig.
12-35, p. 235.)FIGURE 1-5 Formation of the aortic arch and great vessels. The diagram
summarizes the complex embryology of these vessels and depicts the embryonic origins of
each portion, as listed in the legend. Compare with Fig. 1-3. (Reprinted with permission from
Osborn AG. Diagnostic Neuroradiology. St. Louis: Mosby; 1999, Fig. 1-4, p. 11.)FIGURE 1-6
Hypothetical double aortic arch of Edwards. The diagram summarizes the points at which the
numbered “breaks” of the primitive dual arch could give rise to the diverse variations in the



formation of the aortic arch. A single break at point 1 would give the typical “normal” aortic arch.
A single break at 2 would give rise to the left aortic arch with aberrant left subclavian artery. A
single break at 3 would give rise to a right aortic arch with aberrant left subclavian artery. A single
break at 4 would give rise to a right aortic arch with mirror-image branching pattern. Dual breaks
at 5a and 5b would give rise to a right aortic arch with isolation of the left subclavian artery. Other
dual breaks could lead to other exceedingly rare isolated vessels. (Reprinted with permission
from Kirks DR. Practical Pediatric Radiology: Diagnostic Imaging of Infants and Children.
Philadelphia: Lippincott-Raven; 1998, Fig. 6-65, p. 581.)By the third to fourth wg, two pairs of
cardinal veins form: the paired anterior (superior) cardinal veins and the paired posterior
(inferior) cardinal veins. The paired anterior cardinal veins drain the developing head and neck
and will form the paired internal jugular veins. The paired posterior cardinal veins drain the body
wall. Ultimately, the anterior cardinal vein and posterior cardinal vein of each side join to form a
short, common cardinal vein that drains into the primitive heart (Fig. 1-7).20FIGURE 1-7
Formation of the great vessels. The diagram depicts the major components of the venous
system seen in a 4 mm embryo toward the end of the fourth week of gestation. (Reprinted with
permission from Langman J. Medical Embryology. Baltimore: Williams and Wilkins; 1975, Fig.
12-43, p. 243.) The Cerebral Arterial SystemDorcas Padget classified the development of the
cerebral arteries into seven stages by correlating embryo size, measured as the crown to rump
length (CRL), and estimated gestational age (EGA) with a specific set of vascular features/
events that typify that particular stage of development.2,3 These seven stages represent
“snapshot summaries” of events that actually occur as a continuous progression (Fig. 1-8).2A
Arterial Stage 1B Arterial Stage 2C Arterial Stage 3E Arterial Stage 5F Arterial Stage 6G Arterial
Stage 7H Arterial System of NewbornFIGURE 1-8 The cerebral arterial system. (A-G) The seven
sequential stages of arterial formation detailed in the text. (H) The arterial system of a newborn.
(Reprinted with permission from Padget DH. The development of the cranial arteries in the
human embryo. Contrib Embryol 1948;32:205–261, Figs. 2-11, pp. 213–229.)Arterial Stage 1In
stage 1 (CRL 4 mm, EGA 28 days), the first and second aortic arches begin to involute, leaving
the precursors for the mandibular and hyoid arteries. Blood is now supplied to the developing
brain via the third aortic arches and the cranial portions of the dorsal aortae, which form the
common and ICAs, respectively. The ICAs bifurcate at the level of the trigeminal ganglia. The
anterior divisions of the ICAs course toward Rathke’s pouch and anastamose with each other in
the region of the future anterior communicating artery. In stage 1, the most anterior extensions of
the ICAs are the primitive maxillary arteries. These extend to the optic vesicles.PEARL Failure of
the primitive caroticobasilar connections to regress leads to the infrequent persistent trigeminal,
otic, hypoglossal, and proatlantal arteries.The posterior divisions of the ICAs are designated the
primitive trigeminal arteries. These extend dorsally to join an arterial plexus of the hindbrain
designated the paired longitudinal neural arteries. Initially, the paired longitudinal neural arteries
receive their major supply from the trigeminal arteries. Later, they will also receive supply from
the first cervical segmental arteries and (transiently) from the primitive otic, primitive



hypoglossal, and primitive proatlantal arteries. These primitive caroticobasilar anastamoses
develop during the period in which their associated ganglia grow rapidly.6 Failure of these
primitive connections to regress leads to the infrequent persistent trigeminal, otic, hypoglossal,
and proatlantal arteries.2,3,6,22–25Arterial Stage 2In stage 2 (CRL 5 to 6 mm, EGA 32 days),
the mandibular arteries have largely regressed. Paired ventral pharyngeal arteries have
developed in the first and second pharyngeal arches. These extend from the aortic sac to the
mandibular divisions of the trigeminal nerves and will contribute to both the stapedial arteries
and the branches of the external carotid arteries. In stage 2, the anterior divisions of the ICAs
now give rise to long dorsal ophthalmic arteries that extend through the superior orbital fissures
to the optic vesicles. Posterior communicating arteries develop and carry flow to the longitudinal
neural arteries, so the primitive trigeminal arteries begin to regress. The longitudinal neural
arteries also begin to coalesce to form the basilar artery. Incomplete coalescence leaves zones
of persistent “duplication” designated basilar artery fenestrations. Such vascular fenestrations
may be associated with aneurysms.26,27Arterial Stage 3In stage 3 (CRL 7 to 12 mm, EGA 37
days), the anterior divisions of the ICAs show stems for the middle cerebral and anterior cerebral
arteries. The primitive ventral ophthalmic arteries arise opposite the anterior choroidal arteries
and course through the optic canals to the developing orbits. In stage 3, the anterior divisions of
the ICAs end in the primitive olfactory arteries. The anterior choroidal and posterior choroidal
arteries supply the diencephalon and the mesencephalon en route to the choroid plexi. Paired
superior cerebellar arteries arise to supply the developing metencephalon. Regression of the
cervical segmental arteries leads to formation of the paired vertebral arteries. Asymmetric
regression of the cervical segmental arteries may lead to one hypoplastic vertebral artery that
ends in the ipsilateral posterior inferior cerebellar artery. Incomplete regression of the cervical
segmental arteries may lead to vertebral artery fenestration.Arterial Stage 4In stage 4 (CRL 12
to 14 mm, EGA 41 days), collateral branches of the hyoid arteries course through the primordia
of the stapes into the mandibular substance. These will join remnants of the ventral pharyngeal
arteries to form the maxillomandibular branches of the stapedial arteries. In stage 4, the distal
ICAs still end in the primitive olfactory arteries, but these arteries now have two branches. The
original primitive olfactory arteries, now designated the “lateral branches,” course to the nasal
fossae. The new mesial branches pass to the roots of the olfactory nerves and will later carry the
anterior cerebral arteries cephalically. The paired anterior cerebral arteries may join through a
plexiform anastomosis, the future anterior communicating artery. A persistent trigeminal artery
may now be seen. If so, the ipsi-lateral posterior communicating artery will be either small or
entirely absent.Arterial Stage 5In stage 5 (CRL 16 to 18 mm, EGA 44 to 48 days), the common
carotid arteries elongate as the heart descends into the chest. Two branches of each stapedial
artery are now visible: the maxillomandibular arteries and the supraorbital arteries. The proximal
internal maxillary arteries extend from the external carotid arteries to the maxillomandibular
branches of the stapedial arteries (foreshadowing the future annexation of the middle meningeal
arteries by the internal maxillary arteries). The supraorbital branches of the stapedial arteries



course lateral to the geniculate ganglia, through the superior orbital fissures to supply the
orbits.The permanent stems of the ophthalmic arteries now give rise to the primitive ventral and
primitive dorsal ophthalmic arteries. These two arteries anastamose within the orbit to form a
loop around the optic nerve. The primitive dorsal ophthalmic arteries occasionally form the
origins of the ophthalmic arteries. The ophthalmic arteries then arise from the cavernous
segments of the ICAs and course through the superior orbital fissures. The proximal segments
of the posterior cerebral arteries may now arise from the distal basilar artery.Arterial Stage 6In
stage 6 (CRL 20 to 24 mm, EGA 51 days), the embryonic head begins to develop mature
features and to lift away from the chest. The anterior communicating artery is now recognizable,
completing the circle of Willis. A small branch arising from the anterior communicating artery
extends to the commissural plate as the median artery of the corpus callosum. This branch
usually regresses as the anterior cerebral arteries mature and begin to supply the corpus
callosum. The median artery of the corpus callosum, however, may persist as an accessory
anterior cerebral artery or even as an azygous anterior cerebral artery (when there is bilateral
anterior cerebral artery aplasia).2The stapedial arteries now undergo significant change: the
supraorbital branches of the stapedial arteries give rise to orbital branches, which join the
arterial rings previously formed around the optic nerves by the primitive ventral and dorsal
ophthalmic arteries. The internal maxillary arteries have annexed the proximal portions of the
maxillomandibular branches of the stapedial arteries. As a result, the future middle meningeal
arteries will arise from the internal maxillary arteries.27 Thus proximal portions of the
maxillomandibular arteries form the stems of the middle meningeal arteries, whereas the dorsal
aspects of the supraorbital arteries form the distal continuation of the middle meningeal arteries.
Near the stapes, the stapedial arteries begin to dwindle. The more proximal remnants of the
stapedial arteries remain as the superior tympanic arteries. The remnants of the hyoid arteries,
which were, transiently, the stems for the stapedial arteries, remain as the caroticotympanic
branches of the ICAs.Arterial Stage 7In stage 7 (CRL 40 mm, EGA 9 wks), the ophthalmic
arteries have attained adult configuration. The intraorbital portions of the supraorbital arteries
lose their connection to the stapedial arteries and are now supplied by the ophthalmic arteries.
The circle of Willis also attains adult configuration. The size of the posterior communicating
arteries varies inversely with the size of the P1 segments of the posterior cerebral arteries. Large
“posterior communicating arteries” that give rise to the posterior cerebral arteries may be
designated the persistent fetal origin of the posterior cerebral arteries or the “direct origin” of the
posterior cerebral arteries. Cerebellar development is associated with marked reciprocal
variations in the calibers and territories of the evolving cerebellar arteries. The Cerebral Venous
SystemDorcas Padget similarly classified the developing venous system into eight stages
(designated 1 to 7 and 7a).4 Overall, venous development lags behind arterial development and
shows a greater range of variation (Fig. 1-9).4 The pial venous system lies deep to the cerebral
arterial system.Venous Stage 1In stage 1 (CRL 4 mm, EGA 28 days), an endothelial meshwork
extends upward from the paired first aortic arches and passes over the forebrain and midbrain in



the midline to become the primary head-plexus. Longitudinal channels connect the head-plexus
to the anterior cardinal veins, the future internal jugular veins. The primary head-plexus and the
longitudinal channels constitute a primitive system of proliferating endothelium that gives rise to
the veins of the brain.1Venous Stage 2In stage 2 (CRL 5 to 8 mm, EGA 32 days), the midline
primary head-plexus disappears and is replaced by paired paramedian primary head-sinuses
that provide the first true venous drainage for the developing brain. The primary head-sinuses
course medial to the trigeminal ganglia and lateral to the otic capsules and the
glossopharyngeal nerves en route to the internal jugular veins. Via superficial anastamosing
loops, the paired primary head-sinuses connect with the capillary network investing the neural
tube. These superficial anastamosing loops lie dorsally and are arranged into three major
groups: the anterior, middle, and posterior dural plexi. The anterior dural plexi drain the forebrain
and midbrain into the pre-trigeminal segments of the primary head-sinuses. The middle dural
plexi drain the cerebellum into the otic segments of the primary head veins. The posterior dural
plexi join the primary head-sinuses near to the vagus nerves.FIGURE 1-9 The cerebral venous
system. (A-H) The eight sequential stages of venous formation detailed in the text. (Reprinted
with permission from Padget DH. The cranial venous system in man in reference to
development, adult configuration, and relation to the arteries. Am J Anat 1956;98:307–356,
Plates 1 and 2, pp. 343 and 345.)Ventrally, the paired ventral pharyngeal veins drain the
mandibular and hyoid pharyngeal bars. The maxillary veins drain the developing maxillary
processes.Venous Stage 3In stage 3 (CRL 8 to 11 mm, EGA 37 days), the marginal sinuses
develop along the mesial borders of the anterior dural plexi. The marginal sinuses contribute to
the developing transverse and superior sagittal sinuses. The stems of the posterior dural plexi
change configuration to become the caudal ends of the sigmoid sinuses. The maxillary veins
now drain both the optic and the olfactory regions. Paired primitive telencephalic and
diencephalic veins arise in conjunction with the developing telencephalon and
diencephalon.PEARL Arteriovenous malformations may arise in the few areas where the veins
and arteries course parallel to each other, not at right angles, as in the choroid plexi.Venous
Stage 4Stage 4 (CRL 11 to 16 mm, EGA 41 days) is significant for the separation of the
meninges into the piaarachnoid and the overlying dura.28 In stage 4, pia-arachnoidal veins
traverse the subarachnoid space to connect the dural plexi with the developing pial veins. The
pial veins then form multiple interconnecting anastamoses that envelop the entire neural tube.
Pial veins characteristically run at right angles to the overlying arteries. Arteriovenous
malformations may arise in the few areas where the veins and arteries course parallel to each
other, not at right angles, as in the choroid plexi.The supraorbital veins develop and drain the
optic vesicles into the stems of the anterior dural plexi between the fourth and fifth cranial
nerves. The diencephalic veins give rise to ventral and dorsal branches. Mesencephalic veins
now arise from the anterior dural plexi to drain the developing mesencephalon.Venous Stage 5In
stage 5 (CRL 17 to 20 mm, EGA 44 to 48 days), the middle and posterior dural plexi
anastamose to form the sigmoid sinuses. As the otic capsules enlarge, they compress the



adjacent primary head-sinuses, so the primary head-sinuses largely regress. Therefore, flow
reverses in the middle dural plexi so they begin to drain into the sigmoid sinuses. The residual
stems of the middle dural plexi persist as the pro-otic sinuses.4Venous Stage 6In stage 6 (CRL
20 to 24 mm, EGA 51 days) the anterior and middle dural plexi have joined to form the tentorial
plexi. The marginal sinuses form the medial portions of the transverse sinuses. The supraorbital
veins now drain through the remnants of the primitive head-sinuses to the pro-otic sinuses (the
former stems of the middle dural plexi).Venous Stage 7In stage 7 (CRL 40 mm, EGA ~9 wks),
the venous system begins to take final form. The medial aspects of the marginal sinuses join
together, and through a series of anas-tamoses, form the superior sagittal sinus. The
supraorbital and maxillary veins join to form the superior ophthalmic veins. Plexiform extensions
from the pro-otic sinuses form the cavernous sinuses. The inferior petrosal sinuses form and
connect the cavernous sinuses with the internal jugular veins. The choroid plexi drain through
the ventral diencephalic veins to the transient median prosencephalic vein.8Venous Stage 7aIn
stage 7a (CRL 60 to 80 mm, EGA 10 to 12 wks), continued growth of the cerebrum and
cerebellum shift the transverse sinuses laterally toward their adult position. The superior petrosal
sinuses develop, completing the network of basal dural venous sinuses. The paired internal
cerebral veins now arise in response to increased venous drainage from the developing basal
ganglia. The internal cerebral veins join the posterior end of the median prosencephalic vein to
form the vein of Galen. The internal cerebral veins gradually annex the drainage of the choroid
plexus, so the median prosencephalic vein regresses. The basal cerebral veins form from highly
variable anastamoses among the telencephalic veins, the ventral and dorsal diencephalic veins,
and the mesencephalic veins.29 Arteriovenous malformations and fistulae in the drainage of the
median prosencephalic vein may cause increased flow through the system, persistence of the
median prosencephalic vein, marked enlargement of the vein of Galen, persistence of a falcine
sinus, and enlargement (or absence) of the straight sinus: key components of the vein of Galen
malformation.8 ConclusionEmbryology provides the framework for deeper understanding of the
normal model of the arteriovenous system of the brain, and its numerous variations. It is hoped
that this summary will orient the reader to the major stages of embryogenesis and provide the
vocabulary needed for further reading. Familiarity with this embryology will help to elucidate the
origins of “anomalous vessels,” origins of collateral feeders to arteriovenous malformations,
patterns of collateral supply to ischemic regions, and potential routes of access for endovascular
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Syndromes in ChildrenE. STEVE ROACH AND CESAR C. SANTOSSeveral congenital or
hereditary disorders cause cerebrovascular dysfunction. This chapter reviews the major
hereditary conditions with frequent cerebrovascular complications, such as hereditary
hemorrhagic telangiectasia (HHT), Ehlers-Danlos syndrome (EDS), and pseudoxanthoma
elasticum (PXE). Other conditions like Sturge-Weber syndrome (SWS) and progeria, where
cerebrovascular dysfunction occur sporadically, are also reviewed. Sturge-Weber
SyndromeSWS is a rare neurocutaneous syndrome characterized by a facial cutaneous
angioma (port-wine nevus) and a leptomeningeal angiomatosis, which often occur ipsilat-erally
to the facial lesion. Classic neurological findings include epileptic seizures, mental retardation,
contralateral hemiparesis and hemiatrophy, and homonymous hemianopia.1–3 However, the
clinical features vary widely, and many patients who have the typical skin lesion and seizures
have normal intelligence and no focal neurological deficit. The syndrome occurs sporadically
and in all races.2,4Cutaneous Features of Sturge-Weber SyndromeThe nevus classically
involves the forehead and upper eyelid, but it commonly affects both sides of the face and may
extend onto the trunk and extremities (Fig. 2-1). The facial angioma is usually evident at birth.
Patients whose nevus involves only the trunk, or the maxillary or mandibular area, but not the
upper face, do not develop neurological complications from an intracranial angioma.5–7 The
leptomeningeal angioma is typically ipsilateral to a unilateral facial nevus. However, bilateral
brain lesions occur in at least 15% of patients, including those with unilateral facial nevi. Only 10
to 20% of children with a port-wine nevus of the forehead also have a leptomeningeal angioma.6
The occurrence of the characteristic neurological and radiographic features of SWS without a
skin lesion is quite rare.Ophthalmologic Features of Sturge-Weber SyndromeGlaucoma is the
main ophthalmologic problem of patients with SWS.8,9 The risk of developing glaucoma is
highest in the first decade, although young adults occasionally develop glaucoma. In one study,
36 of 51 patients (71%) had glaucoma; 26 of these developed glaucoma by age 2 years.8
Buphthalmos and amblyopia are present in some newborns, evidently due to an anomalous
anterior chamber angle.10,11 In other individuals, glaucoma becomes symptomatic later in life,
and if not treated, causes progressive blindness. Thus periodic measurement of the intraocular
pressure is essential, especially when the nevus is near the eye.Diffuse choroidal hemangioma
is another characteristic ophthalmologic finding in patients with SWS. It can be seen in up to
71% of cases.12 It is characterized as a red, flat to moderately elevated lesion that produces a
classic “tomato ketchup” appearance on funduscopic examination. It is almost always
associated with leptomeningeal angiomatosis; therefore, when found, magnetic resonance
imaging (MRI) of the brain should be obtained.FIGURE 2-1 A patient with the classic distribution
of the port-wine nevus of Sturge-Weber syndrome on the upper face and eyelid. (Reprinted with
permission from Roach ES. Congenital cutaneovascular syndromes. In: Vinken PV, Bruyn GW,
Klawans HL, eds. Vascular Diseases. Amsterdam: Elsevier; 1989:443–462. Handbook of Clinical
Neurology; vol 11.)Neurological Features of Sturge-Weber SyndromeEpileptic seizures, mental
retardation, and focal neurological deficits are the principal neurological abnormalities of SWS.



Intracranial hemorrhage due to SWS is rare. Seizures usually start acutely in conjunction with
hemi-paresis. The age when symptoms begin and the overall clinical severity can both vary, but
onset of seizures prior to age 2 increases the likelihood of mental retardation and refractory
epilepsy. Patients with refractory seizures are more likely to be mentally retarded, whereas
patients who have never had seizures are typically normal. Rarely would a patient develop
severe intellectual impairment if normal past age 3.Seizures eventually develop in 72 to 80% of
SWS patients with unilateral lesions and in 93% of patients with bihemispheric
involvement.13,14 Seizures can begin at any time from birth to adulthood, but 75% of those with
seizures begin during the first year, 86% by age 2, and 95% prior to age 5.9 Thus the risk of a
child developing seizures is highest in the first 2 years. Focal motor seizures or generalized tonic
clonic seizures are characteristic of SWS initially, but infantile spasms, myoclonic seizures, and
atonic seizures have been reported.15,16 The first few seizures are often focal, even in patients
who later develop generalized tonicoclonic seizures or infantile spasms.15 Older children and
adults are more likely to have complex partial seizures or focal motor seizures. Some patients
continue to have daily seizures after the initial deterioration in spite of various daily
anticonvulsant medications, whereas others have long seizure-free intervals, sometimes even
without medication, punctuated by clusters of seizures.16Many patients do not develop
permanent focal neurological signs. In those who do, the specific deficit varies with the location
of the intracranial vascular lesion. The occipital region is often affected, so visual field deficits
are common.17 Hemiparesis often develops acutely, in conjunction with the initial flurry of
seizures. Although often attributed to postictal weakness, hemiparesis may be permanent or it
can persist much longer than the few hours typical of a postictal deficit. Some children suddenly
develop weakness without seizures, either as repeated episodes of weakness similar to
transient ischemic attacks or as a single strokelike episode with persistent deficit.18 In patients
with both hemiparesis and seizures, it is difficult to establish which came first.Early
developmental milestones are usually normal, but mild to profound mental deficiency eventually
develops in at least half of SWS patients.19 Only 8% of the patients with bilateral brain
involvement are intellectually normal.13 Behavioral abnormalities are often problematic, even in
patients who are not mentally retarded. The clinical condition eventually stabilizes after a few
years without further deterioration.Diagnostic Studies in SWSMost of the children with facial port-
wine nevi do not have an intracranial angioma, and neuroimaging studies and other tests help to
distinguish the children with SWS from those with an isolated cutaneous lesion. Although gyral
calcification is a classic feature of SWS, the “trolley track” appearance first described on
standard radiographs is uncommon, especially in neonates. Intracranial calcification is best
demonstrated with computed tomography (Fig. 2-2). Extensive cerebral atrophy is apparent
even with computed tomography, but subtle atrophy is more readily demonstrated by
MRI.20,21MRI with gadolinium contrast (Fig. 2-3) effectively demonstrates the abnormal
intracranial vessels in individuals with SWS.20,22,23 It is currently the best test to determine
intracranial involvement. Magnetic resonance angiography has recently been used to directly



image the larger abnormal vessels.24FIGURE 2-2 Computed cranial tomography demonstrates
an occipital gyriform calcification typical of Sturge-Weber syndrome. (Reprinted with permission
from Garcia JC, Roach ES, McLean WT. Recurrent thrombotic deterioration in the Sturge-Weber
syndrome. Child’s Brain 1981;8: 427–433.)Cerebral angiography is not necessary for most
patients with SWS, but it is sometimes useful in atypical patients or prior to epilepsy surgery. The
veins are more abnormal than the arteries.25 The subependymal and medullary veins are
enlarged and tortuous, and the superficial cortical veins tend to be sparse.26 Failure of the
sagittal sinus to opacify after ipsilateral carotid injection may be secondary to obliteration of the
superficial cortical veins by thrombosis.27 The abnormal deep venous channels act as
collaterals from the cerebral cortex to the deep veins.25,27Positron emission tomography (PET)
demonstrates reduced metabolism of the brain adjacent to the lep-tomeningeal lesion.28
However, patients with recent-onset seizures may have increased cerebral metabolism near the
lesion. Single photon emission tomography (SPECT) shows reduced perfusion of the affected
brain.29 Both PET and SPECT often indicate vascular alterations more extensive than those
shown by computed cranial tomography.28,30 Although functional imaging is not necessary for
all patients, these tests may help to establish a diagnosis and localize the lesion prior to
surgery.FIGURE 2-3 (A) Normal T1-weighted magnetic resonance scan without contrast
infusion from a child with Sturge-Weber syndrome. (B) On the coronal view with gadolinium, his
scan reveals a left-sided leptomeningeal and intraparenchymal angioma. (Reprinted with
permission from Roach ES, Bodensteiner JB. Neurologic complications. In: Bodensteiner JB,
Roach ES, eds. The Sturge-Weber Syndrome. New York: Sturge-Weber Foundation;
1999.)PEARL Resection of the brain containing the vascular abnormality sometimes improves
seizure control and promotes intellectual development.Treatment of Sturge-Weber
SyndromeResection of the brain containing the vascular abnormality sometimes improves
seizure control and promotes intellectual development.31,32 Despite the general agreement
that surgical resection is effective, there is debate about patient selection and timing of surgery.
Almost one patient in five has bilateral cerebral lesions, limiting the surgical options unless one
hemisphere is clearly causing most of the seizures. There is also reluctance to resect a still
functional portion of the brain and cause a new deficit.33 Surgery is often reserved for patients
with severe seizures who do not respond to medication and who already have clinical
dysfunction of the area to be removed (e.g., hemiparesis or hemianopia), similar to the approach
in children with refractory epilepsy from other causes.34 Outcome following hemispherectomy is
encouraging with 81% of patients becoming seizure-free, with over half of the patients off of
antiepileptic medications.35Prophylactic daily aspirin has been suggested for SWS because of
the frequent occurrence of transient neurological deficits without seizures and the idea that
thromboses of the abnormal veins initiate episodes of clinical deterioration in patients with
SWS.18 This recommendation is difficult to study because of the variability of the clinical
manifestation of SWS. Hereditary Hemorrhagic TelangiectasiaHHT (Osler-Weber-Rendu
disease) is an autosomal dominant disorder that features telangiectasias of the skin, mucous



membranes, and various internal organs.36–39 Clinical diagnostic criteria have been
published.39 However, both the clinical manifestations and the age of presentation are variable,
and diagnosis may be difficult in younger patients without the full array of signs.39,40Cutaneous
Features of Hereditary Hemorrhagic TelangiectasiaCutaneous telangiectasias occur more often
on the face, lips, and hands than on the trunk or legs.37,41 Epistaxis due to telangiectasias of
the nasal mucosa is often the first indication of HHT37,42,43 About a third of patients have
conjunctival telangiectasias and 10% have retinal vascular malformations, but visual loss from
these lesions is uncommon.44 Although telangiectasias are not often conspicuous during the
first decade, thereafter they tend to enlarge and multiply.43Arterial Lesions of Hereditary
Hemorrhagic TelangiectasiaIn addition to the vascular lesions affecting the central nervous
system, vascular malformations affect the lungs, gastrointestinal tract, or genitourinary system
and can lead to hemoptysis, hematemesis, melena, or hematuria.37,41,43,45Neurological
Features of Hereditary Hemorrhagic TelangiectasiaHeadache, dizziness, and seizures are
common in individuals with HHT.46–48 More severe but fortunately less common problems
include paradoxical embolism with stroke, intraparenchymal and subarachnoid hemorrhage,
meningitis, and cerebral abscess.Paradoxical embolism through a pulmonary arteriovenous
fistula can cause cerebral infarction in patients with HHT.49 In rare cases a clot may form within
the fistula itself before migrating into the arterial circulation.50 Intermittent symptoms follow
repeated small emboli with subsequent improvement. Transient deficits during hemoptysis could
result from air embolism via a bleeding pulmonary arteriovenous fistula.51–53An estimated 1%
of HHT patients develop cerebral abscess or meningitis, probably resulting from septic
microemboli that bypass the normal filtration of the pulmonary circulation via a pulmonary
arteriovenous fistula.54 Mycotic aneurysms develop the same way.Vascular anomalies may be
found anywhere in the brain, spinal cord, or meninges,55–57 and more than one type of lesion
may occur in the same individual.55 Intracerebral vascular anomalies occur more often than
once suspected. One summary of 90 HHT patients from the literature recorded 17 (19%) with
arteriovenous malformations and 36 (40%) with telangiectasias or angiomas.55 Fulbright and
colleagues identified 42 patients with various types of cerebral vascular anomalies among 184
consecutive HHT patients who underwent cranial MRI studies.58PEARL Intracranial vascular
lesions of HHT are less likely to bleed than sporadic arteriovenous malformations.Many of these
patients remained asymptomatic, and there is some evidence that the intracranial vascular
lesions of HHT are less likely to bleed than sporadic arteriovenous malformations.59 However,
in patients younger than 45 years of age, male HHT patients are 20 times more likely to develop
cerebral hemorrhage compared with the general population.60 These data support a more
aggressive approach to the evaluation and treatment of these patients. HHT should be
considered in patients with multiple cerebrovascular malformations.59,61–63Saccular
aneurysms are much less common in HHT patients than arteriovenous malformations.55,64,65
The number of individuals with both HHT and intracranial aneurysm is small enough that the
association could be coincidental. The same is true of spontaneous carotid-cavernous



fistula.66Genetics of Hereditary Hemorrhagic TelangiectasiaHHT is an autosomal dominant
disorder with age-related penetrance and variable expressivity. Its occurs in 1 in 10,000
individuals,67 ~30% of the time via spontaneous mutation.Genes on chromosomes 9 and 12
are responsible for HHT1 and HHT2, respectively. The HHT1 gene at 9q33–34 codes for
endoglin, an accessory membrane glycoprotein expressed at high levels in vascular
endothelium.67 HHT2 results from mutation of the ALK1 activin receptor-like kinase-1 gene at
12q13. Like endoglin, ALK1 is expressed at high levels in endothelial cells.68 Individuals with
HHT1 have a greater risk of pulmonary arterial malformations than those with HHT2, whereas
those with HHT2 tend to have a milder phenotype and later onset of symptoms.67 Molecular
genetic testing for HHT is currently available. It is currently indicated in individuals with
symptoms strongly suggestive of the disease and in asymptomatic first-degree relatives of an
affected individual.69 Ehlers-Danlos SyndromeSeveral subtypes of EDS can be defined by
clinical features, inheritance patterns, and distinctive molecular defects.70–72 Collectively these
syndromes are characterized by fragile or hyperelastic skin (Fig. 2-4), hyperextensible joints,
vascular lesions, easy bruising, and excessive scarring after injuries.71 About 80% of the
patients with EDS have types I, II, or III, and the other subtypes are less common.71 Most of the
vascular complications such as aneurysm and arterial dissection occur with type IV EDS, and
these complications often lead to premature death.73 All of the familial Ehlers-Danlos patients
with a documented abnormality of type III collagen have displayed autosomal dominant
inheritance.71FIGURE 2-4 Hyperelasticity of the skin in a patient with EDS. (Reprinted with
permission from Roach ES. Congenital cuta-neovascular syndromes. In:Vinken PV, Bruyn GW,
Klawans HL, eds. Vascular Diseases. Amsterdam: Elsevier; 1989:443–462. Handbook of Clinical
Neurology; vol 11.)Neurovascular Complications of Ehlers-Danlos SyndromeRubinstein and
Cohen74 first reported a woman with EDS and aneurysms of both the internal carotid and
vertebral arteries. Many other individuals with extracranial and intracranial aneurysms have
since been reported, including several people with multiple intracranial aneurysms.75–77 Most
patients became symptomatic in early adulthood, but children and adolescents are occasionally
affected.The internal carotid artery is the most likely intracranial vessel to develop an aneurysm
due to EDS type IV (Fig. 2-5). Typically, the aneurysm develops in the cavernous sinus or just as
the carotid emerges from the sinus.74,77,78 Rupture of an aneurysm in this location creates a
cavernous-carotid fistula. Aneurysms also affect various other intracranial arteries,79 and these
are more likely to present with subarachnoid hemorrhage. In one EDS family, members of three
different generations suffered subarachnoid hemorrhage.77Surgery is difficult because the
arteries are friable and difficult to suture.76,80 The arteries fail to hold sutures, and handling the
tissue leads to tears of the artery or separation of the arterial layers.81PEARL The vascular
fragility of type IV EDS makes both standard angiography and intravascular occlusion of the
fistula more difficult.Carotid-cavernous fistula has been documented in several individuals with
EDS, sometimes following minor head trauma but for the most part spontaneously.76
Intracranial aneurysms and carotid-cavernous fistulae often occur together.84,85 Rupture of an



internal carotid artery aneurysm within the cavernous sinus probably causes many of the
fistulae.83,86,87 However, spontaneous fistula formation without an aneurysm does occur.88,89
Fragmentation of the internal elastic membrane and fibrosis of portions of the carotid wall are
typically found at autopsy.76,90FIGURE 2-5 (A) Coronal computed tomography with contrast
(from an 18-year-old with headaches and a family history of Ehlers-Danlos syndrome type IV)
reveals a large aneurysm (arrow) of the intracavernous carotid artery. (B) Internal carotid
angiogram confirms the giant aneurysm of the intracavernous carotid artery. (Reproduced with
permission from Roach ES and Zimmerman CF. Ehlers-Danlos syndrome. In: Bogousslavsky J,
Caplan LR, eds. Stroke Syndromes. London: Cambridge University Press; 1995:491–496.)The
vascular fragility of type IV EDS makes both standard angiography and intravascular occlusion
of the fistula very difficult.85,86,91,92 Nevertheless, intravascular occlusion is sometimes
successful.93,94Arterial dissection due to EDS has been documented in most of the intracranial
and extracranial arteries, and the clinical presentation depends primarily on which artery is
affected.95 Dissection of an intrathoracic artery can secondarily occlude cervical vessels,96
and distal embolism from a dissection can cause cerebral infarction, sometimes weeks or
months after the dissection occurs.Genetics of Ehlers-Danlos Syndrome Type IVEDS type IV is
an autosomal dominant disorder with frequent spontaneous mutations. It results from a mutation
of the COLA3A1 gene on chromosome 2, a gene that codes for the α 1 chain of type III collagen,
which is expressed in high levels in blood vessels.97 Various COLA3A1 mutations have been
identified, but there is no consistent genotype-phenotype correlation.97–102 Unsuspected
mutations of the COLA3A1 gene that cause EDS type IV were not found in a cohort of 58
patients with an intracranial aneurysm or cervical dissection but no other signs of EDS.82
Pseudoxanthoma ElasticumPXE is a hereditary connective tissue disorder with skin, ophthalmic,
and vascular manifestations.103,104 The clinical presentation and rate of progression vary
considerably even among affected members of the same family.105 Both autosomal dominant
and autosomal recessive forms of PXE exist.106Cutaneous Lesions of Pseudoxanthoma
ElasticumCutaneous signs consist of yellowish plaques or papules of the neck, axilla, and
abdomen, and the inguinal, decubital, or popliteal areas. Similar-looking lesions have been
observed in the mucous membranes or intestinal mucosa. Older patients share a facial
resemblance due to the lax redundant cutaneous changes of the face and neck.107 Pregnancy,
puberty, and stressful emotional situations may increase the rate of progression of the
cutaneous lesions.108 Although the skin lesions of PXE become apparent during the first
decade in about half of the patients,108 occlusive or hemorrhagic vascular complications occur
primarily in adults.Ophthalmic Lesions of Pseudoxanthoma ElasticumAngioid streaks of the
ocular fundus, the result of ruptures of Bruch’s membrane, occur in 85% of individuals with PXE.
These ocular lesions are gray or red irregular lines that radiate away from the optic disk.109,110
Gradual visual loss may develop from macular degeneration, or visual loss can develop acutely
from retinal hemorrhage.103Arterial Lesions of Pseudoxanthoma ElasticumMost of the systemic
complications of PXE result from arterial degeneration and occlusion, but the exact clinical



presentation depends largely on which organ system is affected. Progressive occlusion of the
large arteries of the limbs may lead to intermittent claudication. Large arteries are sometimes
palpably rigid, and radiographs of the extremities sometimes show arterial calcification.111
Coronary artery disease sometimes occurs in young patients with PXE.112 Gastrointestinal
hemorrhage occurs primarily in adults, but it also occurs in children.113–115 Pregnancy may
increase the frequency of gastrointestinal hemorrhage.116,117 Epistaxis, hematuria, and
hemoptysis occur but less often than gastrointestinal hemorrhage.118Neurological Dysfunction
with Pseudoxanthoma ElasticumNeurological dysfunction is due to vascular compromise. Brain
dysfunction can result either directly from arterial occlusion or rupture or indirectly from systemic
hypertension or cardiovascular disease.119 Cerebrovascular lesions due to PXE do not usually
manifest until adulthood, when single or multiple cerebrovascular occlusions result from
progressive narrowing and then occlusion of an artery.120,121 The angiographic pattern
resembles that of severe atherosclerosis,122 but gradual vessel occlusion sometimes allows
sufficient collateral flow to avert a stroke.121Pediatric Neurovascular DiseaseSurgical,
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AlexanderIndexForewordIt is a pleasure and a privilege to write a foreword to Pediatric
Neurovascular Disease, a specialized textbook on cerebrovascular pediatric diseases edited by
Drs. Michael Alexander and Robert Spetzler. My task has been made easier by my personal
knowledge of the personal and professional integrity of Drs. Spetzler and Alexander. Through
their active and intense participation in teaching and improvement of their specialties, they have
demonstrated a commitment to disseminating the state of the art on the therapeutic
management of cerebrovascular diseases and in this particular book on pediatric
cerebrovascular diseases.This excellent textbook brings concise and modern information on
imaging and the use of combined therapeutic modalities to treat the most challenging pediatric
cerebrovascular diseases. The selection of the chapters and their respective authors reflects the
editors’ desire to bring together in one book a thorough review of the subject including the
embryology and anatomy of the cerebrovascular system, its pathophysiology, and therapeutic
management of pediatric cerebrovascular diseases.The chapters on the etiology and medical
and surgical management of pediatric ischemic stroke are excellent. Also included and well
done are chapters on pediatric thrombolysis and craniocervical angioplasty, and on
endovascular, radiosurgical, and surgical therapeutic management of hemorrhagic stroke
related to aneurysms, Galenic and non-Galenic arteriovenous fistulae, dual and pial
arteriovenous malformations, and spinal vascular malformations.This textbook, written by
renowned authorities in the field, allows the reader to compare the three main therapeutic
approaches—surgical, radiosurgical, and endovascular— to pediatric cerebrovascular diseases.
It also emphasizes the concept that the modern therapeutic management of pediatric
cerebrovascular diseases requires the cooperation of a group of specialized physicians in neo-
ICU environments, in which the neonatologist, pediatric anesthesiologist, and pediatric



neurosurgeon play essential pivotal roles. The interventional neuroradiologists need to be
experienced in using specialized intracranial navigational systems as well as embolic materials
to minimize cerebral or systemic iatrogenia in these patients.Congratulations to the editors and
authors for bringing this excellent and much needed comprehensive review of modern
diagnostic and therapeutic management of pediatric cerebrovascular diseases to print.Fernando
Vinuela, M.D.ForewordIt is a pleasure and a privilege to write a foreword to Pediatric
Neurovascular Disease, a specialized textbook on cerebrovascular pediatric diseases edited by
Drs. Michael Alexander and Robert Spetzler. My task has been made easier by my personal
knowledge of the personal and professional integrity of Drs. Spetzler and Alexander. Through
their active and intense participation in teaching and improvement of their specialties, they have
demonstrated a commitment to disseminating the state of the art on the therapeutic
management of cerebrovascular diseases and in this particular book on pediatric
cerebrovascular diseases.This excellent textbook brings concise and modern information on
imaging and the use of combined therapeutic modalities to treat the most challenging pediatric
cerebrovascular diseases. The selection of the chapters and their respective authors reflects the
editors’ desire to bring together in one book a thorough review of the subject including the
embryology and anatomy of the cerebrovascular system, its pathophysiology, and therapeutic
management of pediatric cerebrovascular diseases.The chapters on the etiology and medical
and surgical management of pediatric ischemic stroke are excellent. Also included and well
done are chapters on pediatric thrombolysis and craniocervical angioplasty, and on
endovascular, radiosurgical, and surgical therapeutic management of hemorrhagic stroke
related to aneurysms, Galenic and non-Galenic arteriovenous fistulae, dual and pial
arteriovenous malformations, and spinal vascular malformations.This textbook, written by
renowned authorities in the field, allows the reader to compare the three main therapeutic
approaches—surgical, radiosurgical, and endovascular— to pediatric cerebrovascular diseases.
It also emphasizes the concept that the modern therapeutic management of pediatric
cerebrovascular diseases requires the cooperation of a group of specialized physicians in neo-
ICU environments, in which the neonatologist, pediatric anesthesiologist, and pediatric
neurosurgeon play essential pivotal roles. The interventional neuroradiologists need to be
experienced in using specialized intracranial navigational systems as well as embolic materials
to minimize cerebral or systemic iatrogenia in these patients.Congratulations to the editors and
authors for bringing this excellent and much needed comprehensive review of modern
diagnostic and therapeutic management of pediatric cerebrovascular diseases to print.Fernando
Vinuela, M.D.PrefaceNeurovascular disease is a multifaceted area that most clinicians associate
with adult pathologies, such as atherosclerotic disease, stroke, or cerebral hemorrhage. These
are high acuity problems that typically require a neurovascular specialist at a tertiary care
hospital. Pediatric neurovascular disease is more rare than in adults, and as such, the acuity
level increases. Many pediatric neurosurgeons or other pediatric specialists are not accustomed
to dealing with neurovascular pathologies, and many neurovascular specialists are not



accustomed to dealing with pediatric patients. It is my hope that this book will give some
additional insight into dealing with these complex patients.The pediatric neurovascular field has
seen tremendous advances in the past few decades with refinements in microsurgery,
endovascular therapy, radiosurgery, and medical management. My interest in neurovascular
disease developed early in my medical training, working under Alfred Luessenhop at
Georgetown University and Thoralf Sundt at the Mayo Clinic. Both were established
neurovascular surgeons who pioneered microvascular and endovascular techniques. The former
pioneered cerebral ateriovenous malformation (AVM) embolization, the latter pioneered
intracranial angioplasty for atherosclerotic disease. I was fortunate to complete my neurosurgery
residency at UCLA Medical Center in the early 1990s, where I learned microvascular techniques
from Neil Martin and John Frazee and helped manage the care of some of the very first patients
treated with GDC coils. It was here I developed a subspecialty interest in pediatric neurovascular
disease, treating patients with Moyamoya disease, vein of Galen malformations, cerebral and
spinal AVMs, and so on. I was able to further this interest by completing post-graduate clinical
fellowships in cerebrovascular surgery with Robert Spetzler and Joe Zabramski at the Barrow
Neurological Institute and in endovascular therapy at UCLA Medical Center with Fernando
Vinuela, Gary Duckwiler, Pierre Gobin, and Guido Guglielmi. Over the past five years at Duke
University, I have enjoyed working with Allan Friedman, Taka Fukushima, Dave Enterline, and
Tony Smith, as well as several dedicated, hard-working clinical fellows. I have learned and
benefited from their expertise and creativity, and I hope we continue to push the field forward to
benefit our patients and their families.We have attempted to choose topics and authors for these
chapters to provide a balanced view of contemporary management of pediatric neurovascular
disease. As such, many of the disease topics will have mirror chapters in surgical and
endovascular management. As a vascular neurosurgeon, who performs microsurgery,
endovascular treatment, and stereotactic radiosurgery (the so-called “triple threat”), I believe the
best way to minimize the morbidity for the patient and to obtain the best outcome is to employ
multi-modal management. A neurovascular team is more apt to deal best with the multiple
issues presented in the child with a neurovascular problem.Michael J. Alexander,
M.D.PrefaceNeurovascular disease is a multifaceted area that most clinicians associate with
adult pathologies, such as atherosclerotic disease, stroke, or cerebral hemorrhage. These are
high acuity problems that typically require a neurovascular specialist at a tertiary care hospital.
Pediatric neurovascular disease is more rare than in adults, and as such, the acuity level
increases. Many pediatric neurosurgeons or other pediatric specialists are not accustomed to
dealing with neurovascular pathologies, and many neurovascular specialists are not
accustomed to dealing with pediatric patients. It is my hope that this book will give some
additional insight into dealing with these complex patients.The pediatric neurovascular field has
seen tremendous advances in the past few decades with refinements in microsurgery,
endovascular therapy, radiosurgery, and medical management. My interest in neurovascular
disease developed early in my medical training, working under Alfred Luessenhop at



Georgetown University and Thoralf Sundt at the Mayo Clinic. Both were established
neurovascular surgeons who pioneered microvascular and endovascular techniques. The former
pioneered cerebral ateriovenous malformation (AVM) embolization, the latter pioneered
intracranial angioplasty for atherosclerotic disease. I was fortunate to complete my neurosurgery
residency at UCLA Medical Center in the early 1990s, where I learned microvascular techniques
from Neil Martin and John Frazee and helped manage the care of some of the very first patients
treated with GDC coils. It was here I developed a subspecialty interest in pediatric neurovascular
disease, treating patients with Moyamoya disease, vein of Galen malformations, cerebral and
spinal AVMs, and so on. I was able to further this interest by completing post-graduate clinical
fellowships in cerebrovascular surgery with Robert Spetzler and Joe Zabramski at the Barrow
Neurological Institute and in endovascular therapy at UCLA Medical Center with Fernando
Vinuela, Gary Duckwiler, Pierre Gobin, and Guido Guglielmi. Over the past five years at Duke
University, I have enjoyed working with Allan Friedman, Taka Fukushima, Dave Enterline, and
Tony Smith, as well as several dedicated, hard-working clinical fellows. I have learned and
benefited from their expertise and creativity, and I hope we continue to push the field forward to
benefit our patients and their families.We have attempted to choose topics and authors for these
chapters to provide a balanced view of contemporary management of pediatric neurovascular
disease. As such, many of the disease topics will have mirror chapters in surgical and
endovascular management. As a vascular neurosurgeon, who performs microsurgery,
endovascular treatment, and stereotactic radiosurgery (the so-called “triple threat”), I believe the
best way to minimize the morbidity for the patient and to obtain the best outcome is to employ
multi-modal management. A neurovascular team is more apt to deal best with the multiple
issues presented in the child with a neurovascular problem.Michael J. Alexander,
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and Issues S E C T I O N I S E C T I O N I Medical and DiagnosticEvaluation and
IssuesMedical and DiagnosticEvaluation and Issues1Development of the Cerebral
VasculatureDAVID M. JOHNSON, THOMAS P. NAIDICH, AND AMAN B. PATELThe standard
model and numerous variations of the cerebrovascular system all stem from its complicated
embryogenesis. This chapter reviews the formation of the arterial and venous systems of the
head and neck through five main sections: early embryogenesis, vascu-logenesis, formation of
the aortic arches, the cerebral arterial system, and the cerebral venous system. The description
relies on the pioneering work of Streeter,1 Padget,2–4 and Congdon,5 as well as more recent
work by many others.6–12 Early EmbryogenesisThe early embryo takes the form of a bilaminar
disk. The superficial cell layer is designated the epiblast, whereas the deep, subjacent cell layer
is designated the hypoblast. All of the future embryo derives from the epiblast. The hypoblast
develops into the related extraembryonic tissues, such as the placenta.By day 15, the primitive
streak and the primitive node (Hensen’s node) form in the midline toward the caudal end of the
bilaminar disk (Fig. 1-1).9,13 Beginning around day 16, epiblastic cells proliferate, migrate
toward the primitive streak, ingress into the streak, and reach the potential space between the
epiblast and hypoblast. This ingression (gastrulation) forms the future endoderm and mesoderm.
The first ingressing epiblastic cells displace the hypoblast laterally and become the definitive
endoderm.9 Subsequent epiblastic cells ingress at the primitive streak and pass laterally
between the two cell layers to both sides forming a new third layer, the mesoderm. From medial
to lateral the mesoderm is considered in three longitudinally oriented zones: the paraxial
mesoderm, the narrow intermediate mesoderm, and the broad lateral mesoderm. By day 17,
epiblastic cells ingress at the primitive streak and ascend in the midline to form the notochordal



process and later the notochord. The remaining epiblastic cells then spread out over the surface
to become the definitive ectoderm.Ultimately, the paraxial mesoderm forms the axial skeleton
and musculature. The intermediate mesoderm forms the genitourinary system. The lateral
mesoderm splits into superficial and deep layers to form the superficial dorsolateral
somatopleuric mesoderm and the subjacent ventromedial splanchnopleuric mesoderm. The
splanchnopleuric mesoderm is believed to be the precursor of the hematopoietic system and the
blood vessels, as well as of the mesothelial coverings of the viscera (Fig. 1-2).13On day 18, the
neural plate appears as a thickening of the midline ectoderm. On day 22, the neural plate
buckles at the future mesencephalic flexure. At around the same time, the neural plate begins to
fold along its long axis and roll up into the neural tube. This process is designated neurulation.
On day 24, the rostral opening of the neural tube, designated the cranial or anterior neuropore,
closes. The caudal (posterior) neuropore closes a few days later.As the neural folds approximate
each other, cells de-laminate from the dorsal edges of each fold and migrate ventrolaterally to
form the neural crest.9 Cephalic neural crest cells will contribute to the cranial nerve ganglia and
will give rise to all of the craniofacial mesenchyme and the developing mesenchymal cores of
the pharyngeal arches. Neural crest cells also contribute to the meninx primitiva and, therefore,
to the future leptomeninges (pia-arachnoid).14FIGURE 1-1 (A,B,D) Bilaminar disk. The early
embryo is a two-layered disk formed by the epiblastic cell layer (e), which faces the amnion (1)
and the hypoblastic cell layer (h), which faces the yolk sac (2). The epiblast forms all of the future
embryo. The hypoblast will form the extra-embryonic tissues. The disk is marked by the
prochordal plate (p) at the future cephalic end of the embryo, and the primitive streak
(arrowhead) in the caudal half of the disk. Hensen’s node lies at the cephalic end of the primitive
streak. (C-E) Trilaminar disk. Cells from the epiblast (e) migrate to the primitive streak
(arrowhead), enter, and descend through it to form the future endoderm and mesoderm
(gastrulation). The first cells to enter displace the hypoblast laterally and become the deep cell
layer designated endoderm. The next-migrating cells pass between the epiblast and the new
endoderm to form (from medial to lateral) the future paraxial mesoderm, intermediate
mesoderm, and lateral mesoderm. The last-entering epiblastic cells ascend in the midline
toward the prochordal plate to form the notochordal process (n) that will become the notochord.
The epiblastic cells then spread out to become the ectoderm. By these processes, the bilaminar
disk is converted to the trilaminar disk. Thereafter, under the influence of signaling,
differentiation occurs into the central plate of the neural ectoderm (ne) overlying the notochord
and the cutaneous ectoderm (c) laterally (see Color Plate 1-1). (Reprinted with permission from
Naidich TP, Blaser SI, Delman BN, et al. Congenital anomalies of the spine and spinal cord:
embryology and malformations. In: Atlas SW, ed. Magnetic Resonance Imaging of the Brain and
Spine. Philadelphia: Lippin-cott Williams and Wilkins; 2002:1527–1537, Figs. 27.1 and 27.2, pp.
1528 and 1529.)FIGURE 1-2 The angioblastic cells originating in the splanchnopleuric
mesoderm. (Reprinted with permission from Langman J. Medical Embryology. Baltimore:
Williams and Wilkins; 1975, Fig. 12-3, p. 203.) VasculogenesisThe metabolic needs of the



developing, open neural tube are met by diffusion from the amniotic fluid. This period of amniotic
fluid diffusion ends when the neural tube closes at ~26 days. At that time, the neural tube is
surrounded by the meninx primitiva. The metabolic needs of the closed neural tube are then met
by diffusion from the meninx primitiva and the vascular plexi developing within it.8 Within the
meninx primitiva, hemangioblastic cells from the splanchnopleuric mesoderm condense into
blood islands. The inner cells of these blood islands evolve into hematopoietic stem cells. The
outer cells of the blood islands become angioblasts. During vasculogenesis, the angioblasts
differentiate into endothelial cells. The endothelial cells grow into tubes that interconnect to form
a rich, multi-layered capillary plexus that envelops the neural tube. The more superficial layers of
the plexus join to form the major arteries, whereas the deeper layers form the veins.As the
metabolic needs of the developing brain increase, intraneural vascularization begins.15 By the
end of the seventh week of gestation (wg), capillaries begin to penetrate the cerebral surface
(Fig. 1-3).16 During the eighth and ninth wg, these vessels form in-tracortical branches that align
parallel to the cortical and ventricular surfaces (designated the parallel vessels). During the ninth
and tenth wg, a second group of vessels arises from the pial vasculature. These pial vessels
may anastamose with branches from the parallel vessels or invade the mantle together with
penetrating branches arising from the parallel vessels. During the eleventh and twelfth wg, the
penetrating branches reach into the germinal layer and form a rete within the germinal
matrix.PEARL Early in development, vessels grow toward the angiogenic stimulus (VEGF)
secreted by the periventricular matrix.This extensive vasculogenesis depends upon rapid
endothelial cell proliferation coordinated through signaling systems. In mice, vascular endothelial
growth factor (VEGF) and its receptors (VEGFR-1 and VEGFR-2) are necessary for normal
vascular development.17 In developing murine neuroectoderm, VEGFRs are expressed on the
penetrating endothelial cells, whereas VEGF messenger ribonucleic acid (mRNA) is expressed
in the periventricular matrix zone.18,19 This system coordinates capillary ingrowth with the
proper target tissue, so the vessels grow toward the angiogenic stimulus (VEGF) secreted by the
periventricular matrix. Later, angiopoi-etin-1 mediates the interaction between maturing
endothelial cells and pericytes/smooth muscle cells, which they enlist to invest them.20FIGURE
1-3 (A-D) The four major stages of internal vascularization of the cerebral hemispheres, as
described in the text. (Reprinted with permission from Duckett S. The establishment of the
internal vascularization in the human telencephalon. Acta Anat 1971;80:107–113, Fig. 7, p. 110.)
Formation of the Aortic ArchesStepping back in time, around day 19, paired longitudinal
endocardial tubes develop in the splanchnopleuric mesoderm of the cardiogenic region. Paired
dorsal aortae form on both sides of the notochord and connect with the developing endocardial
tubes. In the third wg, the embryo begins cephalic and lateral folding, which bring the
endocardial tubes into close apposition in the thoracic region.14 This folding draws the dorsal
aortae ventrally, forming the first pair of aortic arches. Fusion of the paired endocardial tubes
forms the primitive heart tube. During the fourth and fifth weeks, four additional pairs of aortic
arches develop in relation to the developing pharyngeal arches (Fig. 1-4).17 By days 22 to 24,



the first pair of aortic arches becomes visible in the first pharyngeal arches. The first pair of
aortic arches consists of transient structures that, by day 28, have largely regressed. Their
remnants (still attached to the dorsal aortae) become the paired mandibular arteries. By day 29,
the second pair of aortic arches has similarly formed and regressed. Their remnants (similarly
attached to the dorsal aortae) become the hyoid arteries.By the end of the fifth week, the third
pair of aortic arches will become the common carotid arteries. The paired internal carotid
arteries (ICAs) develop from cranial extensions of the paired dorsal aortae. The ventral
pharyngeal plexi arise in the pharyngeal arches and help form the external carotid arteries.The
definitive aorta and brachiocephalic vessels develop from the aortic sac, asymmetric portions of
the paired fourth and sixth aortic arches, and the paired dorsal aortae, as follows. The aortic sac
gives rise to the proximal aortic arch and the brachiocephalic artery. The left fourth aortic arch
forms the apex of the aortic arch. The left dorsal aorta forms the distal arch. The paired dorsal
aortae fuse at approximately the fourth thoracic segment to form the descending aorta. The right
subclavian artery forms from the right fourth aortic arch and portions of the right dorsal aorta and
seventh intersegmental artery. The left sixth aortic arch becomes the ductus arteriosus. The right
sixth arch regresses without known remnant (Figs. 1-5, 1-6).10,21FIGURE 1-4 Formation of the
aortic arch and great vessels. (A) Pattern of the aortic arches and dorsal aortae prior to their
transformation into the adult pattern. (B) Pattern of the aortic arches and dorsal aortae following
their transformation to the adult pattern. The dashed lines indicate those components that
become obliterated. (C) Definitive form of the aorta and great vessels. (Reprinted with
permission from Langman J. Medical Embryology. Baltimore: Williams and Wilkins; 1975, Fig.
12-35, p. 235.)FIGURE 1-5 Formation of the aortic arch and great vessels. The diagram
summarizes the complex embryology of these vessels and depicts the embryonic origins of
each portion, as listed in the legend. Compare with Fig. 1-3. (Reprinted with permission from
Osborn AG. Diagnostic Neuroradiology. St. Louis: Mosby; 1999, Fig. 1-4, p. 11.)FIGURE 1-6
Hypothetical double aortic arch of Edwards. The diagram summarizes the points at which the
numbered “breaks” of the primitive dual arch could give rise to the diverse variations in the
formation of the aortic arch. A single break at point 1 would give the typical “normal” aortic arch.
A single break at 2 would give rise to the left aortic arch with aberrant left subclavian artery. A
single break at 3 would give rise to a right aortic arch with aberrant left subclavian artery. A single
break at 4 would give rise to a right aortic arch with mirror-image branching pattern. Dual breaks
at 5a and 5b would give rise to a right aortic arch with isolation of the left subclavian artery. Other
dual breaks could lead to other exceedingly rare isolated vessels. (Reprinted with permission
from Kirks DR. Practical Pediatric Radiology: Diagnostic Imaging of Infants and Children.
Philadelphia: Lippincott-Raven; 1998, Fig. 6-65, p. 581.)By the third to fourth wg, two pairs of
cardinal veins form: the paired anterior (superior) cardinal veins and the paired posterior
(inferior) cardinal veins. The paired anterior cardinal veins drain the developing head and neck
and will form the paired internal jugular veins. The paired posterior cardinal veins drain the body
wall. Ultimately, the anterior cardinal vein and posterior cardinal vein of each side join to form a



short, common cardinal vein that drains into the primitive heart (Fig. 1-7).20FIGURE 1-7
Formation of the great vessels. The diagram depicts the major components of the venous
system seen in a 4 mm embryo toward the end of the fourth week of gestation. (Reprinted with
permission from Langman J. Medical Embryology. Baltimore: Williams and Wilkins; 1975, Fig.
12-43, p. 243.) The Cerebral Arterial SystemDorcas Padget classified the development of the
cerebral arteries into seven stages by correlating embryo size, measured as the crown to rump
length (CRL), and estimated gestational age (EGA) with a specific set of vascular features/
events that typify that particular stage of development.2,3 These seven stages represent
“snapshot summaries” of events that actually occur as a continuous progression (Fig. 1-8).2A
Arterial Stage 1B Arterial Stage 2C Arterial Stage 3E Arterial Stage 5F Arterial Stage 6G Arterial
Stage 7H Arterial System of NewbornFIGURE 1-8 The cerebral arterial system. (A-G) The seven
sequential stages of arterial formation detailed in the text. (H) The arterial system of a newborn.
(Reprinted with permission from Padget DH. The development of the cranial arteries in the
human embryo. Contrib Embryol 1948;32:205–261, Figs. 2-11, pp. 213–229.)Arterial Stage 1In
stage 1 (CRL 4 mm, EGA 28 days), the first and second aortic arches begin to involute, leaving
the precursors for the mandibular and hyoid arteries. Blood is now supplied to the developing
brain via the third aortic arches and the cranial portions of the dorsal aortae, which form the
common and ICAs, respectively. The ICAs bifurcate at the level of the trigeminal ganglia. The
anterior divisions of the ICAs course toward Rathke’s pouch and anastamose with each other in
the region of the future anterior communicating artery. In stage 1, the most anterior extensions of
the ICAs are the primitive maxillary arteries. These extend to the optic vesicles.PEARL Failure of
the primitive caroticobasilar connections to regress leads to the infrequent persistent trigeminal,
otic, hypoglossal, and proatlantal arteries.The posterior divisions of the ICAs are designated the
primitive trigeminal arteries. These extend dorsally to join an arterial plexus of the hindbrain
designated the paired longitudinal neural arteries. Initially, the paired longitudinal neural arteries
receive their major supply from the trigeminal arteries. Later, they will also receive supply from
the first cervical segmental arteries and (transiently) from the primitive otic, primitive
hypoglossal, and primitive proatlantal arteries. These primitive caroticobasilar anastamoses
develop during the period in which their associated ganglia grow rapidly.6 Failure of these
primitive connections to regress leads to the infrequent persistent trigeminal, otic, hypoglossal,
and proatlantal arteries.2,3,6,22–25Arterial Stage 2In stage 2 (CRL 5 to 6 mm, EGA 32 days),
the mandibular arteries have largely regressed. Paired ventral pharyngeal arteries have
developed in the first and second pharyngeal arches. These extend from the aortic sac to the
mandibular divisions of the trigeminal nerves and will contribute to both the stapedial arteries
and the branches of the external carotid arteries. In stage 2, the anterior divisions of the ICAs
now give rise to long dorsal ophthalmic arteries that extend through the superior orbital fissures
to the optic vesicles. Posterior communicating arteries develop and carry flow to the longitudinal
neural arteries, so the primitive trigeminal arteries begin to regress. The longitudinal neural
arteries also begin to coalesce to form the basilar artery. Incomplete coalescence leaves zones



of persistent “duplication” designated basilar artery fenestrations. Such vascular fenestrations
may be associated with aneurysms.26,27Arterial Stage 3In stage 3 (CRL 7 to 12 mm, EGA 37
days), the anterior divisions of the ICAs show stems for the middle cerebral and anterior cerebral
arteries. The primitive ventral ophthalmic arteries arise opposite the anterior choroidal arteries
and course through the optic canals to the developing orbits. In stage 3, the anterior divisions of
the ICAs end in the primitive olfactory arteries. The anterior choroidal and posterior choroidal
arteries supply the diencephalon and the mesencephalon en route to the choroid plexi. Paired
superior cerebellar arteries arise to supply the developing metencephalon. Regression of the
cervical segmental arteries leads to formation of the paired vertebral arteries. Asymmetric
regression of the cervical segmental arteries may lead to one hypoplastic vertebral artery that
ends in the ipsilateral posterior inferior cerebellar artery. Incomplete regression of the cervical
segmental arteries may lead to vertebral artery fenestration.Arterial Stage 4In stage 4 (CRL 12
to 14 mm, EGA 41 days), collateral branches of the hyoid arteries course through the primordia
of the stapes into the mandibular substance. These will join remnants of the ventral pharyngeal
arteries to form the maxillomandibular branches of the stapedial arteries. In stage 4, the distal
ICAs still end in the primitive olfactory arteries, but these arteries now have two branches. The
original primitive olfactory arteries, now designated the “lateral branches,” course to the nasal
fossae. The new mesial branches pass to the roots of the olfactory nerves and will later carry the
anterior cerebral arteries cephalically. The paired anterior cerebral arteries may join through a
plexiform anastomosis, the future anterior communicating artery. A persistent trigeminal artery
may now be seen. If so, the ipsi-lateral posterior communicating artery will be either small or
entirely absent.Arterial Stage 5In stage 5 (CRL 16 to 18 mm, EGA 44 to 48 days), the common
carotid arteries elongate as the heart descends into the chest. Two branches of each stapedial
artery are now visible: the maxillomandibular arteries and the supraorbital arteries. The proximal
internal maxillary arteries extend from the external carotid arteries to the maxillomandibular
branches of the stapedial arteries (foreshadowing the future annexation of the middle meningeal
arteries by the internal maxillary arteries). The supraorbital branches of the stapedial arteries
course lateral to the geniculate ganglia, through the superior orbital fissures to supply the
orbits.The permanent stems of the ophthalmic arteries now give rise to the primitive ventral and
primitive dorsal ophthalmic arteries. These two arteries anastamose within the orbit to form a
loop around the optic nerve. The primitive dorsal ophthalmic arteries occasionally form the
origins of the ophthalmic arteries. The ophthalmic arteries then arise from the cavernous
segments of the ICAs and course through the superior orbital fissures. The proximal segments
of the posterior cerebral arteries may now arise from the distal basilar artery.Arterial Stage 6In
stage 6 (CRL 20 to 24 mm, EGA 51 days), the embryonic head begins to develop mature
features and to lift away from the chest. The anterior communicating artery is now recognizable,
completing the circle of Willis. A small branch arising from the anterior communicating artery
extends to the commissural plate as the median artery of the corpus callosum. This branch
usually regresses as the anterior cerebral arteries mature and begin to supply the corpus



callosum. The median artery of the corpus callosum, however, may persist as an accessory
anterior cerebral artery or even as an azygous anterior cerebral artery (when there is bilateral
anterior cerebral artery aplasia).2The stapedial arteries now undergo significant change: the
supraorbital branches of the stapedial arteries give rise to orbital branches, which join the
arterial rings previously formed around the optic nerves by the primitive ventral and dorsal
ophthalmic arteries. The internal maxillary arteries have annexed the proximal portions of the
maxillomandibular branches of the stapedial arteries. As a result, the future middle meningeal
arteries will arise from the internal maxillary arteries.27 Thus proximal portions of the
maxillomandibular arteries form the stems of the middle meningeal arteries, whereas the dorsal
aspects of the supraorbital arteries form the distal continuation of the middle meningeal arteries.
Near the stapes, the stapedial arteries begin to dwindle. The more proximal remnants of the
stapedial arteries remain as the superior tympanic arteries. The remnants of the hyoid arteries,
which were, transiently, the stems for the stapedial arteries, remain as the caroticotympanic
branches of the ICAs.Arterial Stage 7In stage 7 (CRL 40 mm, EGA 9 wks), the ophthalmic
arteries have attained adult configuration. The intraorbital portions of the supraorbital arteries
lose their connection to the stapedial arteries and are now supplied by the ophthalmic arteries.
The circle of Willis also attains adult configuration. The size of the posterior communicating
arteries varies inversely with the size of the P1 segments of the posterior cerebral arteries. Large
“posterior communicating arteries” that give rise to the posterior cerebral arteries may be
designated the persistent fetal origin of the posterior cerebral arteries or the “direct origin” of the
posterior cerebral arteries. Cerebellar development is associated with marked reciprocal
variations in the calibers and territories of the evolving cerebellar arteries. The Cerebral Venous
SystemDorcas Padget similarly classified the developing venous system into eight stages
(designated 1 to 7 and 7a).4 Overall, venous development lags behind arterial development and
shows a greater range of variation (Fig. 1-9).4 The pial venous system lies deep to the cerebral
arterial system.Venous Stage 1In stage 1 (CRL 4 mm, EGA 28 days), an endothelial meshwork
extends upward from the paired first aortic arches and passes over the forebrain and midbrain in
the midline to become the primary head-plexus. Longitudinal channels connect the head-plexus
to the anterior cardinal veins, the future internal jugular veins. The primary head-plexus and the
longitudinal channels constitute a primitive system of proliferating endothelium that gives rise to
the veins of the brain.1Venous Stage 2In stage 2 (CRL 5 to 8 mm, EGA 32 days), the midline
primary head-plexus disappears and is replaced by paired paramedian primary head-sinuses
that provide the first true venous drainage for the developing brain. The primary head-sinuses
course medial to the trigeminal ganglia and lateral to the otic capsules and the
glossopharyngeal nerves en route to the internal jugular veins. Via superficial anastamosing
loops, the paired primary head-sinuses connect with the capillary network investing the neural
tube. These superficial anastamosing loops lie dorsally and are arranged into three major
groups: the anterior, middle, and posterior dural plexi. The anterior dural plexi drain the forebrain
and midbrain into the pre-trigeminal segments of the primary head-sinuses. The middle dural



plexi drain the cerebellum into the otic segments of the primary head veins. The posterior dural
plexi join the primary head-sinuses near to the vagus nerves.FIGURE 1-9 The cerebral venous
system. (A-H) The eight sequential stages of venous formation detailed in the text. (Reprinted
with permission from Padget DH. The cranial venous system in man in reference to
development, adult configuration, and relation to the arteries. Am J Anat 1956;98:307–356,
Plates 1 and 2, pp. 343 and 345.)Ventrally, the paired ventral pharyngeal veins drain the
mandibular and hyoid pharyngeal bars. The maxillary veins drain the developing maxillary
processes.Venous Stage 3In stage 3 (CRL 8 to 11 mm, EGA 37 days), the marginal sinuses
develop along the mesial borders of the anterior dural plexi. The marginal sinuses contribute to
the developing transverse and superior sagittal sinuses. The stems of the posterior dural plexi
change configuration to become the caudal ends of the sigmoid sinuses. The maxillary veins
now drain both the optic and the olfactory regions. Paired primitive telencephalic and
diencephalic veins arise in conjunction with the developing telencephalon and
diencephalon.PEARL Arteriovenous malformations may arise in the few areas where the veins
and arteries course parallel to each other, not at right angles, as in the choroid plexi.Venous
Stage 4Stage 4 (CRL 11 to 16 mm, EGA 41 days) is significant for the separation of the
meninges into the piaarachnoid and the overlying dura.28 In stage 4, pia-arachnoidal veins
traverse the subarachnoid space to connect the dural plexi with the developing pial veins. The
pial veins then form multiple interconnecting anastamoses that envelop the entire neural tube.
Pial veins characteristically run at right angles to the overlying arteries. Arteriovenous
malformations may arise in the few areas where the veins and arteries course parallel to each
other, not at right angles, as in the choroid plexi.The supraorbital veins develop and drain the
optic vesicles into the stems of the anterior dural plexi between the fourth and fifth cranial
nerves. The diencephalic veins give rise to ventral and dorsal branches. Mesencephalic veins
now arise from the anterior dural plexi to drain the developing mesencephalon.Venous Stage 5In
stage 5 (CRL 17 to 20 mm, EGA 44 to 48 days), the middle and posterior dural plexi
anastamose to form the sigmoid sinuses. As the otic capsules enlarge, they compress the
adjacent primary head-sinuses, so the primary head-sinuses largely regress. Therefore, flow
reverses in the middle dural plexi so they begin to drain into the sigmoid sinuses. The residual
stems of the middle dural plexi persist as the pro-otic sinuses.4Venous Stage 6In stage 6 (CRL
20 to 24 mm, EGA 51 days) the anterior and middle dural plexi have joined to form the tentorial
plexi. The marginal sinuses form the medial portions of the transverse sinuses. The supraorbital
veins now drain through the remnants of the primitive head-sinuses to the pro-otic sinuses (the
former stems of the middle dural plexi).Venous Stage 7In stage 7 (CRL 40 mm, EGA ~9 wks),
the venous system begins to take final form. The medial aspects of the marginal sinuses join
together, and through a series of anas-tamoses, form the superior sagittal sinus. The
supraorbital and maxillary veins join to form the superior ophthalmic veins. Plexiform extensions
from the pro-otic sinuses form the cavernous sinuses. The inferior petrosal sinuses form and
connect the cavernous sinuses with the internal jugular veins. The choroid plexi drain through



the ventral diencephalic veins to the transient median prosencephalic vein.8Venous Stage 7aIn
stage 7a (CRL 60 to 80 mm, EGA 10 to 12 wks), continued growth of the cerebrum and
cerebellum shift the transverse sinuses laterally toward their adult position. The superior petrosal
sinuses develop, completing the network of basal dural venous sinuses. The paired internal
cerebral veins now arise in response to increased venous drainage from the developing basal
ganglia. The internal cerebral veins join the posterior end of the median prosencephalic vein to
form the vein of Galen. The internal cerebral veins gradually annex the drainage of the choroid
plexus, so the median prosencephalic vein regresses. The basal cerebral veins form from highly
variable anastamoses among the telencephalic veins, the ventral and dorsal diencephalic veins,
and the mesencephalic veins.29 Arteriovenous malformations and fistulae in the drainage of the
median prosencephalic vein may cause increased flow through the system, persistence of the
median prosencephalic vein, marked enlargement of the vein of Galen, persistence of a falcine
sinus, and enlargement (or absence) of the straight sinus: key components of the vein of Galen
malformation.8 ConclusionEmbryology provides the framework for deeper understanding of the
normal model of the arteriovenous system of the brain, and its numerous variations. It is hoped
that this summary will orient the reader to the major stages of embryogenesis and provide the
vocabulary needed for further reading. Familiarity with this embryology will help to elucidate the
origins of “anomalous vessels,” origins of collateral feeders to arteriovenous malformations,
patterns of collateral supply to ischemic regions, and potential routes of access for endovascular
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VasculatureDAVID M. JOHNSON, THOMAS P. NAIDICH, AND AMAN B. PATELDAVID M.
JOHNSON, THOMAS P. NAIDICH, AND AMAN B. PATELThe standard model and numerous
variations of the cerebrovascular system all stem from its complicated embryogenesis. This
chapter reviews the formation of the arterial and venous systems of the head and neck through
five main sections: early embryogenesis, vascu-logenesis, formation of the aortic arches, the
cerebral arterial system, and the cerebral venous system. The description relies on the
pioneering work of Streeter,1 Padget,2–4 and Congdon,5 as well as more recent work by many
others.6–12 Early Embryogenesis Early EmbryogenesisThe early embryo takes the form of a
bilaminar disk. The superficial cell layer is designated the epiblast, whereas the deep, subjacent
cell layer is designated the hypoblast. All of the future embryo derives from the epiblast. The
hypoblast develops into the related extraembryonic tissues, such as the placenta.By day 15, the
primitive streak and the primitive node (Hensen’s node) form in the midline toward the caudal



end of the bilaminar disk (Fig. 1-1).9,13 Beginning around day 16, epiblastic cells proliferate,
migrate toward the primitive streak, ingress into the streak, and reach the potential space
between the epiblast and hypoblast. This ingression (gastrulation) forms the future endoderm
and mesoderm. The first ingressing epiblastic cells displace the hypoblast laterally and become
the definitive endoderm.9 Subsequent epiblastic cells ingress at the primitive streak and pass
laterally between the two cell layers to both sides forming a new third layer, the mesoderm. From
medial to lateral the mesoderm is considered in three longitudinally oriented zones: the paraxial
mesoderm, the narrow intermediate mesoderm, and the broad lateral mesoderm. By day 17,
epiblastic cells ingress at the primitive streak and ascend in the midline to form the notochordal
process and later the notochord. The remaining epiblastic cells then spread out over the surface
to become the definitive ectoderm.Ultimately, the paraxial mesoderm forms the axial skeleton
and musculature. The intermediate mesoderm forms the genitourinary system. The lateral
mesoderm splits into superficial and deep layers to form the superficial dorsolateral
somatopleuric mesoderm and the subjacent ventromedial splanchnopleuric mesoderm. The
splanchnopleuric mesoderm is believed to be the precursor of the hematopoietic system and the
blood vessels, as well as of the mesothelial coverings of the viscera (Fig. 1-2).13On day 18, the
neural plate appears as a thickening of the midline ectoderm. On day 22, the neural plate
buckles at the future mesencephalic flexure. At around the same time, the neural plate begins to
fold along its long axis and roll up into the neural tube. This process is designated neurulation.
On day 24, the rostral opening of the neural tube, designated the cranial or anterior neuropore,
closes. The caudal (posterior) neuropore closes a few days later.As the neural folds approximate
each other, cells de-laminate from the dorsal edges of each fold and migrate ventrolaterally to
form the neural crest.9 Cephalic neural crest cells will contribute to the cranial nerve ganglia and
will give rise to all of the craniofacial mesenchyme and the developing mesenchymal cores of
the pharyngeal arches. Neural crest cells also contribute to the meninx primitiva and, therefore,
to the future leptomeninges (pia-arachnoid).14FIGURE 1-1 (A,B,D) Bilaminar disk. The early
embryo is a two-layered disk formed by the epiblastic cell layer (e), which faces the amnion (1)
and the hypoblastic cell layer (h), which faces the yolk sac (2). The epiblast forms all of the future
embryo. The hypoblast will form the extra-embryonic tissues. The disk is marked by the
prochordal plate (p) at the future cephalic end of the embryo, and the primitive streak
(arrowhead) in the caudal half of the disk. Hensen’s node lies at the cephalic end of the primitive
streak. (C-E) Trilaminar disk. Cells from the epiblast (e) migrate to the primitive streak
(arrowhead), enter, and descend through it to form the future endoderm and mesoderm
(gastrulation). The first cells to enter displace the hypoblast laterally and become the deep cell
layer designated endoderm. The next-migrating cells pass between the epiblast and the new
endoderm to form (from medial to lateral) the future paraxial mesoderm, intermediate
mesoderm, and lateral mesoderm. The last-entering epiblastic cells ascend in the midline
toward the prochordal plate to form the notochordal process (n) that will become the notochord.
The epiblastic cells then spread out to become the ectoderm. By these processes, the bilaminar



disk is converted to the trilaminar disk. Thereafter, under the influence of signaling,
differentiation occurs into the central plate of the neural ectoderm (ne) overlying the notochord
and the cutaneous ectoderm (c) laterally (see Color Plate 1-1). (Reprinted with permission from
Naidich TP, Blaser SI, Delman BN, et al. Congenital anomalies of the spine and spinal cord:
embryology and malformations. In: Atlas SW, ed. Magnetic Resonance Imaging of the Brain and
Spine. Philadelphia: Lippin-cott Williams and Wilkins; 2002:1527–1537, Figs. 27.1 and 27.2, pp.
1528 and 1529.)FIGURE 1-2 The angioblastic cells originating in the splanchnopleuric
mesoderm. (Reprinted with permission from Langman J. Medical Embryology. Baltimore:
Williams and Wilkins; 1975, Fig. 12-3, p. 203.) Vasculogenesis VasculogenesisThe metabolic
needs of the developing, open neural tube are met by diffusion from the amniotic fluid. This
period of amniotic fluid diffusion ends when the neural tube closes at ~26 days. At that time, the
neural tube is surrounded by the meninx primitiva. The metabolic needs of the closed neural
tube are then met by diffusion from the meninx primitiva and the vascular plexi developing within
it.8 Within the meninx primitiva, hemangioblastic cells from the splanchnopleuric mesoderm
condense into blood islands. The inner cells of these blood islands evolve into hematopoietic
stem cells. The outer cells of the blood islands become angioblasts. During vasculogenesis, the
angioblasts differentiate into endothelial cells. The endothelial cells grow into tubes that
interconnect to form a rich, multi-layered capillary plexus that envelops the neural tube. The
more superficial layers of the plexus join to form the major arteries, whereas the deeper layers
form the veins.As the metabolic needs of the developing brain increase, intraneural
vascularization begins.15 By the end of the seventh week of gestation (wg), capillaries begin to
penetrate the cerebral surface (Fig. 1-3).16 During the eighth and ninth wg, these vessels form
in-tracortical branches that align parallel to the cortical and ventricular surfaces (designated the
parallel vessels). During the ninth and tenth wg, a second group of vessels arises from the pial
vasculature. These pial vessels may anastamose with branches from the parallel vessels or
invade the mantle together with penetrating branches arising from the parallel vessels. During
the eleventh and twelfth wg, the penetrating branches reach into the germinal layer and form a
rete within the germinal matrix.PEARL Early in development, vessels grow toward the
angiogenic stimulus (VEGF) secreted by the periventricular matrix.PEARL Early in development,
vessels grow toward the angiogenic stimulus (VEGF) secreted by the periventricular matrix.This
extensive vasculogenesis depends upon rapid endothelial cell proliferation coordinated through
signaling systems. In mice, vascular endothelial growth factor (VEGF) and its receptors
(VEGFR-1 and VEGFR-2) are necessary for normal vascular development.17 In developing
murine neuroectoderm, VEGFRs are expressed on the penetrating endothelial cells, whereas
VEGF messenger ribonucleic acid (mRNA) is expressed in the periventricular matrix zone.18,19
This system coordinates capillary ingrowth with the proper target tissue, so the vessels grow
toward the angiogenic stimulus (VEGF) secreted by the periventricular matrix. Later, angiopoi-
etin-1 mediates the interaction between maturing endothelial cells and pericytes/smooth muscle
cells, which they enlist to invest them.20FIGURE 1-3 (A-D) The four major stages of internal



vascularization of the cerebral hemispheres, as described in the text. (Reprinted with permission
from Duckett S. The establishment of the internal vascularization in the human telencephalon.
Acta Anat 1971;80:107–113, Fig. 7, p. 110.) Formation of the Aortic Arches Formation of the
Aortic ArchesStepping back in time, around day 19, paired longitudinal endocardial tubes
develop in the splanchnopleuric mesoderm of the cardiogenic region. Paired dorsal aortae form
on both sides of the notochord and connect with the developing endocardial tubes. In the third
wg, the embryo begins cephalic and lateral folding, which bring the endocardial tubes into close
apposition in the thoracic region.14 This folding draws the dorsal aortae ventrally, forming the
first pair of aortic arches. Fusion of the paired endocardial tubes forms the primitive heart tube.
During the fourth and fifth weeks, four additional pairs of aortic arches develop in relation to the
developing pharyngeal arches (Fig. 1-4).17 By days 22 to 24, the first pair of aortic arches
becomes visible in the first pharyngeal arches. The first pair of aortic arches consists of transient
structures that, by day 28, have largely regressed. Their remnants (still attached to the dorsal
aortae) become the paired mandibular arteries. By day 29, the second pair of aortic arches has
similarly formed and regressed. Their remnants (similarly attached to the dorsal aortae) become
the hyoid arteries.By the end of the fifth week, the third pair of aortic arches will become the
common carotid arteries. The paired internal carotid arteries (ICAs) develop from cranial
extensions of the paired dorsal aortae. The ventral pharyngeal plexi arise in the pharyngeal
arches and help form the external carotid arteries.The definitive aorta and brachiocephalic
vessels develop from the aortic sac, asymmetric portions of the paired fourth and sixth aortic
arches, and the paired dorsal aortae, as follows. The aortic sac gives rise to the proximal aortic
arch and the brachiocephalic artery. The left fourth aortic arch forms the apex of the aortic arch.
The left dorsal aorta forms the distal arch. The paired dorsal aortae fuse at approximately the
fourth thoracic segment to form the descending aorta. The right subclavian artery forms from the
right fourth aortic arch and portions of the right dorsal aorta and seventh intersegmental artery.
The left sixth aortic arch becomes the ductus arteriosus. The right sixth arch regresses without
known remnant (Figs. 1-5, 1-6).10,21FIGURE 1-4 Formation of the aortic arch and great vessels.
(A) Pattern of the aortic arches and dorsal aortae prior to their transformation into the adult
pattern. (B) Pattern of the aortic arches and dorsal aortae following their transformation to the
adult pattern. The dashed lines indicate those components that become obliterated. (C)
Definitive form of the aorta and great vessels. (Reprinted with permission from Langman J.
Medical Embryology. Baltimore: Williams and Wilkins; 1975, Fig. 12-35, p. 235.)FIGURE 1-5
Formation of the aortic arch and great vessels. The diagram summarizes the complex
embryology of these vessels and depicts the embryonic origins of each portion, as listed in the
legend. Compare with Fig. 1-3. (Reprinted with permission from Osborn AG. Diagnostic
Neuroradiology. St. Louis: Mosby; 1999, Fig. 1-4, p. 11.)FIGURE 1-6 Hypothetical double aortic
arch of Edwards. The diagram summarizes the points at which the numbered “breaks” of the
primitive dual arch could give rise to the diverse variations in the formation of the aortic arch. A
single break at point 1 would give the typical “normal” aortic arch. A single break at 2 would give



rise to the left aortic arch with aberrant left subclavian artery. A single break at 3 would give rise
to a right aortic arch with aberrant left subclavian artery. A single break at 4 would give rise to a
right aortic arch with mirror-image branching pattern. Dual breaks at 5a and 5b would give rise to
a right aortic arch with isolation of the left subclavian artery. Other dual breaks could lead to
other exceedingly rare isolated vessels. (Reprinted with permission from Kirks DR. Practical
Pediatric Radiology: Diagnostic Imaging of Infants and Children. Philadelphia: Lippincott-Raven;
1998, Fig. 6-65, p. 581.)By the third to fourth wg, two pairs of cardinal veins form: the paired
anterior (superior) cardinal veins and the paired posterior (inferior) cardinal veins. The paired
anterior cardinal veins drain the developing head and neck and will form the paired internal
jugular veins. The paired posterior cardinal veins drain the body wall. Ultimately, the anterior
cardinal vein and posterior cardinal vein of each side join to form a short, common cardinal vein
that drains into the primitive heart (Fig. 1-7).20FIGURE 1-7 Formation of the great vessels. The
diagram depicts the major components of the venous system seen in a 4 mm embryo toward the
end of the fourth week of gestation. (Reprinted with permission from Langman J. Medical
Embryology. Baltimore: Williams and Wilkins; 1975, Fig. 12-43, p. 243.) The Cerebral Arterial
System The Cerebral Arterial SystemDorcas Padget classified the development of the cerebral
arteries into seven stages by correlating embryo size, measured as the crown to rump length
(CRL), and estimated gestational age (EGA) with a specific set of vascular features/events that
typify that particular stage of development.2,3 These seven stages represent “snapshot
summaries” of events that actually occur as a continuous progression (Fig. 1-8).2A Arterial
Stage 1B Arterial Stage 2C Arterial Stage 3E Arterial Stage 5F Arterial Stage 6G Arterial Stage
7H Arterial System of NewbornFIGURE 1-8 The cerebral arterial system. (A-G) The seven
sequential stages of arterial formation detailed in the text. (H) The arterial system of a newborn.
(Reprinted with permission from Padget DH. The development of the cranial arteries in the
human embryo. Contrib Embryol 1948;32:205–261, Figs. 2-11, pp. 213–229.)Arterial Stage 1In
stage 1 (CRL 4 mm, EGA 28 days), the first and second aortic arches begin to involute, leaving
the precursors for the mandibular and hyoid arteries. Blood is now supplied to the developing
brain via the third aortic arches and the cranial portions of the dorsal aortae, which form the
common and ICAs, respectively. The ICAs bifurcate at the level of the trigeminal ganglia. The
anterior divisions of the ICAs course toward Rathke’s pouch and anastamose with each other in
the region of the future anterior communicating artery. In stage 1, the most anterior extensions of
the ICAs are the primitive maxillary arteries. These extend to the optic vesicles.PEARL Failure of
the primitive caroticobasilar connections to regress leads to the infrequent persistent trigeminal,
otic, hypoglossal, and proatlantal arteries.PEARL Failure of the primitive caroticobasilar
connections to regress leads to the infrequent persistent trigeminal, otic, hypoglossal, and
proatlantal arteries.The posterior divisions of the ICAs are designated the primitive trigeminal
arteries. These extend dorsally to join an arterial plexus of the hindbrain designated the paired
longitudinal neural arteries. Initially, the paired longitudinal neural arteries receive their major
supply from the trigeminal arteries. Later, they will also receive supply from the first cervical



segmental arteries and (transiently) from the primitive otic, primitive hypoglossal, and primitive
proatlantal arteries. These primitive caroticobasilar anastamoses develop during the period in
which their associated ganglia grow rapidly.6 Failure of these primitive connections to regress
leads to the infrequent persistent trigeminal, otic, hypoglossal, and proatlantal arteries.2,3,6,22–
25Arterial Stage 2In stage 2 (CRL 5 to 6 mm, EGA 32 days), the mandibular arteries have
largely regressed. Paired ventral pharyngeal arteries have developed in the first and second
pharyngeal arches. These extend from the aortic sac to the mandibular divisions of the
trigeminal nerves and will contribute to both the stapedial arteries and the branches of the
external carotid arteries. In stage 2, the anterior divisions of the ICAs now give rise to long dorsal
ophthalmic arteries that extend through the superior orbital fissures to the optic vesicles.
Posterior communicating arteries develop and carry flow to the longitudinal neural arteries, so
the primitive trigeminal arteries begin to regress. The longitudinal neural arteries also begin to
coalesce to form the basilar artery. Incomplete coalescence leaves zones of persistent
“duplication” designated basilar artery fenestrations. Such vascular fenestrations may be
associated with aneurysms.26,27Arterial Stage 3In stage 3 (CRL 7 to 12 mm, EGA 37 days), the
anterior divisions of the ICAs show stems for the middle cerebral and anterior cerebral arteries.
The primitive ventral ophthalmic arteries arise opposite the anterior choroidal arteries and
course through the optic canals to the developing orbits. In stage 3, the anterior divisions of the
ICAs end in the primitive olfactory arteries. The anterior choroidal and posterior choroidal
arteries supply the diencephalon and the mesencephalon en route to the choroid plexi. Paired
superior cerebellar arteries arise to supply the developing metencephalon. Regression of the
cervical segmental arteries leads to formation of the paired vertebral arteries. Asymmetric
regression of the cervical segmental arteries may lead to one hypoplastic vertebral artery that
ends in the ipsilateral posterior inferior cerebellar artery. Incomplete regression of the cervical
segmental arteries may lead to vertebral artery fenestration.Arterial Stage 4In stage 4 (CRL 12
to 14 mm, EGA 41 days), collateral branches of the hyoid arteries course through the primordia
of the stapes into the mandibular substance. These will join remnants of the ventral pharyngeal
arteries to form the maxillomandibular branches of the stapedial arteries. In stage 4, the distal
ICAs still end in the primitive olfactory arteries, but these arteries now have two branches. The
original primitive olfactory arteries, now designated the “lateral branches,” course to the nasal
fossae. The new mesial branches pass to the roots of the olfactory nerves and will later carry the
anterior cerebral arteries cephalically. The paired anterior cerebral arteries may join through a
plexiform anastomosis, the future anterior communicating artery. A persistent trigeminal artery
may now be seen. If so, the ipsi-lateral posterior communicating artery will be either small or
entirely absent.Arterial Stage 5In stage 5 (CRL 16 to 18 mm, EGA 44 to 48 days), the common
carotid arteries elongate as the heart descends into the chest. Two branches of each stapedial
artery are now visible: the maxillomandibular arteries and the supraorbital arteries. The proximal
internal maxillary arteries extend from the external carotid arteries to the maxillomandibular
branches of the stapedial arteries (foreshadowing the future annexation of the middle meningeal



arteries by the internal maxillary arteries). The supraorbital branches of the stapedial arteries
course lateral to the geniculate ganglia, through the superior orbital fissures to supply the
orbits.The permanent stems of the ophthalmic arteries now give rise to the primitive ventral and
primitive dorsal ophthalmic arteries. These two arteries anastamose within the orbit to form a
loop around the optic nerve. The primitive dorsal ophthalmic arteries occasionally form the
origins of the ophthalmic arteries. The ophthalmic arteries then arise from the cavernous
segments of the ICAs and course through the superior orbital fissures. The proximal segments
of the posterior cerebral arteries may now arise from the distal basilar artery.Arterial Stage 6In
stage 6 (CRL 20 to 24 mm, EGA 51 days), the embryonic head begins to develop mature
features and to lift away from the chest. The anterior communicating artery is now recognizable,
completing the circle of Willis. A small branch arising from the anterior communicating artery
extends to the commissural plate as the median artery of the corpus callosum. This branch
usually regresses as the anterior cerebral arteries mature and begin to supply the corpus
callosum. The median artery of the corpus callosum, however, may persist as an accessory
anterior cerebral artery or even as an azygous anterior cerebral artery (when there is bilateral
anterior cerebral artery aplasia).2The stapedial arteries now undergo significant change: the
supraorbital branches of the stapedial arteries give rise to orbital branches, which join the
arterial rings previously formed around the optic nerves by the primitive ventral and dorsal
ophthalmic arteries. The internal maxillary arteries have annexed the proximal portions of the
maxillomandibular branches of the stapedial arteries. As a result, the future middle meningeal
arteries will arise from the internal maxillary arteries.27 Thus proximal portions of the
maxillomandibular arteries form the stems of the middle meningeal arteries, whereas the dorsal
aspects of the supraorbital arteries form the distal continuation of the middle meningeal arteries.
Near the stapes, the stapedial arteries begin to dwindle. The more proximal remnants of the
stapedial arteries remain as the superior tympanic arteries. The remnants of the hyoid arteries,
which were, transiently, the stems for the stapedial arteries, remain as the caroticotympanic
branches of the ICAs.Arterial Stage 7In stage 7 (CRL 40 mm, EGA 9 wks), the ophthalmic
arteries have attained adult configuration. The intraorbital portions of the supraorbital arteries
lose their connection to the stapedial arteries and are now supplied by the ophthalmic arteries.
The circle of Willis also attains adult configuration. The size of the posterior communicating
arteries varies inversely with the size of the P1 segments of the posterior cerebral arteries. Large
“posterior communicating arteries” that give rise to the posterior cerebral arteries may be
designated the persistent fetal origin of the posterior cerebral arteries or the “direct origin” of the
posterior cerebral arteries. Cerebellar development is associated with marked reciprocal
variations in the calibers and territories of the evolving cerebellar arteries. The Cerebral Venous
System The Cerebral Venous SystemDorcas Padget similarly classified the developing venous
system into eight stages (designated 1 to 7 and 7a).4 Overall, venous development lags behind
arterial development and shows a greater range of variation (Fig. 1-9).4 The pial venous system
lies deep to the cerebral arterial system.Venous Stage 1In stage 1 (CRL 4 mm, EGA 28 days),



an endothelial meshwork extends upward from the paired first aortic arches and passes over the
forebrain and midbrain in the midline to become the primary head-plexus. Longitudinal channels
connect the head-plexus to the anterior cardinal veins, the future internal jugular veins. The
primary head-plexus and the longitudinal channels constitute a primitive system of proliferating
endothelium that gives rise to the veins of the brain.1Venous Stage 2In stage 2 (CRL 5 to 8 mm,
EGA 32 days), the midline primary head-plexus disappears and is replaced by paired
paramedian primary head-sinuses that provide the first true venous drainage for the developing
brain. The primary head-sinuses course medial to the trigeminal ganglia and lateral to the otic
capsules and the glossopharyngeal nerves en route to the internal jugular veins. Via superficial
anastamosing loops, the paired primary head-sinuses connect with the capillary network
investing the neural tube. These superficial anastamosing loops lie dorsally and are arranged
into three major groups: the anterior, middle, and posterior dural plexi. The anterior dural plexi
drain the forebrain and midbrain into the pre-trigeminal segments of the primary head-sinuses.
The middle dural plexi drain the cerebellum into the otic segments of the primary head veins.
The posterior dural plexi join the primary head-sinuses near to the vagus nerves.FIGURE 1-9
The cerebral venous system. (A-H) The eight sequential stages of venous formation detailed in
the text. (Reprinted with permission from Padget DH. The cranial venous system in man in
reference to development, adult configuration, and relation to the arteries. Am J Anat
1956;98:307–356, Plates 1 and 2, pp. 343 and 345.)Ventrally, the paired ventral pharyngeal
veins drain the mandibular and hyoid pharyngeal bars. The maxillary veins drain the developing
maxillary processes.Venous Stage 3In stage 3 (CRL 8 to 11 mm, EGA 37 days), the marginal
sinuses develop along the mesial borders of the anterior dural plexi. The marginal sinuses
contribute to the developing transverse and superior sagittal sinuses. The stems of the posterior
dural plexi change configuration to become the caudal ends of the sigmoid sinuses. The
maxillary veins now drain both the optic and the olfactory regions. Paired primitive telencephalic
and diencephalic veins arise in conjunction with the developing telencephalon and
diencephalon.PEARL Arteriovenous malformations may arise in the few areas where the veins
and arteries course parallel to each other, not at right angles, as in the choroid plexi.PEARL
Arteriovenous malformations may arise in the few areas where the veins and arteries course
parallel to each other, not at right angles, as in the choroid plexi.Venous Stage 4Stage 4 (CRL
11 to 16 mm, EGA 41 days) is significant for the separation of the meninges into the
piaarachnoid and the overlying dura.28 In stage 4, pia-arachnoidal veins traverse the
subarachnoid space to connect the dural plexi with the developing pial veins. The pial veins then
form multiple interconnecting anastamoses that envelop the entire neural tube. Pial veins
characteristically run at right angles to the overlying arteries. Arteriovenous malformations may
arise in the few areas where the veins and arteries course parallel to each other, not at right
angles, as in the choroid plexi.The supraorbital veins develop and drain the optic vesicles into
the stems of the anterior dural plexi between the fourth and fifth cranial nerves. The diencephalic
veins give rise to ventral and dorsal branches. Mesencephalic veins now arise from the anterior



dural plexi to drain the developing mesencephalon.Venous Stage 5In stage 5 (CRL 17 to 20
mm, EGA 44 to 48 days), the middle and posterior dural plexi anastamose to form the sigmoid
sinuses. As the otic capsules enlarge, they compress the adjacent primary head-sinuses, so the
primary head-sinuses largely regress. Therefore, flow reverses in the middle dural plexi so they
begin to drain into the sigmoid sinuses. The residual stems of the middle dural plexi persist as
the pro-otic sinuses.4Venous Stage 6In stage 6 (CRL 20 to 24 mm, EGA 51 days) the anterior
and middle dural plexi have joined to form the tentorial plexi. The marginal sinuses form the
medial portions of the transverse sinuses. The supraorbital veins now drain through the
remnants of the primitive head-sinuses to the pro-otic sinuses (the former stems of the middle
dural plexi).Venous Stage 7In stage 7 (CRL 40 mm, EGA ~9 wks), the venous system begins to
take final form. The medial aspects of the marginal sinuses join together, and through a series of
anas-tamoses, form the superior sagittal sinus. The supraorbital and maxillary veins join to form
the superior ophthalmic veins. Plexiform extensions from the pro-otic sinuses form the
cavernous sinuses. The inferior petrosal sinuses form and connect the cavernous sinuses with
the internal jugular veins. The choroid plexi drain through the ventral diencephalic veins to the
transient median prosencephalic vein.8Venous Stage 7aIn stage 7a (CRL 60 to 80 mm, EGA 10
to 12 wks), continued growth of the cerebrum and cerebellum shift the transverse sinuses
laterally toward their adult position. The superior petrosal sinuses develop, completing the
network of basal dural venous sinuses. The paired internal cerebral veins now arise in response
to increased venous drainage from the developing basal ganglia. The internal cerebral veins join
the posterior end of the median prosencephalic vein to form the vein of Galen. The internal
cerebral veins gradually annex the drainage of the choroid plexus, so the median
prosencephalic vein regresses. The basal cerebral veins form from highly variable anastamoses
among the telencephalic veins, the ventral and dorsal diencephalic veins, and the
mesencephalic veins.29 Arteriovenous malformations and fistulae in the drainage of the median
prosencephalic vein may cause increased flow through the system, persistence of the median
prosencephalic vein, marked enlargement of the vein of Galen, persistence of a falcine sinus,
and enlargement (or absence) of the straight sinus: key components of the vein of Galen
malformation.8 Conclusion ConclusionEmbryology provides the framework for deeper
understanding of the normal model of the arteriovenous system of the brain, and its numerous
variations. It is hoped that this summary will orient the reader to the major stages of
embryogenesis and provide the vocabulary needed for further reading. Familiarity with this
embryology will help to elucidate the origins of “anomalous vessels,” origins of collateral feeders
to arteriovenous malformations, patterns of collateral supply to ischemic regions, and potential
routes of access for endovascular therapy.ACKNOWLEDGMENTSThe authors thank Dr.
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Syndromes in ChildrenE. STEVE ROACH AND CESAR C. SANTOSSeveral congenital or
hereditary disorders cause cerebrovascular dysfunction. This chapter reviews the major
hereditary conditions with frequent cerebrovascular complications, such as hereditary
hemorrhagic telangiectasia (HHT), Ehlers-Danlos syndrome (EDS), and pseudoxanthoma
elasticum (PXE). Other conditions like Sturge-Weber syndrome (SWS) and progeria, where
cerebrovascular dysfunction occur sporadically, are also reviewed. Sturge-Weber
SyndromeSWS is a rare neurocutaneous syndrome characterized by a facial cutaneous
angioma (port-wine nevus) and a leptomeningeal angiomatosis, which often occur ipsilat-erally
to the facial lesion. Classic neurological findings include epileptic seizures, mental retardation,
contralateral hemiparesis and hemiatrophy, and homonymous hemianopia.1–3 However, the
clinical features vary widely, and many patients who have the typical skin lesion and seizures
have normal intelligence and no focal neurological deficit. The syndrome occurs sporadically
and in all races.2,4Cutaneous Features of Sturge-Weber SyndromeThe nevus classically
involves the forehead and upper eyelid, but it commonly affects both sides of the face and may
extend onto the trunk and extremities (Fig. 2-1). The facial angioma is usually evident at birth.
Patients whose nevus involves only the trunk, or the maxillary or mandibular area, but not the
upper face, do not develop neurological complications from an intracranial angioma.5–7 The
leptomeningeal angioma is typically ipsilateral to a unilateral facial nevus. However, bilateral
brain lesions occur in at least 15% of patients, including those with unilateral facial nevi. Only 10
to 20% of children with a port-wine nevus of the forehead also have a leptomeningeal angioma.6
The occurrence of the characteristic neurological and radiographic features of SWS without a
skin lesion is quite rare.Ophthalmologic Features of Sturge-Weber SyndromeGlaucoma is the
main ophthalmologic problem of patients with SWS.8,9 The risk of developing glaucoma is
highest in the first decade, although young adults occasionally develop glaucoma. In one study,
36 of 51 patients (71%) had glaucoma; 26 of these developed glaucoma by age 2 years.8
Buphthalmos and amblyopia are present in some newborns, evidently due to an anomalous
anterior chamber angle.10,11 In other individuals, glaucoma becomes symptomatic later in life,



and if not treated, causes progressive blindness. Thus periodic measurement of the intraocular
pressure is essential, especially when the nevus is near the eye.Diffuse choroidal hemangioma
is another characteristic ophthalmologic finding in patients with SWS. It can be seen in up to
71% of cases.12 It is characterized as a red, flat to moderately elevated lesion that produces a
classic “tomato ketchup” appearance on funduscopic examination. It is almost always
associated with leptomeningeal angiomatosis; therefore, when found, magnetic resonance
imaging (MRI) of the brain should be obtained.FIGURE 2-1 A patient with the classic distribution
of the port-wine nevus of Sturge-Weber syndrome on the upper face and eyelid. (Reprinted with
permission from Roach ES. Congenital cutaneovascular syndromes. In: Vinken PV, Bruyn GW,
Klawans HL, eds. Vascular Diseases. Amsterdam: Elsevier; 1989:443–462. Handbook of Clinical
Neurology; vol 11.)Neurological Features of Sturge-Weber SyndromeEpileptic seizures, mental
retardation, and focal neurological deficits are the principal neurological abnormalities of SWS.
Intracranial hemorrhage due to SWS is rare. Seizures usually start acutely in conjunction with
hemi-paresis. The age when symptoms begin and the overall clinical severity can both vary, but
onset of seizures prior to age 2 increases the likelihood of mental retardation and refractory
epilepsy. Patients with refractory seizures are more likely to be mentally retarded, whereas
patients who have never had seizures are typically normal. Rarely would a patient develop
severe intellectual impairment if normal past age 3.Seizures eventually develop in 72 to 80% of
SWS patients with unilateral lesions and in 93% of patients with bihemispheric
involvement.13,14 Seizures can begin at any time from birth to adulthood, but 75% of those with
seizures begin during the first year, 86% by age 2, and 95% prior to age 5.9 Thus the risk of a
child developing seizures is highest in the first 2 years. Focal motor seizures or generalized tonic
clonic seizures are characteristic of SWS initially, but infantile spasms, myoclonic seizures, and
atonic seizures have been reported.15,16 The first few seizures are often focal, even in patients
who later develop generalized tonicoclonic seizures or infantile spasms.15 Older children and
adults are more likely to have complex partial seizures or focal motor seizures. Some patients
continue to have daily seizures after the initial deterioration in spite of various daily
anticonvulsant medications, whereas others have long seizure-free intervals, sometimes even
without medication, punctuated by clusters of seizures.16Many patients do not develop
permanent focal neurological signs. In those who do, the specific deficit varies with the location
of the intracranial vascular lesion. The occipital region is often affected, so visual field deficits
are common.17 Hemiparesis often develops acutely, in conjunction with the initial flurry of
seizures. Although often attributed to postictal weakness, hemiparesis may be permanent or it
can persist much longer than the few hours typical of a postictal deficit. Some children suddenly
develop weakness without seizures, either as repeated episodes of weakness similar to
transient ischemic attacks or as a single strokelike episode with persistent deficit.18 In patients
with both hemiparesis and seizures, it is difficult to establish which came first.Early
developmental milestones are usually normal, but mild to profound mental deficiency eventually
develops in at least half of SWS patients.19 Only 8% of the patients with bilateral brain



involvement are intellectually normal.13 Behavioral abnormalities are often problematic, even in
patients who are not mentally retarded. The clinical condition eventually stabilizes after a few
years without further deterioration.Diagnostic Studies in SWSMost of the children with facial port-
wine nevi do not have an intracranial angioma, and neuroimaging studies and other tests help to
distinguish the children with SWS from those with an isolated cutaneous lesion. Although gyral
calcification is a classic feature of SWS, the “trolley track” appearance first described on
standard radiographs is uncommon, especially in neonates. Intracranial calcification is best
demonstrated with computed tomography (Fig. 2-2). Extensive cerebral atrophy is apparent
even with computed tomography, but subtle atrophy is more readily demonstrated by
MRI.20,21MRI with gadolinium contrast (Fig. 2-3) effectively demonstrates the abnormal
intracranial vessels in individuals with SWS.20,22,23 It is currently the best test to determine
intracranial involvement. Magnetic resonance angiography has recently been used to directly
image the larger abnormal vessels.24FIGURE 2-2 Computed cranial tomography demonstrates
an occipital gyriform calcification typical of Sturge-Weber syndrome. (Reprinted with permission
from Garcia JC, Roach ES, McLean WT. Recurrent thrombotic deterioration in the Sturge-Weber
syndrome. Child’s Brain 1981;8: 427–433.)Cerebral angiography is not necessary for most
patients with SWS, but it is sometimes useful in atypical patients or prior to epilepsy surgery. The
veins are more abnormal than the arteries.25 The subependymal and medullary veins are
enlarged and tortuous, and the superficial cortical veins tend to be sparse.26 Failure of the
sagittal sinus to opacify after ipsilateral carotid injection may be secondary to obliteration of the
superficial cortical veins by thrombosis.27 The abnormal deep venous channels act as
collaterals from the cerebral cortex to the deep veins.25,27Positron emission tomography (PET)
demonstrates reduced metabolism of the brain adjacent to the lep-tomeningeal lesion.28
However, patients with recent-onset seizures may have increased cerebral metabolism near the
lesion. Single photon emission tomography (SPECT) shows reduced perfusion of the affected
brain.29 Both PET and SPECT often indicate vascular alterations more extensive than those
shown by computed cranial tomography.28,30 Although functional imaging is not necessary for
all patients, these tests may help to establish a diagnosis and localize the lesion prior to
surgery.FIGURE 2-3 (A) Normal T1-weighted magnetic resonance scan without contrast
infusion from a child with Sturge-Weber syndrome. (B) On the coronal view with gadolinium, his
scan reveals a left-sided leptomeningeal and intraparenchymal angioma. (Reprinted with
permission from Roach ES, Bodensteiner JB. Neurologic complications. In: Bodensteiner JB,
Roach ES, eds. The Sturge-Weber Syndrome. New York: Sturge-Weber Foundation;
1999.)PEARL Resection of the brain containing the vascular abnormality sometimes improves
seizure control and promotes intellectual development.Treatment of Sturge-Weber
SyndromeResection of the brain containing the vascular abnormality sometimes improves
seizure control and promotes intellectual development.31,32 Despite the general agreement
that surgical resection is effective, there is debate about patient selection and timing of surgery.
Almost one patient in five has bilateral cerebral lesions, limiting the surgical options unless one



hemisphere is clearly causing most of the seizures. There is also reluctance to resect a still
functional portion of the brain and cause a new deficit.33 Surgery is often reserved for patients
with severe seizures who do not respond to medication and who already have clinical
dysfunction of the area to be removed (e.g., hemiparesis or hemianopia), similar to the approach
in children with refractory epilepsy from other causes.34 Outcome following hemispherectomy is
encouraging with 81% of patients becoming seizure-free, with over half of the patients off of
antiepileptic medications.35Prophylactic daily aspirin has been suggested for SWS because of
the frequent occurrence of transient neurological deficits without seizures and the idea that
thromboses of the abnormal veins initiate episodes of clinical deterioration in patients with
SWS.18 This recommendation is difficult to study because of the variability of the clinical
manifestation of SWS. Hereditary Hemorrhagic TelangiectasiaHHT (Osler-Weber-Rendu
disease) is an autosomal dominant disorder that features telangiectasias of the skin, mucous
membranes, and various internal organs.36–39 Clinical diagnostic criteria have been
published.39 However, both the clinical manifestations and the age of presentation are variable,
and diagnosis may be difficult in younger patients without the full array of signs.39,40Cutaneous
Features of Hereditary Hemorrhagic TelangiectasiaCutaneous telangiectasias occur more often
on the face, lips, and hands than on the trunk or legs.37,41 Epistaxis due to telangiectasias of
the nasal mucosa is often the first indication of HHT37,42,43 About a third of patients have
conjunctival telangiectasias and 10% have retinal vascular malformations, but visual loss from
these lesions is uncommon.44 Although telangiectasias are not often conspicuous during the
first decade, thereafter they tend to enlarge and multiply.43Arterial Lesions of Hereditary
Hemorrhagic TelangiectasiaIn addition to the vascular lesions affecting the central nervous
system, vascular malformations affect the lungs, gastrointestinal tract, or genitourinary system
and can lead to hemoptysis, hematemesis, melena, or hematuria.37,41,43,45Neurological
Features of Hereditary Hemorrhagic TelangiectasiaHeadache, dizziness, and seizures are
common in individuals with HHT.46–48 More severe but fortunately less common problems
include paradoxical embolism with stroke, intraparenchymal and subarachnoid hemorrhage,
meningitis, and cerebral abscess.Paradoxical embolism through a pulmonary arteriovenous
fistula can cause cerebral infarction in patients with HHT.49 In rare cases a clot may form within
the fistula itself before migrating into the arterial circulation.50 Intermittent symptoms follow
repeated small emboli with subsequent improvement. Transient deficits during hemoptysis could
result from air embolism via a bleeding pulmonary arteriovenous fistula.51–53An estimated 1%
of HHT patients develop cerebral abscess or meningitis, probably resulting from septic
microemboli that bypass the normal filtration of the pulmonary circulation via a pulmonary
arteriovenous fistula.54 Mycotic aneurysms develop the same way.Vascular anomalies may be
found anywhere in the brain, spinal cord, or meninges,55–57 and more than one type of lesion
may occur in the same individual.55 Intracerebral vascular anomalies occur more often than
once suspected. One summary of 90 HHT patients from the literature recorded 17 (19%) with
arteriovenous malformations and 36 (40%) with telangiectasias or angiomas.55 Fulbright and



colleagues identified 42 patients with various types of cerebral vascular anomalies among 184
consecutive HHT patients who underwent cranial MRI studies.58PEARL Intracranial vascular
lesions of HHT are less likely to bleed than sporadic arteriovenous malformations.Many of these
patients remained asymptomatic, and there is some evidence that the intracranial vascular
lesions of HHT are less likely to bleed than sporadic arteriovenous malformations.59 However,
in patients younger than 45 years of age, male HHT patients are 20 times more likely to develop
cerebral hemorrhage compared with the general population.60 These data support a more
aggressive approach to the evaluation and treatment of these patients. HHT should be
considered in patients with multiple cerebrovascular malformations.59,61–63Saccular
aneurysms are much less common in HHT patients than arteriovenous malformations.55,64,65
The number of individuals with both HHT and intracranial aneurysm is small enough that the
association could be coincidental. The same is true of spontaneous carotid-cavernous
fistula.66Genetics of Hereditary Hemorrhagic TelangiectasiaHHT is an autosomal dominant
disorder with age-related penetrance and variable expressivity. Its occurs in 1 in 10,000
individuals,67 ~30% of the time via spontaneous mutation.Genes on chromosomes 9 and 12
are responsible for HHT1 and HHT2, respectively. The HHT1 gene at 9q33–34 codes for
endoglin, an accessory membrane glycoprotein expressed at high levels in vascular
endothelium.67 HHT2 results from mutation of the ALK1 activin receptor-like kinase-1 gene at
12q13. Like endoglin, ALK1 is expressed at high levels in endothelial cells.68 Individuals with
HHT1 have a greater risk of pulmonary arterial malformations than those with HHT2, whereas
those with HHT2 tend to have a milder phenotype and later onset of symptoms.67 Molecular
genetic testing for HHT is currently available. It is currently indicated in individuals with
symptoms strongly suggestive of the disease and in asymptomatic first-degree relatives of an
affected individual.69 Ehlers-Danlos SyndromeSeveral subtypes of EDS can be defined by
clinical features, inheritance patterns, and distinctive molecular defects.70–72 Collectively these
syndromes are characterized by fragile or hyperelastic skin (Fig. 2-4), hyperextensible joints,
vascular lesions, easy bruising, and excessive scarring after injuries.71 About 80% of the
patients with EDS have types I, II, or III, and the other subtypes are less common.71 Most of the
vascular complications such as aneurysm and arterial dissection occur with type IV EDS, and
these complications often lead to premature death.73 All of the familial Ehlers-Danlos patients
with a documented abnormality of type III collagen have displayed autosomal dominant
inheritance.71FIGURE 2-4 Hyperelasticity of the skin in a patient with EDS. (Reprinted with
permission from Roach ES. Congenital cuta-neovascular syndromes. In:Vinken PV, Bruyn GW,
Klawans HL, eds. Vascular Diseases. Amsterdam: Elsevier; 1989:443–462. Handbook of Clinical
Neurology; vol 11.)Neurovascular Complications of Ehlers-Danlos SyndromeRubinstein and
Cohen74 first reported a woman with EDS and aneurysms of both the internal carotid and
vertebral arteries. Many other individuals with extracranial and intracranial aneurysms have
since been reported, including several people with multiple intracranial aneurysms.75–77 Most
patients became symptomatic in early adulthood, but children and adolescents are occasionally



affected.The internal carotid artery is the most likely intracranial vessel to develop an aneurysm
due to EDS type IV (Fig. 2-5). Typically, the aneurysm develops in the cavernous sinus or just as
the carotid emerges from the sinus.74,77,78 Rupture of an aneurysm in this location creates a
cavernous-carotid fistula. Aneurysms also affect various other intracranial arteries,79 and these
are more likely to present with subarachnoid hemorrhage. In one EDS family, members of three
different generations suffered subarachnoid hemorrhage.77Surgery is difficult because the
arteries are friable and difficult to suture.76,80 The arteries fail to hold sutures, and handling the
tissue leads to tears of the artery or separation of the arterial layers.81PEARL The vascular
fragility of type IV EDS makes both standard angiography and intravascular occlusion of the
fistula more difficult.Carotid-cavernous fistula has been documented in several individuals with
EDS, sometimes following minor head trauma but for the most part spontaneously.76
Intracranial aneurysms and carotid-cavernous fistulae often occur together.84,85 Rupture of an
internal carotid artery aneurysm within the cavernous sinus probably causes many of the
fistulae.83,86,87 However, spontaneous fistula formation without an aneurysm does occur.88,89
Fragmentation of the internal elastic membrane and fibrosis of portions of the carotid wall are
typically found at autopsy.76,90FIGURE 2-5 (A) Coronal computed tomography with contrast
(from an 18-year-old with headaches and a family history of Ehlers-Danlos syndrome type IV)
reveals a large aneurysm (arrow) of the intracavernous carotid artery. (B) Internal carotid
angiogram confirms the giant aneurysm of the intracavernous carotid artery. (Reproduced with
permission from Roach ES and Zimmerman CF. Ehlers-Danlos syndrome. In: Bogousslavsky J,
Caplan LR, eds. Stroke Syndromes. London: Cambridge University Press; 1995:491–496.)The
vascular fragility of type IV EDS makes both standard angiography and intravascular occlusion
of the fistula very difficult.85,86,91,92 Nevertheless, intravascular occlusion is sometimes
successful.93,94Arterial dissection due to EDS has been documented in most of the intracranial
and extracranial arteries, and the clinical presentation depends primarily on which artery is
affected.95 Dissection of an intrathoracic artery can secondarily occlude cervical vessels,96
and distal embolism from a dissection can cause cerebral infarction, sometimes weeks or
months after the dissection occurs.Genetics of Ehlers-Danlos Syndrome Type IVEDS type IV is
an autosomal dominant disorder with frequent spontaneous mutations. It results from a mutation
of the COLA3A1 gene on chromosome 2, a gene that codes for the α 1 chain of type III collagen,
which is expressed in high levels in blood vessels.97 Various COLA3A1 mutations have been
identified, but there is no consistent genotype-phenotype correlation.97–102 Unsuspected
mutations of the COLA3A1 gene that cause EDS type IV were not found in a cohort of 58
patients with an intracranial aneurysm or cervical dissection but no other signs of EDS.82
Pseudoxanthoma ElasticumPXE is a hereditary connective tissue disorder with skin, ophthalmic,
and vascular manifestations.103,104 The clinical presentation and rate of progression vary
considerably even among affected members of the same family.105 Both autosomal dominant
and autosomal recessive forms of PXE exist.106Cutaneous Lesions of Pseudoxanthoma
ElasticumCutaneous signs consist of yellowish plaques or papules of the neck, axilla, and



abdomen, and the inguinal, decubital, or popliteal areas. Similar-looking lesions have been
observed in the mucous membranes or intestinal mucosa. Older patients share a facial
resemblance due to the lax redundant cutaneous changes of the face and neck.107 Pregnancy,
puberty, and stressful emotional situations may increase the rate of progression of the
cutaneous lesions.108 Although the skin lesions of PXE become apparent during the first
decade in about half of the patients,108 occlusive or hemorrhagic vascular complications occur
primarily in adults.Ophthalmic Lesions of Pseudoxanthoma ElasticumAngioid streaks of the
ocular fundus, the result of ruptures of Bruch’s membrane, occur in 85% of individuals with PXE.
These ocular lesions are gray or red irregular lines that radiate away from the optic disk.109,110
Gradual visual loss may develop from macular degeneration, or visual loss can develop acutely
from retinal hemorrhage.103Arterial Lesions of Pseudoxanthoma ElasticumMost of the systemic
complications of PXE result from arterial degeneration and occlusion, but the exact clinical
presentation depends largely on which organ system is affected. Progressive occlusion of the
large arteries of the limbs may lead to intermittent claudication. Large arteries are sometimes
palpably rigid, and radiographs of the extremities sometimes show arterial calcification.111
Coronary artery disease sometimes occurs in young patients with PXE.112 Gastrointestinal
hemorrhage occurs primarily in adults, but it also occurs in children.113–115 Pregnancy may
increase the frequency of gastrointestinal hemorrhage.116,117 Epistaxis, hematuria, and
hemoptysis occur but less often than gastrointestinal hemorrhage.118Neurological Dysfunction
with Pseudoxanthoma ElasticumNeurological dysfunction is due to vascular compromise. Brain
dysfunction can result either directly from arterial occlusion or rupture or indirectly from systemic
hypertension or cardiovascular disease.119 Cerebrovascular lesions due to PXE do not usually
manifest until adulthood, when single or multiple cerebrovascular occlusions result from
progressive narrowing and then occlusion of an artery.120,121 The angiographic pattern
resembles that of severe atherosclerosis,122 but gradual vessel occlusion sometimes allows
sufficient collateral flow to avert a stroke.12122Neurovascular Disorders and Syndromes in
ChildrenE. STEVE ROACH AND CESAR C. SANTOSE. STEVE ROACH AND CESAR C.
SANTOSSeveral congenital or hereditary disorders cause cerebrovascular dysfunction. This
chapter reviews the major hereditary conditions with frequent cerebrovascular complications,
such as hereditary hemorrhagic telangiectasia (HHT), Ehlers-Danlos syndrome (EDS), and
pseudoxanthoma elasticum (PXE). Other conditions like Sturge-Weber syndrome (SWS) and
progeria, where cerebrovascular dysfunction occur sporadically, are also reviewed. Sturge-
Weber Syndrome Sturge-Weber SyndromeSWS is a rare neurocutaneous syndrome
characterized by a facial cutaneous angioma (port-wine nevus) and a leptomeningeal
angiomatosis, which often occur ipsilat-erally to the facial lesion. Classic neurological findings
include epileptic seizures, mental retardation, contralateral hemiparesis and hemiatrophy, and
homonymous hemianopia.1–3 However, the clinical features vary widely, and many patients who
have the typical skin lesion and seizures have normal intelligence and no focal neurological
deficit. The syndrome occurs sporadically and in all races.2,4Cutaneous Features of Sturge-



Weber SyndromeThe nevus classically involves the forehead and upper eyelid, but it commonly
affects both sides of the face and may extend onto the trunk and extremities (Fig. 2-1). The facial
angioma is usually evident at birth. Patients whose nevus involves only the trunk, or the maxillary
or mandibular area, but not the upper face, do not develop neurological complications from an
intracranial angioma.5–7 The leptomeningeal angioma is typically ipsilateral to a unilateral facial
nevus. However, bilateral brain lesions occur in at least 15% of patients, including those with
unilateral facial nevi. Only 10 to 20% of children with a port-wine nevus of the forehead also have
a leptomeningeal angioma.6 The occurrence of the characteristic neurological and radiographic
features of SWS without a skin lesion is quite rare.Ophthalmologic Features of Sturge-Weber
SyndromeGlaucoma is the main ophthalmologic problem of patients with SWS.8,9 The risk of
developing glaucoma is highest in the first decade, although young adults occasionally develop
glaucoma. In one study, 36 of 51 patients (71%) had glaucoma; 26 of these developed glaucoma
by age 2 years.8 Buphthalmos and amblyopia are present in some newborns, evidently due to
an anomalous anterior chamber angle.10,11 In other individuals, glaucoma becomes
symptomatic later in life, and if not treated, causes progressive blindness. Thus periodic
measurement of the intraocular pressure is essential, especially when the nevus is near the
eye.Diffuse choroidal hemangioma is another characteristic ophthalmologic finding in patients
with SWS. It can be seen in up to 71% of cases.12 It is characterized as a red, flat to moderately
elevated lesion that produces a classic “tomato ketchup” appearance on funduscopic
examination. It is almost always associated with leptomeningeal angiomatosis; therefore, when
found, magnetic resonance imaging (MRI) of the brain should be obtained.FIGURE 2-1 A
patient with the classic distribution of the port-wine nevus of Sturge-Weber syndrome on the
upper face and eyelid. (Reprinted with permission from Roach ES. Congenital cutaneovascular
syndromes. In: Vinken PV, Bruyn GW, Klawans HL, eds. Vascular Diseases. Amsterdam:
Elsevier; 1989:443–462. Handbook of Clinical Neurology; vol 11.)Neurological Features of
Sturge-Weber SyndromeEpileptic seizures, mental retardation, and focal neurological deficits
are the principal neurological abnormalities of SWS. Intracranial hemorrhage due to SWS is rare.
Seizures usually start acutely in conjunction with hemi-paresis. The age when symptoms begin
and the overall clinical severity can both vary, but onset of seizures prior to age 2 increases the
likelihood of mental retardation and refractory epilepsy. Patients with refractory seizures are
more likely to be mentally retarded, whereas patients who have never had seizures are typically
normal. Rarely would a patient develop severe intellectual impairment if normal past age
3.Seizures eventually develop in 72 to 80% of SWS patients with unilateral lesions and in 93% of
patients with bihemispheric involvement.13,14 Seizures can begin at any time from birth to
adulthood, but 75% of those with seizures begin during the first year, 86% by age 2, and 95%
prior to age 5.9 Thus the risk of a child developing seizures is highest in the first 2 years. Focal
motor seizures or generalized tonic clonic seizures are characteristic of SWS initially, but
infantile spasms, myoclonic seizures, and atonic seizures have been reported.15,16 The first
few seizures are often focal, even in patients who later develop generalized tonicoclonic



seizures or infantile spasms.15 Older children and adults are more likely to have complex partial
seizures or focal motor seizures. Some patients continue to have daily seizures after the initial
deterioration in spite of various daily anticonvulsant medications, whereas others have long
seizure-free intervals, sometimes even without medication, punctuated by clusters of
seizures.16Many patients do not develop permanent focal neurological signs. In those who do,
the specific deficit varies with the location of the intracranial vascular lesion. The occipital region
is often affected, so visual field deficits are common.17 Hemiparesis often develops acutely, in
conjunction with the initial flurry of seizures. Although often attributed to postictal weakness,
hemiparesis may be permanent or it can persist much longer than the few hours typical of a
postictal deficit. Some children suddenly develop weakness without seizures, either as repeated
episodes of weakness similar to transient ischemic attacks or as a single strokelike episode with
persistent deficit.18 In patients with both hemiparesis and seizures, it is difficult to establish
which came first.Early developmental milestones are usually normal, but mild to profound
mental deficiency eventually develops in at least half of SWS patients.19 Only 8% of the patients
with bilateral brain involvement are intellectually normal.13 Behavioral abnormalities are often
problematic, even in patients who are not mentally retarded. The clinical condition eventually
stabilizes after a few years without further deterioration.Diagnostic Studies in SWSMost of the
children with facial port-wine nevi do not have an intracranial angioma, and neuroimaging
studies and other tests help to distinguish the children with SWS from those with an isolated
cutaneous lesion. Although gyral calcification is a classic feature of SWS, the “trolley track”
appearance first described on standard radiographs is uncommon, especially in neonates.
Intracranial calcification is best demonstrated with computed tomography (Fig. 2-2). Extensive
cerebral atrophy is apparent even with computed tomography, but subtle atrophy is more readily
demonstrated by MRI.20,21MRI with gadolinium contrast (Fig. 2-3) effectively demonstrates the
abnormal intracranial vessels in individuals with SWS.20,22,23 It is currently the best test to
determine intracranial involvement. Magnetic resonance angiography has recently been used to
directly image the larger abnormal vessels.24FIGURE 2-2 Computed cranial tomography
demonstrates an occipital gyriform calcification typical of Sturge-Weber syndrome. (Reprinted
with permission from Garcia JC, Roach ES, McLean WT. Recurrent thrombotic deterioration in
the Sturge-Weber syndrome. Child’s Brain 1981;8: 427–433.)Cerebral angiography is not
necessary for most patients with SWS, but it is sometimes useful in atypical patients or prior to
epilepsy surgery. The veins are more abnormal than the arteries.25 The subependymal and
medullary veins are enlarged and tortuous, and the superficial cortical veins tend to be
sparse.26 Failure of the sagittal sinus to opacify after ipsilateral carotid injection may be
secondary to obliteration of the superficial cortical veins by thrombosis.27 The abnormal deep
venous channels act as collaterals from the cerebral cortex to the deep veins.25,27Positron
emission tomography (PET) demonstrates reduced metabolism of the brain adjacent to the lep-
tomeningeal lesion.28 However, patients with recent-onset seizures may have increased
cerebral metabolism near the lesion. Single photon emission tomography (SPECT) shows



reduced perfusion of the affected brain.29 Both PET and SPECT often indicate vascular
alterations more extensive than those shown by computed cranial tomography.28,30 Although
functional imaging is not necessary for all patients, these tests may help to establish a diagnosis
and localize the lesion prior to surgery.FIGURE 2-3 (A) Normal T1-weighted magnetic
resonance scan without contrast infusion from a child with Sturge-Weber syndrome. (B) On the
coronal view with gadolinium, his scan reveals a left-sided leptomeningeal and intraparenchymal
angioma. (Reprinted with permission from Roach ES, Bodensteiner JB. Neurologic
complications. In: Bodensteiner JB, Roach ES, eds. The Sturge-Weber Syndrome. New York:
Sturge-Weber Foundation; 1999.)PEARL Resection of the brain containing the vascular
abnormality sometimes improves seizure control and promotes intellectual development.PEARL
Resection of the brain containing the vascular abnormality sometimes improves seizure control
and promotes intellectual development.Treatment of Sturge-Weber SyndromeResection of the
brain containing the vascular abnormality sometimes improves seizure control and promotes
intellectual development.31,32 Despite the general agreement that surgical resection is
effective, there is debate about patient selection and timing of surgery. Almost one patient in five
has bilateral cerebral lesions, limiting the surgical options unless one hemisphere is clearly
causing most of the seizures. There is also reluctance to resect a still functional portion of the
brain and cause a new deficit.33 Surgery is often reserved for patients with severe seizures who
do not respond to medication and who already have clinical dysfunction of the area to be
removed (e.g., hemiparesis or hemianopia), similar to the approach in children with refractory
epilepsy from other causes.34 Outcome following hemispherectomy is encouraging with 81% of
patients becoming seizure-free, with over half of the patients off of antiepileptic
medications.35Prophylactic daily aspirin has been suggested for SWS because of the frequent
occurrence of transient neurological deficits without seizures and the idea that thromboses of
the abnormal veins initiate episodes of clinical deterioration in patients with SWS.18 This
recommendation is difficult to study because of the variability of the clinical manifestation of
SWS. Hereditary Hemorrhagic Telangiectasia Hereditary Hemorrhagic TelangiectasiaHHT
(Osler-Weber-Rendu disease) is an autosomal dominant disorder that features telangiectasias
of the skin, mucous membranes, and various internal organs.36–39 Clinical diagnostic criteria
have been published.39 However, both the clinical manifestations and the age of presentation
are variable, and diagnosis may be difficult in younger patients without the full array of
signs.39,40Cutaneous Features of Hereditary Hemorrhagic TelangiectasiaCutaneous
telangiectasias occur more often on the face, lips, and hands than on the trunk or legs.37,41
Epistaxis due to telangiectasias of the nasal mucosa is often the first indication of HHT37,42,43
About a third of patients have conjunctival telangiectasias and 10% have retinal vascular
malformations, but visual loss from these lesions is uncommon.44 Although telangiectasias are
not often conspicuous during the first decade, thereafter they tend to enlarge and
multiply.43Arterial Lesions of Hereditary Hemorrhagic TelangiectasiaIn addition to the vascular
lesions affecting the central nervous system, vascular malformations affect the lungs,



gastrointestinal tract, or genitourinary system and can lead to hemoptysis, hematemesis,
melena, or hematuria.37,41,43,45Neurological Features of Hereditary Hemorrhagic
TelangiectasiaHeadache, dizziness, and seizures are common in individuals with HHT.46–48
More severe but fortunately less common problems include paradoxical embolism with stroke,
intraparenchymal and subarachnoid hemorrhage, meningitis, and cerebral abscess.Paradoxical
embolism through a pulmonary arteriovenous fistula can cause cerebral infarction in patients
with HHT.49 In rare cases a clot may form within the fistula itself before migrating into the arterial
circulation.50 Intermittent symptoms follow repeated small emboli with subsequent
improvement. Transient deficits during hemoptysis could result from air embolism via a bleeding
pulmonary arteriovenous fistula.51–53An estimated 1% of HHT patients develop cerebral
abscess or meningitis, probably resulting from septic microemboli that bypass the normal
filtration of the pulmonary circulation via a pulmonary arteriovenous fistula.54 Mycotic
aneurysms develop the same way.Vascular anomalies may be found anywhere in the brain,
spinal cord, or meninges,55–57 and more than one type of lesion may occur in the same
individual.55 Intracerebral vascular anomalies occur more often than once suspected. One
summary of 90 HHT patients from the literature recorded 17 (19%) with arteriovenous
malformations and 36 (40%) with telangiectasias or angiomas.55 Fulbright and colleagues
identified 42 patients with various types of cerebral vascular anomalies among 184 consecutive
HHT patients who underwent cranial MRI studies.58PEARL Intracranial vascular lesions of HHT
are less likely to bleed than sporadic arteriovenous malformations.PEARL Intracranial vascular
lesions of HHT are less likely to bleed than sporadic arteriovenous malformations.Many of these
patients remained asymptomatic, and there is some evidence that the intracranial vascular
lesions of HHT are less likely to bleed than sporadic arteriovenous malformations.59 However,
in patients younger than 45 years of age, male HHT patients are 20 times more likely to develop
cerebral hemorrhage compared with the general population.60 These data support a more
aggressive approach to the evaluation and treatment of these patients. HHT should be
considered in patients with multiple cerebrovascular malformations.59,61–63Saccular
aneurysms are much less common in HHT patients than arteriovenous malformations.55,64,65
The number of individuals with both HHT and intracranial aneurysm is small enough that the
association could be coincidental. The same is true of spontaneous carotid-cavernous
fistula.66Genetics of Hereditary Hemorrhagic TelangiectasiaHHT is an autosomal dominant
disorder with age-related penetrance and variable expressivity. Its occurs in 1 in 10,000
individuals,67 ~30% of the time via spontaneous mutation.Genes on chromosomes 9 and 12
are responsible for HHT1 and HHT2, respectively. The HHT1 gene at 9q33–34 codes for
endoglin, an accessory membrane glycoprotein expressed at high levels in vascular
endothelium.67 HHT2 results from mutation of the ALK1 activin receptor-like kinase-1 gene at
12q13. Like endoglin, ALK1 is expressed at high levels in endothelial cells.68 Individuals with
HHT1 have a greater risk of pulmonary arterial malformations than those with HHT2, whereas
those with HHT2 tend to have a milder phenotype and later onset of symptoms.67 Molecular



genetic testing for HHT is currently available. It is currently indicated in individuals with
symptoms strongly suggestive of the disease and in asymptomatic first-degree relatives of an
affected individual.69 Ehlers-Danlos Syndrome Ehlers-Danlos SyndromeSeveral subtypes of
EDS can be defined by clinical features, inheritance patterns, and distinctive molecular
defects.70–72 Collectively these syndromes are characterized by fragile or hyperelastic skin
(Fig. 2-4), hyperextensible joints, vascular lesions, easy bruising, and excessive scarring after
injuries.71 About 80% of the patients with EDS have types I, II, or III, and the other subtypes are
less common.71 Most of the vascular complications such as aneurysm and arterial dissection
occur with type IV EDS, and these complications often lead to premature death.73 All of the
familial Ehlers-Danlos patients with a documented abnormality of type III collagen have
displayed autosomal dominant inheritance.71FIGURE 2-4 Hyperelasticity of the skin in a patient
with EDS. (Reprinted with permission from Roach ES. Congenital cuta-neovascular syndromes.
In:Vinken PV, Bruyn GW, Klawans HL, eds. Vascular Diseases. Amsterdam: Elsevier; 1989:443–
462. Handbook of Clinical Neurology; vol 11.)Neurovascular Complications of Ehlers-Danlos
SyndromeRubinstein and Cohen74 first reported a woman with EDS and aneurysms of both the
internal carotid and vertebral arteries. Many other individuals with extracranial and intracranial
aneurysms have since been reported, including several people with multiple intracranial
aneurysms.75–77 Most patients became symptomatic in early adulthood, but children and
adolescents are occasionally affected.The internal carotid artery is the most likely intracranial
vessel to develop an aneurysm due to EDS type IV (Fig. 2-5). Typically, the aneurysm develops
in the cavernous sinus or just as the carotid emerges from the sinus.74,77,78 Rupture of an
aneurysm in this location creates a cavernous-carotid fistula. Aneurysms also affect various
other intracranial arteries,79 and these are more likely to present with subarachnoid
hemorrhage. In one EDS family, members of three different generations suffered subarachnoid
hemorrhage.77Surgery is difficult because the arteries are friable and difficult to suture.76,80
The arteries fail to hold sutures, and handling the tissue leads to tears of the artery or separation
of the arterial layers.81PEARL The vascular fragility of type IV EDS makes both standard
angiography and intravascular occlusion of the fistula more difficult.PEARL The vascular fragility
of type IV EDS makes both standard angiography and intravascular occlusion of the fistula more
difficult.Carotid-cavernous fistula has been documented in several individuals with EDS,
sometimes following minor head trauma but for the most part spontaneously.76 Intracranial
aneurysms and carotid-cavernous fistulae often occur together.84,85 Rupture of an internal
carotid artery aneurysm within the cavernous sinus probably causes many of the
fistulae.83,86,87 However, spontaneous fistula formation without an aneurysm does occur.88,89
Fragmentation of the internal elastic membrane and fibrosis of portions of the carotid wall are
typically found at autopsy.76,90FIGURE 2-5 (A) Coronal computed tomography with contrast
(from an 18-year-old with headaches and a family history of Ehlers-Danlos syndrome type IV)
reveals a large aneurysm (arrow) of the intracavernous carotid artery. (B) Internal carotid
angiogram confirms the giant aneurysm of the intracavernous carotid artery. (Reproduced with



permission from Roach ES and Zimmerman CF. Ehlers-Danlos syndrome. In: Bogousslavsky J,
Caplan LR, eds. Stroke Syndromes. London: Cambridge University Press; 1995:491–496.)The
vascular fragility of type IV EDS makes both standard angiography and intravascular occlusion
of the fistula very difficult.85,86,91,92 Nevertheless, intravascular occlusion is sometimes
successful.93,94Arterial dissection due to EDS has been documented in most of the intracranial
and extracranial arteries, and the clinical presentation depends primarily on which artery is
affected.95 Dissection of an intrathoracic artery can secondarily occlude cervical vessels,96
and distal embolism from a dissection can cause cerebral infarction, sometimes weeks or
months after the dissection occurs.Genetics of Ehlers-Danlos Syndrome Type IVEDS type IV is
an autosomal dominant disorder with frequent spontaneous mutations. It results from a mutation
of the COLA3A1 gene on chromosome 2, a gene that codes for the α 1 chain of type III collagen,
which is expressed in high levels in blood vessels.97 Various COLA3A1 mutations have been
identified, but there is no consistent genotype-phenotype correlation.97–102 Unsuspected
mutations of the COLA3A1 gene that cause EDS type IV were not found in a cohort of 58
patients with an intracranial aneurysm or cervical dissection but no other signs of EDS.82
Pseudoxanthoma Elasticum Pseudoxanthoma ElasticumPXE is a hereditary connective tissue
disorder with skin, ophthalmic, and vascular manifestations.103,104 The clinical presentation
and rate of progression vary considerably even among affected members of the same family.105
Both autosomal dominant and autosomal recessive forms of PXE exist.106Cutaneous Lesions
of Pseudoxanthoma ElasticumCutaneous signs consist of yellowish plaques or papules of the
neck, axilla, and abdomen, and the inguinal, decubital, or popliteal areas. Similar-looking lesions
have been observed in the mucous membranes or intestinal mucosa. Older patients share a
facial resemblance due to the lax redundant cutaneous changes of the face and neck.107
Pregnancy, puberty, and stressful emotional situations may increase the rate of progression of
the cutaneous lesions.108 Although the skin lesions of PXE become apparent during the first
decade in about half of the patients,108 occlusive or hemorrhagic vascular complications occur
primarily in adults.Ophthalmic Lesions of Pseudoxanthoma ElasticumAngioid streaks of the
ocular fundus, the result of ruptures of Bruch’s membrane, occur in 85% of individuals with PXE.
These ocular lesions are gray or red irregular lines that radiate away from the optic disk.109,110
Gradual visual loss may develop from macular degeneration, or visual loss can develop acutely
from retinal hemorrhage.103Arterial Lesions of Pseudoxanthoma ElasticumMost of the systemic
complications of PXE result from arterial degeneration and occlusion, but the exact clinical
presentation depends largely on which organ system is affected. Progressive occlusion of the
large arteries of the limbs may lead to intermittent claudication. Large arteries are sometimes
palpably rigid, and radiographs of the extremities sometimes show arterial calcification.111
Coronary artery disease sometimes occurs in young patients with PXE.112 Gastrointestinal
hemorrhage occurs primarily in adults, but it also occurs in children.113–115 Pregnancy may
increase the frequency of gastrointestinal hemorrhage.116,117 Epistaxis, hematuria, and
hemoptysis occur but less often than gastrointestinal hemorrhage.118Neurological Dysfunction



with Pseudoxanthoma ElasticumNeurological dysfunction is due to vascular compromise. Brain
dysfunction can result either directly from arterial occlusion or rupture or indirectly from systemic
hypertension or cardiovascular disease.119 Cerebrovascular lesions due to PXE do not usually
manifest until adulthood, when single or multiple cerebrovascular occlusions result from
progressive narrowing and then occlusion of an artery.120,121 The angiographic pattern
resembles that of severe atherosclerosis,122 but gradual vessel occlusion sometimes allows
sufficient collateral flow to avert a stroke.121
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