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Review

Cerebral neurovascular embryology, anatomic
variations, and congenital brain arteriovenous lesions

Jesse M Klostranec, "* Timo Krings®

ABSTRACT

Cerebral neurovascular development is a complex and
coordinated process driven by the changing spatial

and temporal metabolic demands of the developing
brain. Familiarity with the process is helpful in
understanding neurovascular anatomic variants and
congenital arteriovenous shunting lesions encountered

in endovascular neuroradiological practice. Herein,

the processes of vasculogenesis and angiogenesis are
reviewed, followed by examination of the morphogenesis
of the cerebral arterial and venous systems. Common
arterial anatomic variants are reviewed with an emphasis
on their development. Finally, endothelial genetic
mutations affecting angiogenesis are examined to
consider their probable role in the development of three
types of congenital brain arteriovenous fistulas: vein of
Galen malformations, pial arteriovenous fistulas, and
dural sinus malformations.

Development of the cerebrovascular system is a
complex yet reproducible process with numerous
spatially and temporally coordinated events.
Early anatomic descriptions made by Streeter'
and Padget® * provide the foundational knowl-
edge used today, with further insights from radio-
logical correlates advanced by Lasjaunias® ° and
Raybaud.®® Cerebral neurovascular ~develop-
ment can be divided into two parts: vasculogen-
esis followed by angiogenesis. Herein, a timeline
of events of typical development is reviewed and
examined in order to explain the presentation of
anatomic variants and congenital intracranial arte-
riovenous shunting lesions that are encountered in
endovascular neuroradiological practice.

VASCULOGENESIS

The first endothelial tubes formed by a single layer
of endothelium are constituted during vasculogen-
esis, which begins with the differentiation of multi-
potent mesodermal cells into endothelial cell (EC)
precursor angioblasts.” Some of these angioblasts
migrate to the extra-embryonic yolk sac and cluster
with hematopoietic stem cells to form hemangio-
blastic aggregates. These organize into blood islands,
which are collections of hematopoietic stem cells
surrounded by ECs, that coalesce to form a primitive
vascular network.'® Other angioblasts remain intra-
embryonic and organize into a long axial precursor
vessel that undergoes arterial/venous segregation to
form the paired dorsal aorta and cardinal vein.'' '
Connections exist between the primitive longitu-
dinal vessels and the primordial capillary plexus,

which extends intra-embryonally and cranially to
invade the solid mesenchyme of the meninx prim-
itiva surrounding the closed cranial neural pore at
4 weeks post-conception. Shortly after, endothelial
channels proliferate to form the perineural vascular
network of the meninx primitiva, which has super-
ficial and deep layers. The superficial (dural) plexi-
form vascular network communicates with the
paired dorsal aorta and cardinal veins, while the
deep layer (pial) resembles a capillary network.
Communicating segments exist between the layers
(arachnoid) that later organize into the recogniz-
able pattern of surface brain arteries and veins. The
meninx primitiva overlying the forebrain (anterior
neural plate) is of neural crest origin, giving rise to
later anterior circulation autonomic control, while
the remainder is from somitic mesoderm.® The EC
differentiation of angioblasts is regulated by tissue-
derived factors, including vascular endothelial
growth factor (VEGF), fibroblast growth factor 2,
and bone morphogenic protein 4 (BMP4).’

Initially extrinsic diffusion of nutrients from the
periphery can supply the neural tube to meet its
metabolic requirements. At this point the primor-
dial vascular plexus in the meninx primitiva
contains vessels that remain plastic with respect to
arterial or venous specification, although genetic
factors define an arterial or venous identity for
some ECs even at the angioblast stage before the
first heart beat.'” This specification has been shown
to be reversible epigenetically via hemodynamic
stimuli that become more pronounced throughout
development.® '* Differential expression of several
molecular markers identify vessel fate as arterial or
venous prior to assembly of the vessel wall. Arte-
rial specific markers include signaling molecules
ephrin-B2, neuropilin-1, Notch3, DLL4, and grid-
lock, while venous markers include EphB4 (the
receptor for ephrin-B2) and chicken ovalbumin
upstream promoter-transcription factor II, the
latter thought to downregulate pro-arterial Notch
signaling.'® 12 3

ANGIOGENESIS

As the thickness of the neural tube increases
to >100-200 microns and the metabolic activity
of the developing neural tissue increases, extrinsic
diffusion of nutrients and oxygen from the primi-
tive vasculature of the meninx primitiva becomes
insufficient.® '® This provides stimulus for the
formation of primordial choroid plexuses between
weeks 5 and 7, whereby portions of the primitive
vasculature involute into the neural canal at telen-
cephalic and rhombencephalic locations.'* * The

BM)

Klostranec JM, Krings T.J Neurolntervent Surg 2022;14:910-919. doi:10.1136/neurintsurg-2021-018607 %)NIS

1of 12

'salfojouyoal Jejiwis pue ‘Buiurel) |y ‘Buluiw elep pue 1xa1 01 palelal sasn Joj Buipnjoul ‘1ybluAdoos Aq paloslold

" jooyasaboysnwselg
V11-Z39 uswiiedaq e G20z ‘22 AeN uo /wod fwg siuly:dny woly papeojumod "zzoz Arenigad GT Uo 098T0-TZ0Z-61ns1unnau/9eTT 0T St paystignd 1s1iy :6inS JusAI8lujoINeN


http://jnis.bmj.com/
http://www.snisonline.org
http://crossmark.crossref.org/dialog/?doi=10.1136/neurintsurg-2021-018607&domain=pdf&date_stamp=2022-08-01
http://jnis.bmj.com/

Clinical neurology

Internal
carotid
artery

External
carotid
artery

External
carotid
artery

Internal
carotid
artery

Vidian -
artery Vidian

artery

Caroticotympanic

artery Caroticotympanic

artery

Common
carotid
artery

Common
carotid

artery Brachiocephalic

trunk

L
(Dorsal aorta) —> = Aortic
.
Subclavian ~ ® Arch
artery °, \
(Dorsal aorta)
Vertebral
artery —>
Ductus
arteriosus
(7th “
t Pulmonary )
intersegmental s arteries Subclavian
artery) % artery

intersegmental
artery)

Descending
thoracic aorta —>

Figure 1 Branchial arch arteries and the final adult form of the aortic
arch and origins of the great vessels. Transient vessels are represented
with dashed lines. see text and table 1 for more details.

development of the choroid plexuses enables further diffusive
delivery of nutrients to neural tissue in periventricular locations
via cerebrospinal fluid transport. However, metabolic demands
will rise further owing to increases in cellular proliferation in the
germinal matrices, followed by cortical migration and organiza-
tion that expands the fetal brain, with an emerging need for an
intrinsic vascular system.®

Angiogenesis is the growth of new vessels from existing ones
following a complex and regulated process.'® There are two
mechanisms by which angiogenic vessels arise: sprouting and
intussusception. Most research to date has involved extravas-
cular sprouting angiogenesis, and many details regarding angio-
genic intussusception—the intravascular ‘splitting’ of existing
vessels through internal division that can be used for vessel
pruning, modifying bifurcation angulation, or new vessel forma-
tion—remain unknown.'” As metabolic demands increase within
the developing germinal centers, hypoxia-induced growth
factors (the most significant being VEGFA) are released from

the periventricular zones with their gradients stimulating the
sprouting of cords of ECs from the superficial vascular plexus
into the ischemic tissue.® ' This elaborate spatiotemporally
coordinated process involves phenotypic changes in ECs from a
quiescent phalanx cell phenotype into migrating tip cells (TCs)
that bud into adjacent tissue and lead a trailing cord of stalk
cells (SCs) that are ultimately responsible for vessel maturation
and formation of a lumen.'® '’ Endothelial cords extend from
the surface vasculature to form patent transcerebral loops near
the deep locations of ischemic tissue and provide hemodynamic
relief of regional hypoxia. As the cerebral hemispheres expand
during development, the circumference of the cortex increases at
a rate greater than the periventricular surface, giving the vascula-
ture its characteristic wedge-shaped pattern.?’

MORPHOGENESIS OF THE ASCENDING AORTIC ARCH AND
GREAT VESSELS

The heart initially forms in a cephalic location and as it descends
into the thorax, its connection through the ventral aortic sac with
the paired dorsal aorta undergoes multiple changes that produce
the adult configuration of the aortic arch. This occurs through
the production and remodeling of six pairs of branchial arches,
necessary to navigate the developing pharyngeal pouches.?*!

The first branchial arch artery forms at a crown-rump length
of ~1.3 mm. It regresses by 4 mm, with the remnant forming the
mandibular artery that accompanies the superior petrosal nerve
and eventually becomes the vidian artery.”*

The second branchial arch artery forms between 3 mm and 4
mm and makes ventral and dorsal divisions, the latter connecting
to the cranial dorsal aorta that becomes the internal carotid
artery (ICA). The ventral portion becomes the ventral pharyn-
geal artery that is the precursor to the external carotid artery
(ECA). The dorsal branch connected to the ICA is called the
hyoid artery, which transiently develops the stapedial artery as a
branch. At the end of development, the remnant of the second
branchial arch artery is the caroticotympanic artery.”? >

The third and fourth branchial arch arteries appear at 4 mm.
The third fuses with the distal paired dorsal aorta to form the
proximal ICAs. The dorsal aorta then regresses between the
third and fourth branchial arch arteries bilaterally. The fourth
branchial arch artery contributes to the aortic arch on the left
and proximal subclavian artery on the right.

The fifth branchial artery is one of contention, probably
related to the fact that if it exists, it is only briefly, and its contri-
bution is minimal.*?

The final sixth pair of branchial arch arteries are visible
between § mm and 7 mm, with the proximal portions contrib-
uting to their ipsilateral pulmonary arteries, while the distal
portions involute at 28 mm. This signals the beginning of the
post-branchial phase according to Congdon,?! which includes
left dorsal aorta regression between the third and fourth arches
and derivation of the subclavian arteries from the seventh
intersegmental arteries of the dorsal aorta bilaterally as the final
adult form of the aortic arch and great vessels manifest (figure 1
and table 1).22%

Anatomic variations: head and neck vessels

Common origin of the brachiocephalic and left common carotid
arteries

With a prevalence estimated to approach 25%, this anatomic
variant results from the proximal third branchial arch artery
being absorbed into the right rather than left aortic sac.”®

Table 1 Remnants of the branchial arch arteries
Branchial arch
artery Intermediate artery Adult remnant vessel
| Mandibular artery Vidian artery
Il Dorsal branch - hyoid Caroticotympanic artery
artery, stapedial artery
Ventral branch - ventral External carotid artery
pharyngeal artery
I} Proximal internal carotid arteries
v Right - proximal subclavian artery
Left - aortic arch
v Controversial N/A
Vi Ipsilateral pulmonary artery
Left - ductus arteriosus
20f 12
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Table 2  Embryologic segments of the internal carotid artery

Segment Name Proximal origin Distal termination

| Cervical Carotid bifurcation Skull base entrance

Il Ascending Skull base entrance Caroticotympanic artery
petrous

11l Horizontal Caroticotympanic artery  Vidian artery (foramen
petrous lacerum)

[\ Ascending Vidian artery (foramen ~ Meningohypophyseal
cavernous lacerum) trunk

v Horizontal Meningohypophyseal Inferolateral trunk
cavernous trunk

Vi Clinoidal Inferolateral trunk Ophthalmic artery

Vil Terminal Ophthalmic artery Anterior cerebral artery

Aberrant right subclavian artery

This variant has a prevalence of approximately 1-2%, resulting
from excessive proximal right dorsal aorta regression beyond the
fourth branchial arch artery to the origin of the seventh interseg-
mental artery.”> Sometimes termed arteria lusoria, compressive
symptoms on adjacent structures, most notably the esophagus
and trachea, can require surgical intervention in some cases.
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Figure 2 Stages of arterial morphogenesis according to Padget.
Depictions are from a sagittal view, with vessels behind the cerebral
hemisphere (in the midline) represented by dashes. Sizes provided

refer to crown—rump length. Stage 5 corresponds to the ‘choroid stage’
where arteriovenous fistulization occurs in vein of Galen malformations
between the choroidal and mesencephalic arterial feeders and median
prosencephalic vein of Markowski. See the text for details. ACA, anterior
cerebral artery; AChA, anterior choroidal artery; AICA, anterior inferior
cerebellar artery; BA, basilar artery; HA, hypoglossal artery; ICA, internal
carotid artery; LNA, longitudinal neural artery; MA, mesencephalic
artery; MCA, middle cerebral artery; OA, ophthalmic artery; OIfA,
olfactory artery; PCA, posterior cerebral artery; PChA, posterior choroidal
artery; PCommaA, posterior communicating artery; PDOA, primitive
dorsal ophthalmic artery; PICA, posterior inferior cerebellar artery;
ProAtlA, proatlantal artery; PVOA, primitive ventral ophthalmic artery;
SCA, superior cerebellar artery; TA, trigeminal artery; VA, vertebral
artery.

Carotid aplasia or hypoplasia

As listed in table 2, the ICA can be divided into seven segments
based on their embryologic origins as described by Lasjaunias
and Santoyo-Vazquez, which completes formation by 4 weeks.*
If there is erroneous development in any one of these segments,
hypoplasia or less likely aplasia may result, with a reported
incidence of 0.01% in the general population.”* Hypoplasia is
commonly seen starting near the carotid bifurcation and can
be inferred by a diminutive bony carotid canal as it forms at 5
weeks.?” The bony canal may be absent with carotid aplasia.

Aberrant internal carotid artery and persistent stapedial artery
Normally the intracranial ICA originates at the entrance to
the carotid canal; however, secondary to segmental cervical
ICA aplasia, the inferior tympanic artery can persist from the
ascending pharyngeal artery and hypertrophy to deliver blood
through the caroticotympanic artery to the carotid siphon. With
a characteristic retrotympanic course through the middle ear, the
differential includes a glomus tympanicum tumor and can lead
to iatrogenic hemorrhage if not properly identified. It is more
common in women and on the right side.?*

The transient stapedial artery from the hyoid artery has supe-
rior and inferior divisions that later form the middle meningeal
artery (MMA) and inferior alveolar artery, respectively. The infe-
rior division normally exits the cranium through the foramen
spinosum to anastomose with the ventral pharyngeal artery
around 10 weeks, initiating regression of the stapedial artery, so
the MMA is supplied by the ECA in adult life.”® If this process
does not occur, a persistent stapedial artery (PSA) will form that
supplies the MMA. Although absence of the foramen spinosum
is a sign for a PSA, prevalence of an absent foramen spinosum is
39 while the PSA has a prevalence of 0.5%.% % A PSA can occur
in isolation or with an aberrant carotid artery.

Morphogenesis of surface brain arteries

Following vasculogenesis, the primitive vascular plexus under-
goes remodeling, leading to a pattern of surface vessels in
response to spatiotemporal cues from the changing metabolic
demands of the developing brain. Padget divided the patterning
of the superficial cranial vessels into seven stages that are briefly
reviewed here and illustrated in figure 2.>

Stage 1 (4-5 mm, 28-29 days)

The distal primitive ICA bifurcates into cranial and caudal
branches. The cranial branch is the olfactory artery, which
supplies the forebrain and later becomes the anterior cerebral
artery (ACA), while the caudal branch supplies a plexus over
the mesencephalon and later becomes the posterior communi-
cating artery (PCommaA). A connection between bilateral ICAs
posterior to Rathke’s pouch forms an early anastomosis of the
circle of Willis.® The hindbrain is supplied via bilateral ventral
plexular longitudinal neural arteries (LNAs) that exhibit tran-
sient cartoid-vertebrobasilar anastomoses. The trigeminal artery
(TA), at the level of the trigeminal ganglion, is the most cranial
anastomosis formed by presegmental arteries, followed by the
hypoglossal artery (HA) at the level of the hypoglossal nerve.
The caudal anastomosis, the proatlantal artery (ProAtlA), forms
from the first cervical intersegmental artery and courses along
the first cervical nerve.

Stage 2 (5-6 mm, 29 days)
The caudal branch of the ICA extends posteriorly to fuse with
the LNAs, forming the PCommAs. The basilar artery starts to
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form as midline fusion of the LNAs begins. Common origins for
basilar perforators are extremely rare given this fusion process.”

Stage 3 (7-12 mm, 32 days)

Forming along the base and between the developing cerebral
hemispheres, the ACAs start to take shape from coalescing
vascular plexus. Similarly, more posteriorly along the base of
the hemispheres the primitive anterior choroidal artery (AChA)
prominently takes form, with branches directed towards the
diencephalon. The groups of anterior perforators (recurrent
artery of Huebner (RAH), medial, and lateral lenticulostriates)
form projecting laterally off the ACA, with a couple of striates
coalescing over the telencephalon to form the primitive middle
cerebral artery (MCA).” More proximally, the primitive dorsal
ophthalmic artery (PDOA) appears. As the extent of basilar fusion
increases, two dorsal branches arise from the PCommA. Proxi-
mally the posterior choroidal artery (PChA) is directed toward
the diencephalon, while distally the mesencephalic artery (MA)
is directed toward the midbrain. The vertebral arteries (VAs)
begin to form through fusion of the longitudinal anastomoses
of the cervical intersegmental arteries at the C1 to C7 levels,
with regression of the vestigial carotid-vertebrobasilar anasto-
moses now complete. Over the rhombencephalon the superior
cerebellar artery (SCA) begins to appear, whose supply will later
include the deep cerebellar nuclei.®

Stage 4 (12-14 mm, 35 days)

Medial branches from the ICAs form a plexus that eventually
becomes the anterior communicating artery (ACommA), which
in 70% forms above the optic chiasm, while the remainder are
located above the cisternal segment of the optic nerves (ONs).?
The primitive dorsal and ventral ophthalmic arteries (PDOA and
PVOA, respectively) are now present. The PDOA and PVOA
later anastomose in the orbit near the ON, with a new anasto-
mosis forming the ophthalmic artery origin of the ICA.*® The
PDOA goes on to commonly form the inferolateral trunk while
the PVOA becomes the Al segment of the ACA. Only 20% of
the time will co-dominant A1 branches form, with a dominant
A1 branch supplying the two A2 branches being a more common
anatomic arrangement.”® Stage 4 sees increasing prominence of
the AChA, PChA, and MA as the basilar and vertebral arteries
develop further.

Stage 5 (16—18 mm, 40 days)

The choroid plexuses begin to form, supplied anteriorly by the
ACA, inferiorly by the AChA, and posteriorly by the PChA,
defining the ‘choroid stage’ of Klosovskii. The MA forms a
plexus over the midbrain and as noted by Raybaud, these four
branches form the arterial feeders (the MA providing transmes-
encephalic feeders) for vein of Galen malformations (VoGMs).”

Stage 6 (20-24 mm, 44 days) and stage 7 (40 mm, 52 days)

The MCA and lenticulostriate arteries complete formation,
including the RAH, arising laterally from the ACA. The dorsal
branch of the MA annexes the classic vascular territory of the
posterior cerebral artery (PCA) from the AChA, converting the
supply of the inferior temporal and medial occipital regions from
the carotid to vertebrobasilar system. In the posterior fossa the
anterior inferior cerebellar artery (AICA) and posterior inferior
cerebellar artery (PICA) are now identified.®

Anatomic variations: surface brain arteries

Fenestrations

Incomplete  fusion during cerebrovascular development
producing a fenestration has a reported frequency with CT
angiography of between 10% and 15%%”?® and most commonly
affects the ACommA (40% at autopsy, ~5-7% on CT angiog-
raphy)* %’ *® and basilar artery (5% at autopsy,~2-6% on CT
angiography).?’2* MCA fenestrations (0.5-1% prevalence) were
noted in five cases by Gailloud et al to coexist with an inferior
temporopolar branch, suggesting failed early perforator regres-
sion.’ Fenestrations have been suggested to more commonly
involve the posterior circulation,®® with basilar fenestrations
believed to predispose aneurysm formation due to altered flow
dynamics and the local defect in the media of the vessel wall.>*%*

Persistent vestigial arteries

The most common persistent vestigial artery (PVA) is the
persistent TA (85% of all PVAs, and seen on 0.1-0.6% of
angiographic scans, with a 12-16% prevalence of PHACE
syndrome), followed by the persistent HA (seen on 0.02-0.1%
of angiographic scans).”® The sella turcica is traversed by ~50%
of persistent TAs, which forms a connection between the ICA
proximal to the PCommA and the mid-basilar artery (BA). A
persistent ProAtlA is very rare with fewer than 50 cases reported.
Existence of a persistent carotid-vertebrobasilar anastomosis at
the level of the otic vesicle, termed the otic artery, is controver-
sial and its existence implausible according to Lasjaunias et al.>*
A persistent HA arises from the C1-C3 level ICA and enters the
cranium through the hypoglossal canal to form the terminal VA,
giving rise to the ipsilateral PICA and BA. The VAs are hypo-
plastic or absent, with the contralateral VA terminating in the
PICA.® Finally, a persistent ProAtlA variant connects the ipsilat-
eral proximal ICA or more rarely the ECA or common carotid
artery to the interoccipito-atlantal horizontal VA segment,
with typical hypoplasia or aplasia of the VAs. Changes in flow
dynamics related to PVAs may predispose aneurysm formation or
involvement with brain arteriovenous malformations (bAVMs),
and these vessels can also cause neurovascular conflict. Failed
regression occurs by an unknown mechanism, with flow through
the primitive vasculature (purely endothelial lined channels at
this stage in development) near zero at the time of resorption.®

Azygous ACA

A fused ACA, commonly involving the A2 branches, has a
reported prevalence of between 0.2% and 4%.% Increased flow
through the segment increases the incidence of aneurysm forma-
tion distal to the fusion, reported in 13-71% of cases.> An
azygous ACA is also associated with holoprosencephalic failures
in midline cleavage, which is different in etiology as the number
of ACAs to cerebral hemispheres is matched.®

Infraoptic course of the ACA

This pattern of development occurs when the ACA originates
at the level of the ophthalmic artery and courses inferior to the
ON, potentially cutting through it or the optic chiasm. The
development is complex and well described elsewhere.?®

Persistent primary olfactory artery

The ACA rarely courses ventrally along the olfactory nerve
before acutely turning back to join cortical territory distally
or the anterior ethmoidal artery.® »* Noted associations are the
absence of the RAH and ACommA.
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Mullan et a/,%° with permission.

MCA duplication and accessory MCA

These variants depend upon whether both MCAs arise from
the ICA (duplication) or one is accessory, arising from the ACA.
Regardless, the MCA lenticulostriate arteries will arise from the
most cranial of the two vessels—an anatomical feature that is
of importance for risk assessment when treating intracranial
atherosclerotic disease.”

Pure arterial malformations

A number of case reports have described the rare appearance
of pure arterial malformations (PAMs), where overlapping doli-
choectatic arteries present as a mass of loops or coiled appear-
ance that may harbor calcifications or aneurysms.**>** They may
involve any intracranial artery, do not demonstrate arteriovenous
shunting or a venous component, and seem to have a benign
natural history. Reported PAMs occur more often in women,
with some cases demonstrating malformations of cortical devel-
opment in the vascular territory of the PAM.*¢

Fetal PCA

Fetal PCA is a misnomer given that it is actually an embryonic
configuration. If the ipsilateral P1 segment is smaller in size than
the PCommA or absent, the majority or all of PCA vascular
territory is supplied by the carotid system. With an estimated
prevalence of between 20% and 30%, unilateral or bilateral
configurations are possible (approximately 10% right, 10% left,
and 10% bilateral).*® ** Importantly, the size of the PCommA
is unrelated to the presence of the tuberothalamic perforators,
which can arise with the paramedian perforators of the ipsilat-
eral P1 segment in 30% of cases.”

‘Duplicate’ PCAs/hyperplastic AChA

If the PCA fails to annex its common inferior temporo-occipital
and medial occipital vascular territories from the AChA, the
latter may appear more prominent and give an appearance of
a ‘duplicated” PCA. The reported prevalence is in the range of
1-2%.*' Duplicated AChAs have also been reported, which tend
to relate to a separate origin of the hippocampal branch from
the AChA.®

Incomplete fusion of the basilar tip

The basilar artery in its ‘mature’ and most common configuration
(~80% of cases) is fused to the level of the pontomesencephalic
sulcus with symmetric appearing PCAs. This is referred to as a
cranial fusion. Two important variants exist.”> A caudal fusion
results in a ‘V’-shape of the basilar tip, while an asymmetric
fusion can also exist. In the case of the asymmetric configura-
tion, it is important to note that the thalamic perforators tend to
originate from the superior PCA limb in an artery of Percheron
configuration, while the inferior limb is the more common site
for aneurysm formation.”

Variations in SCA, AICA, and PICA

Lasjaunias understood the embryologic organization of blood
supply to the brain stem and cerebellum as following that of the
spinal cord, and thus comprising longitudinal anterior (BA and
anterior spinal artery) and posterior (lateral medullary PICAs
and posterior spinal arteries) arteries that provide perforators
(basilar perforators and sulcocomissural arteries) and transverse
arteries (transverse pontine arteries, coronary arteries).”* Fusion
of transverse arteries reults in formation of the SCA, AICA, and
distal portion of the PICA, which importantly connect through
longitudinal posterior artery anastomoses.*” This elegant
description provides an understanding of the formation of all
observed anatomic configurations of the posterior fossa arteries,
including duplications and AICA/PICA complexes.

An important concept from this model relates to extradural
origins of the PICA, which has a reported prevalence of up to
209%.% In approximately 50% of cases the lateral medullary
perforators are supplied by the PICA; however, this is less likely
the more lateral the origin of the vessel. Therefore, PICAs with
extradural origins are less likely to harbor brainstem perfora-
tors.” In this scenario, the brainstem perforators arise from the
intradural vertebral artery.

VENOUS SYSTEM DEVELOPMENT
During weeks 5 and 6 the vascular system is confined to the
meninx primitiva. The germinal centers are first supplied by capil-
lary loops connecting to the superficial primitive vasculature,
meaning the first veins to develop are transcerebral.® The tela
choroidea develops into the choroid plexuses during weeks 6 to
8, with venous drainage initially through a ventral diencephalic
vein toward the primitive transverse sinus and later through
prominent bilateral dorsal choroidal veins. The main collector
of the superior choroidal veins is a single, median dorsal vein,
the median prosencephalic vein of Markowski (MPVM). The
MPVM is not in the tela choroidea, but is a bridging vein to the
dorsal dura, receiving the superior choroidal veins and draining
to the interhemispheric marginal sinus (stage 5 in figure 2).” The
MPVM exists from weeks 6 to 11, when the vein of Galen (VoG)
annexes the choroidal venous drainage with its inclusion into
the subependymal drainage system via the developing internal
cerebral veins (ICVs) that extend into the tela choroidea.** As
the venous drainage of the germinal zones, dorsal basal ganglia,
and thalamus transitions between weeks 9 and 11 from tran-
scerebral to the subependymal system, their drainage begins to
outweigh the purely choroidal drainage of the MPVM leading to
its regression, with the dorsal MPVM developing into the VoG
and straight sinus of the deep venous system.®

The superficial venous system development is more complex,
modified by the growth of the calvarium and the expansion
of the cerebrum (figure 3). It starts with formation of bilat-
eral ventral primary head veins that initially course medial to
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the emerging cranial nerves but caudally remodel laterally to
connect with the cardinal veins.?’ As they are interrupted by
the otic vesicles while coursing laterally, formation of a dorsal
collateral plexus is initiated, with some channels being dural
while others are pial, around week 5 (5 mm).* This venous
plexus is divided into groups that drain via three stems into
the primary head vein: an anterior plexus covering the fore-
brain and midbrain (stem at the trigeminal ganglion), a middle
plexus covering the metencephalon (stem between the trigem-
inal ganglion and otic vesicle), and a posterior plexus covering
the myelencephalon (stem along the vagus nerve).”* The prim-
itive maxillary vein is the most cranial tributary of the primary
head vein and drains the optic vesicle. The primary head vein
cranially remains medial to the trigeminal ganglion where the
cavernous sinus will later form.*

By week 6 (10 mm), the anterior venous plexus anasto-
moses dorsally with the middle plexus, which will eventually
contribute to the transverse sinus (TS). As the primary head vein
reorganizes from medial to lateral of the vagus nerve through
collaterals, a medial remnant becomes the inferior petrosal sinus
while the cardinal vein will develop into the internal jugular
vein. By the seventh week (10-16 mm) the ventral surface of
the brain demonstrates conspicuous dural and pial arachnoid
venous channels in response to the vascularization of the
germinal matrix and striatum. During late week 7/early week
8 (16-21 mm) the choroid plexuses begin to develop, with the
forebrain plexus drained by a ventral pial diencephalic vein.®
As the otocyst enlarges (previously the otic vesicle), the middle
and posterior plexuses form a dural anastomosis with the poste-
rior stem that becomes the sigmoid sinus.”> With enlargement
of the cerebral hemispheres, flow starts to direct preferentially
to regions where the superficial plexuses are protected, such
as between the hemispheres and the calvarium in the case of
the superior sagittal sinus, between the cerebral hemispheres,
calvarium, and cerebellum to form the TS, and between the
cerebral hemispheres and tentorium for the straight sinus.® This
expansion also stretches the cortical veins into a lateral orien-
tation.”’ The dural networks overlying the dorsal prosenceph-
alon and mesencephalon are brought into apposition and fuse,
producing the tentorial plexus. Plexuses in the falx and tento-
rium usually persist during fetal life.?

By week 8 (18-26 mm) the ‘choroid stage’ is present and the
MPVM drains posteriorly into the tentorial plexus as described
above. The otocyst further enlarges to obliterate the remainder
of the primary head vein, directing all drainage into the poste-
rior dural network. The middle plexus and primary head vein
form the pro-otic sinus anterior to the otocyst and connect with
the primitive maxillary vein (which is incorporated into the
external jugular vein with the inferior ophthalmic vein remnant)
and primitive supraorbital vein (which later forms the supe-
rior ophthalmic vein), forming the primitive cavernous sinus.*’
While the TS expands and the middle cerebral vein becomes
more prominent, the anterior stem regresses to potentially form
the uncal vein.'”

By week 9 (40 mm) the superior sagittal sinus is well devel-
oped and the tentorial plexus elongates and aligns parallel to the
TS.® Chondrification of the occipital bone embeds the condylar,
mastoid, and occipital emissary veins. By week 12 (60-80 mm)
the torcula has a variable plexular appearance and the middle
cerebral vein is pulled anterior to the edge of the lesser sphe-
noid wing by the enlarging cerebral hemispheres. The ICVs are
fully formed, connecting dorsally with the basal veins of Rosen-
thal, which links telencephalic, diencephalic, and mesencephalic
veins, providing multiple redundant drainage routes.

CONGENITAL ARTERIOVENOUS LESIONS

There are three reported types of congenital arteriovenous
shunting lesions: vein of Galen malformations (VoGMs), pial
fistulas, and dural sinus malformations (DSMs).* Genetic testing
has recently helped further understand mechanisms behind the
development of these lesions. Owing to their incomplete pene-
trance, Lasjaunias proposed a two-‘hit’ model to cause the arte-
riovenous shunting lesion phenotype.*® In this model, the first
‘hit’ is a germline mutation, while the second ‘hit’ involves appli-
cation of a revealing trigger, most commonly thought to be isch-
emic or inflammatory, to cause a somatic mutation that unmasks
the vascular defect.” ** Timing, target, and location of the
revealing trigger are essential in determining the type of lesion
that forms. This model has been confirmed for the development
of arteriovenous shunting lesions in hereditary hemorrhagic
telangiectasia (HHT) and capillary malformation-arteriovenous
malformation (CM-AVM) syndromes.*~*

Development of congenital arteriovenous shunting lesions
has previously been understood to occur due to fistulization
after intrauterine thrombosis, which is also thought to form
benign developmental venous anomalies.’ **=°° However, with
the insights from genetic testing, it is now more reasonable to
speculate that lesion formation is secondary to dysfunction in
normal angiogenesis. Since the primitive network of vessels in
the meninx primitiva remains plastic in regards to arteriovenous
specification during vasculogenesis, it is unlikely for a fistula to
form at this stage of neurovascular development. For much of in
utero development the neurovasculature is composed of simple
endothelial lined tubes, with a muscularis layer not forming
until ~20 weeks for striatal arteries and not until the end of
term for extrastriatal arteries.® Full function of the cerebral
blood vessels does not occur until after birth, with neurovas-
cular coupling developing during the first few weeks of post-
natal life.”® In many animal models erroneous vasculogenesis
is fatal, while several of the genes associated with these lesions
(HHT genes, for instance) are not expressed until later in devel-
opment.”” Finally, analogous arteriovenous shunting lesions
(bAVMs and dural arteriovenous fistulas) arise during adult-
hood, when vasculogenesis can no longer occur. Therefore, its
is most reasonable to consider dysfunctional angiogenesis at the
capillary level joining arteries to veins, starting from the deep
pial layer of the primitive vascular plexus, as the mechanism and
site for arteriovenous fistula creation.

As there are many genes and their products involved in angio-
genesis with overlapping functions, to conceptually simplify
their significance, they may be grouped according to whether
a gain-of-function or loss-of-function mutation affects (a) TC
or SC phenotype, or (b) intussusceptive angiogenesis (figure 4).
Sprouting angiogenesis occurs in response to a VEGFA concen-
tration gradient and requires a balance between the number of
TCs and SCs to produce a capillary bed with a normal hexagonal
pattern and hemodynamic impedance (figure 4A)." ' °* Angio-
genesis in tumors is not as well coordinated and therapy that
inhibits SC formation (through blocking Notch signaling) alters
the TC:SC ratio to produce a hypersprouting vascular bed that
is leaky and ischemic.’® ® This ischemia may provide a revealing
trigger for focal EC somatic mutations that weaken the vessel
and cause it to dilate in response, forming a fistula.®’ A fistu-
lizing dilatation may also result from dysfunctional angiogenic
intussusception. Without a spacial gradient in VEGFA concen-
tration, it is suspected that ECs all convert to SCs, and as part of
the phenotype, proliferate.’® As the vessel dilates, intraluminal
endothelial pillars form (thought to arise from adhesion of circu-
lating endothelial progenitor cells) and fuse to divide the vessel
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Figure 4 Extravascular sprouting and intravascular intussusceptive angiogenesis. (A) A spatial gradient in vascular endothelial growth factor

A (VEGFA) from ischemic tissue results in endothelial cell (EC) phenotype change of quiescent phalanx cells (dark orange) into a tip cell (TC, teal)
followed by a cord of stalk cells (SCs, beige). The TC uses filopodia to navigate and migrate into the ischemic tissue. (B) A simplified perspective
associating different signaling molecules with a TC or SC phenotype in sprouting angiogenesis. (C) In the setting of a uniform abluminal VEGFA
concentration, all ECs are thought to attain a SC phenotype and proliferate. Endothelial pillars form that can divide the vessel through intussusception
to regulate tissue perfusion. (D) Simplified perspective of the different signaling molecules involved with the SC phenotype in intussusceptive

angiogenesis.

(figure 4C)."” However, if the rate of EC proliferation causes a
vessel to dilate too fast, the pillars cannot fuse and an enlarged
capillary, or fistula, results.®*

A hypersprouting vascular bed may occur if a mutation
causes increased TC phenotype or decreased SC phenotype
in the presence of a VEGFA concentration gradient. Exam-
ples of the former include gain-of-function mutations in onco-
gene KRAS demonstrated mosaically in brain AVMs® ®* and
ephrin-B2, which has been shown to be increased in pedatric
bAVMs and assists with VEGF-endocytosis related signaling.® =3
Decreased SC phenotype is typically associated with mutations
that define HHT, with reduction in BMP9 (or BMP10 in utero)
related transforming growth factor signaling through the ALK1
pathway. Approximately 85-90% of HHT cases demonstrate
mutations in ALK1 (HHT subtype 2) or its coreceptor endoglin
(HHT subtype 1).* ¢ Blood flow related mechanotransduc-
tion plays an important role in some of these pathways, with
shear stress regulating ALK1 signaling potentiation by endoglin
(and proposed as the etiology for formation of malforma-
tions of cortical development seen in 10-15% of patients with
HHT),* ¢! while ephrin-B2 expression is dynamic in response to
shear stress.”” This hypersprouting probably contributes to the
increased blood-brain barrier permeability of bAVMs.** 7!

Abnormal vessel dilatation with defective intussusception
has been recently demonstrated for loss of function muta-
tions in EphB4.%% It was shown that EphB4 plays a key role,
decreasing VEGFA signaling by up to 40% to slow SC prolifer-
ation and allow intussusception to occur, independently of the
BMP9/ALK1 and angiopoietin/Tie2 pathways. VEGFA signaling
induces SC proliferation by two pathways (RAS and PKC) that
converge on the RAF-MEK-ERK1/2 cascade (figure 4D).”
Normally, EphB4 inhibits the RAS pathway to slow proliferation

and allow for intussusception without arresting vascular devel-
opment.®” Noting RASAT is downstream of EphB4 along this
pathway, these mutations probably also produce arteriovenous
shunts through failed angiogenic intussusception.”® ”* Platelet-
derived growth factor BB seems to have a similar role, regulating
angiogenic intussusception where related mural cell recruitment
limits EC proliferation; however, this vascular maturation, which
includes organizing the glia limitans of the glymphatic system,
does not seem to occur until postnatally.”” 7® Interestingly,
KRAS gain-of-function mutations cause increased MEK-ERK1/2
signaling,®® ®* whereas endoglin loss-of-function mutations inde-
pendently cause abnormal vessel growth with loss of normal EC
migration,”” implicating overlap of hypersprouting and excessive
SC proliferation mechanisms for lesion formation.

This approach helps to simplify the complex information
provided by genomic analysis studies and to better understand
the underlying pathology of the lesions. It should be noted that
this field is advancing rapidly, with even differences in endothe-
lial function and angiogenesis now demonstrated by biological

S(:‘,X.78

VEIN OF GALEN MALFORMATIONS

VoGMs are purely choroidal malformations and account for
approximately 30% of pediatric arteriovenous shunts.”” The
location of the lesion is extraparenchymal, within the menin-
geal space of the velum interpositum and ambient cisterns.®
The primary arterial feeders are the choroidal and transmesen-
cephalic collicular arteries to the tela choroidea and quadrigem-
inal plate, respectively, with recruitment of secondary arterial
feeders later in fetal and postnatal life.*® Venous drainage is via
a persistent, midline dilated MPVM, which can present with a
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Figure 5 Vein of Galen malformation (VoGM). (A) Midline sagittal gray scale and (B) colour Doppler ultrasound of an infant boy presenting with
cardiorespiratory insufficiency. The hypoechoic venous pouch of the VoGM (white arrow) demonstrated high-flow arteriovenous shunting with pulse
wave Doppler (not shown). (C) Midline sagittal time of flight MR angiogram demonstrates multiple superior choroidal arterial feeders from the
anterior cerebral arteries (white arrowhead) with arterialization of the VoGM pouch (white arrow) and a falcine dural sinus (white*). Left internal
carotid artery digital subtraction angiogram in the anterior posterior (D, E) and lateral (F, G) projections during the early (D, F) and late (E, G) arterial
phases of the same patient demonstrate numerous superior and anterior choroidal arterial feeders into the VoGM pouch that drains into the falcine

sinus.

falcine sinus (figure 5), absent straight sinus, or ‘falcine loop’
as described by Raybaud.” These venous outflow variations,
although characteristic, are also seen in ~2% of the popula-
tion.®" A very important consideration is the presence of deep
venous drainage into the VoGM via the ICVs, first described by
Raybaud and stressed by Gailloud and colleagues.” % These may
not be visible in a high-flow fistula without ICV reflux, but are
present in a third of cases with occlusion of the ICVs during
endovascular treatment the most significant cause of iatrogenic
morbidity and mortality.3~%

Recent gene sequencing has reported ~10% of patients
with VoGMs have an EphB4 germline mutation, while exome
sequencing found that mutations in chromatin modifier genes

and EphB4 accounted for ~30% of cases.’® * Although lesion
development was previously thought to relate to thrombosis
of the straight sinus, VoGMs may instead be related to failed
angiogenic intussusception during development of the choroid
plexuses, triggered by an ischemic event. In the presence of
an arteriovenous shunt, transport of VEGFA and other related
growth factors downstream is enhanced and may be responsible
for the failed regression of the MPVM.?” Although VoGMs are
rare and appear sporadic, patients with CM-AVM syndromes
I and II can present with VoGMs along with intracranial and
extracranial AVMs and multifocal capillary malformations and
telangiectasias, with this mechanism providing a plausible expla-
nation for co-existence of all these lesions.®*
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Figure 6 Pial fistula and torcular dural sinus malformations (tDSMs). (A) A young pediatric patient with a RASA1 germline mutation presented
with decreased level of consciousness and was found to have a left medulla parenchymal hematoma with surrounding edema on non-contrast CT.
(B) The hematoma was surrounding two arterialized venous pouches with coronal CT angiography images. Surrounding brainstem edema is seen

on (C) coronal T2-weighted and (D) axial fluid-attenuated inversion recovery (FLAIR) images. Anteroposterior (E) and lateral (F) digital subtraction
angiograms demonstrate a single hole pial arteriovenous fistula from the lateral medullary segment of the right pica (**) draining through a
transosseous vein into the right internal jugular vein (white arrow). There are hilobed post-fistulous venous pouches (black arrow). A second

single hole pial arteriovenous fistula (*) also arises from a hypertrophied medullary perforator, shunting into the deep venous system via lateral
mesencephalic veins (black arrowhead) and into the clival epidural plexus (white arrowhead). (G) Anteroposterior right vertebral artery angiogram
following successful treatment using coil and glue embolization of both pial fistulae. (H) A large tDSM in a patient is demonstrated by a large
hypointense dural venous lake with mass effect on the adjacent brain on T2-weighted fetal MR images. (I) Phase encoded artifact of the tDSM is
noted on gradient echo MR images related to the pulsatile arterialization of the venous sinus. Anteroposterior (J) and lateral (K) digital subtraction
angiograms following a left common carotid artery injection demonstrate a high-flow jet of contrast from a posterior branch of the middle meningeal
artery feeder into the enlarged dural venous sac (black arrow heads). (L) Sagittal T1-weighted and (M) axial FLAIR images of a similar lesion in

a newborn patient who underwent staged endovascular embolization of the arterial feeders. (N) Axial T2-weighted MR and (0) coronal maximal
intensity projection time of flight venogram images 14 years later demonstrate normal developmental appearance of the brain and remodeling of the

dural sinuses.

PIAL FISTULAS

Reports suggest that more than half of pediatric pial fistulas
involve RASA1, HHT1, or HHT2 germline mutations.*
Following the revealing trigger, fistula progression to a bAVM
has been suggested to occur through retention of downstream

vascular channels due to the increased flow-related shear stress
that also induces arteriogenesis (arterialization of a capil-
lary).®"?! This forms the bAVM nidus, with this sequence of lesion
progression demonstrated in patients with HHT.”* As cerebral
blood flow is very low during early development and increases
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threefold in the third trimester and 1.5-fold in the first 2 weeks
of life, these flow-related bAVM maturation events are unlikely
to occur in utero.”™ If the timing of the revealing trigger is
very early, prior to the migration of the neural crest, a metameric
distribution of arteriovenous lesions may present in keeping with
cerebrofacial arteriovenous metameric syndrome.”®?”

RASA1 mutations are classically associated with CM-AVM
type I and associated high-flow pial fistulas and capillary malfor-
mations (figure 6A-G).”® Interestingly, ephrin-B2 is detected in
the urine of pediatric patients with bAVMs, questioning whether
a significant mode of vascular ephrin-B2-EphB4 signaling occurs
through shearing of ephrin-B2 ligands from arteries into the
blood and binding downstream to venous EphB4 receptors.®®

DURAL SINUS MALFORMATIONS

With advances in obstetric imaging, thrombus formation in
the dural sinuses causing enlargement of the torcula is more
common than previously thought, and fortunately, now
known to spontaneously regress with good neurological
outcome in approximately 70% of cases.”” 1°° If arteriove-
nous fistulization occurs, patients can present with signifi-
cant neurological symptoms as the shunt competes with the
normal venous drainage pathway for the neonatal brain via
the dural sinuses. This effect is much more dramatic than in
adults as venous drainage of the middle cerebral vein through
the cavernous sinus does not occur until after birth, meaning
there is no compensatory collateral venous drainage for the
neonatal brain.?’ Abnormal remodeling of the jugular bulb
in response to the fistula also necessitates early treatment.'"!
The dural fistulas are often bilateral with worse prognosis if
there is coexisting cerebral ischemia, hydrovenous disorders,
and/or cardiopulmonary insufficiency.!®” These shunts may
involve the torcula or sigmoid sinus and classically present
with the clinical triad of macrocrania, cranial bruit, and signs
of cardiac failure.'®™ The best treatment is staged emboliza-
tion of arterial feeders until flow reduction enables a natural
regression of the lesion in combination with anticoagulation
(figure 6H-0).

Although mutations involving RASA1 and PTEN have been
reported for congenital DSMs,'* a mechanism similar to that
suggested in adults seems most appropriate. This stems from
a fistula forming in the developing vasa vasorum of the dural
sinuses.!”* Recently, it was demonstrated that low endothelial
expression of connexin37 proteins, which are downstream
of ALK1 signaling, produces vessel dilatation and arteriove-
nous shunts.'” This expression was shown to plummet in the
presence of tumor necrosis factor, suggesting inflammation
related to the thrombosis may contribute to fistula formation.
Significant increases in acute phase reactants have been noted
in patients with DSMs with the onset of thrombosis of their
lesions.'"!

CONCLUSIONS

Having an understanding of cerebral neurovascular devel-
opment is important to fully appreciate the implications
of anatomic variants and congenital arteriovenous lesions
requiring treatment encountered in endovascular neuroradio-
logical practice. Identifying such variations in the neurovas-
culature may also be an indicator of an adjacent structural
malformation. As the interplay between hemodynamics and
genetics is being more thoroughly understood, new insights
into mechanisms of arteriovenous fistula formation are being
discovered. At present, angiogenic disruptions resulting in
hypersprouting and accelerated endothelial proliferation seem

the most likely mechanisms for development of congenital
arteriovenous shunting lesions.

Acknowledgements JK receives career scholarship financial support from the
Fonds de recherché du Quebec-Sante (FRQS).

Contributors Both authors contributed to the ideas and writing of the manuscript,
its review, and approved the final version. The manuscript was also kindly reviewed
by Professor Mohamed Aggour and Professor Jens Fielher on behalf of the European
Society of Minimally Invasive Neurological Therapy (ESMINT) - Basic Science
Education Initiative.

Funding The authors have not declared a specific grant for this research from any
funding agency in the public, commercial or not-for-profit sectors.

Competing interests TK: royalties from Thieme; stock/stock options from
Marblehead; paid consultant for Medtronic, Stryker, Penumbra, and Cerenovus.

Patient consent for publication Not applicable.
Ethics approval This study does not involve human participants.

Provenance and peer review Commissioned; internally peer reviewed.

REFERENCES

1 Streeter GL. The development alterations in the vascular system of the brain of the
human embryo. Contrib Embryol 1918;8:5-38.

2 Padget DH. The development of the cranial arteries in the human embryo. Contr
Embryol 1948;12:205-61.

3 Padget DH. The cranial venous system in man in reference to development, adult
configuration, and relation to the arteries. Am J Anat 1956;98:307-55.

4 Lasjaunias P, Santoyo-Vazquez A. Segmental agenesis of the internal carotid artery:
angiographic aspects with embryological discussion. Anat Clin 1984,6:133-41.

5 Lasjaunias PL, Berenstein A, Raybaud C. Surgical neuroangiography. Berlin, New
York: Springer-Verlag, 1987.

6 Raybaud CA, Strother CM. Persisting abnormal embryonic vessels in intracranial
arteriovenous malformations. Acta Radliol Supp/ 1986,369:136—138.

7 Raybaud CA, Strother CM, Hald JK. Aneurysms of the vein of Galen: embryonic
considerations and anatomical features relating to the pathogenesis of the
malformation. Neuroradiology 1989;31:109-28.

8 Raybaud C. Normal and abnormal embryology and development of the intracranial
vascular system. Neurosurg Clin N Am 2010;21:399-426.

9 Potente M, Makinen T. Vascular heterogeneity and specialization in development and
disease. Nat Rev Mol Cell Biol 2017;18:477-94.

10 Eichmann A, Yuan L, Moyon D, et a/. Vascular development: from precursor cells to
branched arterial and venous networks. Int J Dev Biol 2005;49:259-67.

11 Herbert SP, Huisken J, Kim TN, et al. Arterial-venous segregation by selective cell
sprouting: an alternative mode of blood vessel formation. Science 2009;326:294-8.

12 Swift MR, Weinstein BM. Arterial-venous specification during development. Circ Res
2009;104:576-88.

13 Lehoux S, Jones EA, stress S. Shear stress, arterial identity and atherosclerosis.
Thromb Haemost 2016;115:467-73.

14 Liddelow SA. Development of the choroid plexus and blood-CSF barrier. Front
Neurosci 2015;9:32.

15 Lun MP, Monuki ES, Lehtinen MK. Development and functions of the choroid plexus-
cerebrospinal fluid system. Nat Rev Neurosci 2015;16:445-57.

16 Beets K, Huylebroeck D, Moya IM, et al. Robustness in angiogenesis: notch and BMP
shaping waves. Trends Genet 2013;29:140-9.

17 Mentzer SJ, Konerding MA. Intussusceptive angiogenesis: expansion and remodeling
of microvascular networks. Angiogenesis 2014;17:499-509.

18 Herbert SP, Stainier DYR. Molecular control of endothelial cell behaviour during
blood vessel morphogenesis. Nat Rev Mol Cell Biol 2011;12:551-64.

19 Eichmann A, Thomas J-L. Molecular parallels between neural and vascular
development. Cold Spring Harb Perspect Med 2013;3:a006551.

20 Mullan S, Mojtahedi S, Johnson DL, et a/. Embryological basis of some aspects of
cerebral vascular fistulas and malformations. J Neurosurg 1996;85:1-8.

21 Congdon ED. Transformation of the brachial-arch system during the development of
the human embryo. Contrib Embryol 1922;68:47-110.

22 Kathuria S, Gregg L, Chen J, et al. Normal cerebral arterial development and
variations. Semin Ultrasound CT MR 2011;32:242-51.

23 Kings T, Geibprasert S, Cruz JP. Neurovascular anatomy in interventional
neuroradiology. New York, NY: Thieme Medical Publishers, Inc, 2015: 231.

24 Given CA, Huang-Hellinger F, Baker MD, et al. Congenital absence of the internal
carotid artery: case reports and review of the collateral circulation. AJNR Am J
Neuroradiol 2001;22:1953-9.

25 Silbergleit R, Quint DJ, Mehta BA, et al. The persistent stapedial artery. AJNR Am J
Neuroradiol 2000;21:572-7.

26 Gregg L, San Millan D, Orru" E, et al. Ventral and dorsal persistent primitive
ophthalmic arteries. Oper Neurosurg 2016;12:141-52.

10 of 12

Klostranec JM, Krings T.J Neurolntervent Surg 2022;14:910-919. doi:10.1136/neurintsurg-2021-018607

'salfojouyoal Jejiwis pue ‘Buiurel) |y ‘Buluiw elep pue 1xa1 01 palelal sasn Joj Buipnjoul ‘1ybluAdoos Aq paloslold

" jooyasaboysnwselg
V11-Z39 uswiiedaq e G20z ‘22 AeN uo /wod fwg siuly:dny woly papeojumod "zzoz Arenigad GT Uo 098T0-TZ0Z-61ns1unnau/9eTT 0T St paystignd 1s1iy :6inS JusAI8lujoINeN


http://dx.doi.org/10.1002/aja.1000980302
http://dx.doi.org/10.1007/BF01773165
http://www.ncbi.nlm.nih.gov/pubmed/2980431
http://dx.doi.org/10.1007/BF00698838
http://dx.doi.org/10.1016/j.nec.2010.03.011
http://dx.doi.org/10.1038/nrm.2017.36
http://dx.doi.org/10.1387/ijdb.041941ae
http://dx.doi.org/10.1126/science.1178577
http://dx.doi.org/10.1161/CIRCRESAHA.108.188805
http://dx.doi.org/10.1160/TH15-10-0791
http://dx.doi.org/10.3389/fnins.2015.00032
http://dx.doi.org/10.3389/fnins.2015.00032
http://dx.doi.org/10.1038/nrn3921
http://dx.doi.org/10.1016/j.tig.2012.11.008
http://dx.doi.org/10.1007/s10456-014-9428-3
http://dx.doi.org/10.1038/nrm3176
http://dx.doi.org/10.1101/cshperspect.a006551
http://dx.doi.org/10.3171/jns.1996.85.1.0001
http://dx.doi.org/10.1053/j.sult.2011.02.002
http://www.ncbi.nlm.nih.gov/pubmed/11733331
http://www.ncbi.nlm.nih.gov/pubmed/11733331
http://www.ncbi.nlm.nih.gov/pubmed/10730654
http://www.ncbi.nlm.nih.gov/pubmed/10730654
http://dx.doi.org/10.1227/NEU.0000000000001066
http://jnis.bmj.com/

Clinical neurology

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

Bharatha A, Aviv R, White J, et al. Intracranial arterial fenestrations: frequency

on CT angiography and association with other vascular lesions. Surg Radliol Anat
2008;30:397-401.

Bayrak AH, Senturk S, Akay HO, et al. The frequency of intracranial arterial
fenestrations: a study with 64-detector CT-angiography. Eur J Radiol
2011,77:392-6.

Wollschlaeger G, Wollschlaeger PB, Lucas FV, et al. Experience and result with
postmortem cerebral angiography performed as routine procedure of the autopsy.
Am J Roentgenol Radium Ther Nucl Med 1967;101:68-87.

Gailloud P, Albayram S, Fasel JHD, et al. Angiographic and embryologic
considerations in five cases of middle cerebral artery fenestration. AJNR Am J
Neuroradiol 2002;23:585-7.

Cooke DL, Stout CE, Kim WT, et a/. Cerebral arterial fenestrations. Interv Neuroradiol
2014;20:261-74.

Tasker AD, Byrne JV. Basilar artery fenestration in association with aneurysms of the
posterior cerebral circulation. Neuroradiology 1997;39:185-9.

Krings T, Baccin CE, Alvarez H, et al. Segmental unfused basilar artery with

kissing aneurysms: report of three cases and literature review. Acta Neurochir
2007;149:567-74.

Lasjaunias PL, Berenstein A, KGt B. Surgical neuroangiography. 2nd ed. Berlin New
York: Springer, 2001.

Dimmick SJ, Faulder KC. Normal variants of the cerebral circulation at multidetector
CT angiography. Radiographics 2009;29:1027-43.

Doran SE, Deveikis JP. Chandler WF. Dolichoectasia of the anterior cerebral arteries in
an adolescent. AJNR Am J Neuroradiol 1995;16:1548.

McLaughlin N, Raychev R, Duckwiler G, et al. Pure arterial malformation

of the posterior cerebral artery: importance of its recognition. J Neurosurg
2013;119:655-60.

Brinjikji W, Cloft HJ, Flemming KD, et al. Pure arterial malformations. J Neurosurg
2018;129:91-9.

Klostranec JM, Brinjikji W, Mathur S, et al. Cerebral corticoarterial malformations:

a case series of unilateral polymicrogyria and ipsilateral arterial dysplasia. Clin
Neuroradiol 2020;30:389-94.

Zampakis P, Panagiotopoulos V, Petsas T, et al. Common and uncommon intracranial
arterial anatomic variations in multi-detector computed tomography angiography
(MDCTA). what radiologists should be aware of. Insights Imaging 2015;6:33-42.
Takahashi S, Suga T, Kawata Y, et al. Anterior choroidal artery: angiographic analysis
of variations and anomalies. AJNR Am J Neuroradiol 1990;11:719-29.

Lindsberg PJ, Pekkola J, Strbian D. Time window for recanalization in basilar artery
occlusion: speculative synthesis. Neurology 2015;85:1806—15.

Isaji T, Yasuda M, Kawaguchi R, et al. Posterior inferior cerebellar artery with an
extradural origin from the V, segment: higher incidence on the nondominant
vertebral artery. J Neurosurg Spine 2018;28:154-9.

Pearl M, Gregg L, Gandhi D. Cerebral venous development in relation to
developmental venous anomalies and vein of Galen aneurysmal malformations.
Semin Ultrasound CT MR 2011;32:252-63.

Auyeung KM, Laughlin S, Terbrugge KG. Prenatal diagnosis of unusual fetal pial
arteriovenous malformation. A case report. Interv Neuroradiol 2003;9:163-8.
Lasjaunias P. A revised concept of the congenital nature of cerebral arteriovenous
malformations. Interv Neuroradiol 1997;3:275-81.

Krings T, Geibprasert S, Terbrugge K. Classification and endovascular management of
pediatric cerebral vascular malformations. Neurosurg Clin N Am 2010;21:463-82.
Klostranec JM, Chen L, Mathur S, et al. A theory for polymicrogyria and brain
arteriovenous malformations in HHT. Neurology 2019;92:34-42.

Lapinski PE, Doosti A, Salato V, et al. Somatic second hit mutation of RASA1 in
vascular endothelial cells in capillary malformation-arteriovenous malformation. £ur
J Med Genet 2018;61:11-16.

Duran D, Zeng X, Jin SC, et al. Mutations in chromatin modifier and ephrin signaling
genes in vein of Galen malformation. Neuron 2019;101:429-43.

Snellings DA, Gallione CJ, Clark DS, et al. Somatic mutations in vascular
malformations of hereditary hemorrhagic telangiectasia result in bi-allelic loss of Eng
or ACVRL1. Am J Hum Genet 2019;105:894-906.

Vidyasagar C. Persistent embryonic veins in arteriovenous malformations of the
brain. Acta Neurochir 1978;40:103-16.

Vidyasagar C. Persistent embryonic veins in arteriovenous malformations of the
posterior fossa. Acta Neurochir 1979;48:67-82.

Vidyasagar C. Persistent embryonic veins in the arteriovenous malformation of the
diencephalon. Acta Neurochir 1979;47:63-82.

Mullan S, Mojtahedi S, Johnson DL, et al. Cerebral venous malformation-
arteriovenous malformation transition forms. J Neurosurg 1996;85:9-13.

Lacoste B, Gu C. Control of cerebrovascular patterning by neural activity during
postnatal development. Mech Dev 2015;138 Pt 1:43-9.

Rossi E, Smadja DM, Boscolo E, et al. Endoglin regulates mural cell adhesion in the
circulatory system. Cell Mol Life Sci 2016;73:1715-39.

Uccelli A, Wolff T, Valente P, et al. Vascular endothelial growth factor biology for
regenerative angiogenesis. Swiss Med Wkly 2019;149:w20011.

Noguera-Troise |, Daly C, Papadopoulos NJ, et a/. Blockade of DII4 inhibits tumour
growth by promoting non-productive angiogenesis. Nature 2006;444:1032—7.

60

61

62

63

64

65

66

67

68

69

70

7

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

Ridgway J, Zhang G, Wu Y, et al. Inhibition of DII4 signalling inhibits tumour growth
by deregulating angiogenesis. Nature 2006;444:1083-7.

Baeyens N, Larrivée B, Ola R, et al. Defective fluid shear stress mechanotransduction
mediates hereditary hemorrhagic telangiectasia. J Cell Biol 2016;214:807-16.
Groppa E, Brkic S, Uccelli A, et al. EphrinB2/EphB4 signaling regulates non-sprouting
angiogenesis by VEGF. EMBO Rep 2018;19. doi:10.15252/embr.201745054. [Epub
ahead of print: 11 04 2018].

Nikolaev Sl, Vetiska S, Bonilla X, et al. Somatic activating KRAS mutations in
arteriovenous malformations of the brain. N Engl J Med 2018;378:250-61.

Fish JE, Flores Suarez CP, Boudreau E, et a/. Somatic gain of KRAS function in the
endothelium is sufficient to cause vascular malformations that require MEK but not
PI3K signaling. Circ Res 2020;127:727-43.

Sawamiphak S, Seidel S, Essmann CL, et al. Ephrin-B2 requlates VEGFR2 function in
developmental and tumour angiogenesis. Nature 2010;465:487-91.

Wang Y, Nakayama M, Pitulescu ME, et a/. Ephrin-B2 controls VEGF-induced
angiogenesis and lymphangiogenesis. Nature 2010;465:483-6.

Kania A, Klein R. Mechanisms of ephrin-Eph signalling in development, physiology
and disease. Nat Rev Mol Cell Biol 2016;17:240-56.

Fehnel KP, Penn DL, Duggins-Warf M, et al. Dysregulation of the EphrinB2-EphB4
ratio in pediatric cerebral arteriovenous malformations is associated with endothelial
cell dysfunction in vitro and functions as a novel noninvasive biomarker in patients.
Exp Mol Med 2020;52:658-71.

Faughnan ME, Palda VA, Garcia-Tsao G, et a/. International guidelines for the
diagnosis and management of hereditary haemorrhagic telangiectasia. / Med Genet
2011,48:73-817.

Masumura T, Yamamoto K, Shimizu N, et al. Shear stress increases expression of the
arterial endothelial marker ephrinB2 in murine ES cells via the VEGF-Notch signaling
pathways. Arterioscler Thromb Vasc Biol 2009;29:2125-31.

Jakobsson L, Arthur HM. Oncogenes in brain arteriovenous malformations. Circ Res
2020;127:744-6.

Simons M, Gordon E, Claesson-Welsh L. Mechanisms and regulation of endothelial
VEGF receptor signalling. Nat Rev Mol Cell Biol 2016;17:611-25.

Kawasaki J, Aegerter S, Fevurly RD, et al. RASA1 functions in EphB4 signaling
pathway to suppress endothelial mTORC1 activity. / Clin Invest 2014;124:2774-84.
Zeng X, Hunt A, Jin SC, et al. EphrinB2-EphB4-RASA1 signaling in human
cerebrovascular development and disease. Trends Mol Med 2019;25:265-86.
Gianni-Barrera R, Butschkau A, Uccelli A, et al. PDGF-BB regulates splitting
angiogenesis in skeletal muscle by limiting VEGF-induced endothelial proliferation.
Angiogenesis 2018;21:883-900.

Munk AS, Wang W, Béchet NB, et al. PDGF-BB is required for development of the
glymphatic system. Cell Rep 2019;26:2955-69.

Bautch VL. Endoglin moves and shapes endothelial cells. Nat Cell Biol
2017;19:593-5.

Cattaneo MG, Vanetti C, Decimo |, et al. Sex-specific eNOS activity and function in
human endothelial cells. Sci Rep 2017;7:9612.

Duran D, Karschnia P, Gaillard JR, et al. Human genetics and molecular mechanisms
of vein of Galen malformation. J Neurosurg Pediatr 2018;21:367-74.

Gailloud P, O'Riordan DP, Burger |, et al. Diagnosis and management of vein of
Galen aneurysmal malformations. J Perinato/ 2005;25:542-51.

Ryu C-W. Persistent falcine sinus: is it really rare? AJNR Am J Neuroradiol
2010;31:367-9.

Gailloud P, O'riordan DP, Burger |, et al. Confirmation of communication between
deep venous drainage and the vein of Galen after treatment of a vein of Galen
aneurysmal malformation in an infant presenting with severe pulmonary
hypertension. AJNR Am J Neuroradiol 2006;27:317-20.

Pearl M, Gomez J, Gregg L, et al. Endovascular management of vein of Galen
aneurysmal malformations. Influence of the normal venous drainage on the choice of
a treatment strategy. Childs Nerv Syst 2010;26:1367-79.

Bhatia K, Mendes Pereira V, Krings T, et al. Factors contributing to major neurological
complications from vein of Galen malformation embolization. JAMA Neurol
2020;77:992-9.

Kortman H, Navaei E, Raybaud CA, et al. Deep venous communication in vein

of Galen malformations: incidence, imaging, and implications for treatment. J
Neurointerv Surg 2021;13:290-3.

Vivanti A, Ozanne A, Grondin C, et al. Loss of function mutations in EphB4 are
responsible for vein of Galen aneurysmal malformation. Brain 2018;141:979-88.
Ghaffari S, Leask RL, Jones EAV. Blood flow can signal during angiogenesis not only
through mechanotransduction, but also by affecting growth factor distribution.
Angiogenesis 2017;20:373-84.

Amyere M, Revencu N, Helaers R, et al. Germline loss-of-function mutations in
EphB4 cause a second form of capillary malformation-arteriovenous malformation
(CM-AVM2) deregulating Ras-MAPK signaling. Circulation 2017;136:1037-48.
Saliou G, Eyries M, lacobucci M, et al. Clinical and genetic findings in children with
central nervous system arteriovenous fistulas. Ann Neurol 2017,82:972-80.
Meschia JF. Discovery of a cause of vein of Galen malformations. Brain
2018;141:936-8.

Simons M, Eichmann A. Molecular controls of arterial morphogenesis. Circ Res
2015;116:1712-24.

Klostranec JM, Krings T.J Neurointervent Surg 2022;14:910-919. doi:10.1136/neurintsurg-2021-018607

110f 12

'salfojouyoal Jejiwis pue ‘Buiurel) |y ‘Buluiw elep pue 1xa1 01 palelal sasn Joj Buipnjoul ‘1ybluAdoos Aq paloslold

" jooyasaboysnwselg
V11-Z39 uswiiedaq e G20z ‘22 AeN uo /wod fwg siuly:dny woly papeojumod "zzoz Arenigad GT Uo 098T0-TZ0Z-61ns1unnau/9eTT 0T St paystignd 1s1iy :6inS JusAI8lujoINeN


http://dx.doi.org/10.1007/s00276-008-0340-7
http://dx.doi.org/10.1016/j.ejrad.2009.09.015
http://dx.doi.org/10.2214/ajr.101.1.68
http://www.ncbi.nlm.nih.gov/pubmed/11950648
http://www.ncbi.nlm.nih.gov/pubmed/11950648
http://dx.doi.org/10.15274/INR-2014-10027
http://dx.doi.org/10.1007/s002340050389
http://dx.doi.org/10.1007/s00701-007-1118-0
http://dx.doi.org/10.1148/rg.294085730
http://www.ncbi.nlm.nih.gov/pubmed/7484654
http://dx.doi.org/10.3171/2013.4.JNS121374
http://dx.doi.org/10.3171/2017.2.JNS1744
http://dx.doi.org/10.1007/s00062-019-00824-x
http://dx.doi.org/10.1007/s00062-019-00824-x
http://dx.doi.org/10.1007/s13244-014-0381-x
http://www.ncbi.nlm.nih.gov/pubmed/2114757
http://dx.doi.org/10.1212/WNL.0000000000002129
http://dx.doi.org/10.3171/2017.5.SPINE161286
http://dx.doi.org/10.1053/j.sult.2011.02.001
http://dx.doi.org/10.1177/159101990300900205
http://dx.doi.org/10.1177/159101999700300401
http://dx.doi.org/10.1016/j.nec.2010.03.010
http://dx.doi.org/10.1212/WNL.0000000000006686
http://dx.doi.org/10.1016/j.ejmg.2017.10.004
http://dx.doi.org/10.1016/j.ejmg.2017.10.004
http://dx.doi.org/10.1016/j.neuron.2018.11.041
http://dx.doi.org/10.1016/j.ajhg.2019.09.010
http://dx.doi.org/10.1007/BF01773118
http://dx.doi.org/10.1007/BF01406021
http://dx.doi.org/10.1007/BF01404664
http://dx.doi.org/10.3171/jns.1996.85.1.0009
http://dx.doi.org/10.1016/j.mod.2015.06.003
http://dx.doi.org/10.1007/s00018-015-2099-4
http://dx.doi.org/10.4414/smw.2019.20011
http://dx.doi.org/10.1038/nature05355
http://dx.doi.org/10.1038/nature05313
http://dx.doi.org/10.1083/jcb.201603106
http://dx.doi.org/10.15252/embr.201745054
http://dx.doi.org/10.1056/NEJMoa1709449
http://dx.doi.org/10.1161/CIRCRESAHA.119.316500
http://dx.doi.org/10.1038/nature08995
http://dx.doi.org/10.1038/nature09002
http://dx.doi.org/10.1038/nrm.2015.16
http://dx.doi.org/10.1038/s12276-020-0414-0
http://dx.doi.org/10.1136/jmg.2009.069013
http://dx.doi.org/10.1161/ATVBAHA.109.193185
http://dx.doi.org/10.1161/CIRCRESAHA.120.317722
http://dx.doi.org/10.1038/nrm.2016.87
http://dx.doi.org/10.1172/JCI67084
http://dx.doi.org/10.1016/j.molmed.2019.01.009
http://dx.doi.org/10.1007/s10456-018-9634-5
http://dx.doi.org/10.1016/j.celrep.2019.02.050
http://dx.doi.org/10.1038/ncb3543
http://dx.doi.org/10.1038/s41598-017-10139-x
http://dx.doi.org/10.3171/2017.9.PEDS17365
http://dx.doi.org/10.1038/sj.jp.7211349
http://dx.doi.org/10.3174/ajnr.A1794
http://www.ncbi.nlm.nih.gov/pubmed/16484400
http://dx.doi.org/10.1007/s00381-010-1257-0
http://dx.doi.org/10.1001/jamaneurol.2020.0825
http://dx.doi.org/10.1136/neurintsurg-2020-016224
http://dx.doi.org/10.1136/neurintsurg-2020-016224
http://dx.doi.org/10.1093/brain/awy020
http://dx.doi.org/10.1007/s10456-017-9553-x
http://dx.doi.org/10.1161/CIRCULATIONAHA.116.026886
http://dx.doi.org/10.1002/ana.25106
http://dx.doi.org/10.1093/brain/awy066
http://dx.doi.org/10.1161/CIRCRESAHA.116.302953
http://jnis.bmj.com/

Clinical neurology

92 Krings T, Chng SM, Ozanne A, et al. Hereditary hemorrhagic telangiectasia in 99 Fanou EM, Reeves MJ, Howe DT, et al. In utero magnetic resonance imaging for
children: endovascular treatment of neurovascular malformations: results in 31 diagnosis of dural venous sinus ectasia with thrombosis in the fetus. Pediatr Radiol
patients. Neuroradiology 2005;47:946-54. 2013;43:1591-8.

93 Pellicer A, Valverde E, Gaya F, et al. Postnatal adaptation of brain circulation in 100 Yang E, Storey A, Olson HE, et al. Imaging features and prognostic factors in fetal
preterm infants. Pediatr Neurol 2001;24:103-9. and postnatal torcular dural sinus malformations, part II: synthesis of the literature

94 Kehrer M, Blumenstock G, Ehehalt S, et a/. Development of cerebral blood flow and patient management. J Neurointerv Surg 2018;10:471-5.
volume in preterm neonates during the first two weeks of life. Pediatr Res 101 Liby P, Lomachinsky V, Petrak B, et a/. Torcular dural sinus malformations:
2005;58:927-30. a single-center case series and a review of literature. Childs Nerv Syst

95 Clouchoux C, du Plessis A, Bouyssi-Kobar M, et al. Delayed cortical development in 2020;36:333-41.
fetuses with complex congenital heart disease. Cereb Cortex 2013;23:2932-43. 102 Yang E, Storey A, Olson HE, et al. Imaging features and prognostic factors in fetal

96 Bhattacharya JJ, Luo CB, Suh DC, et a/. Wyburn-Mason or Bonnet-Dechaume-Blanc and postnatal torcular dural sinus malformations, part I: review of experience at
as cerebrofacial arteriovenous metameric syndromes (CAMS). A new concept and a Boston children'’s Hospital. J Neurointerv Surg 2018;10:467-70.
new classification. Interv Neuroradiol 2001;7:5-17. 103 YuJ,Lv X, LiY, et al. Therapeutic progress in pediatric intracranial dural arteriovenous

97 Q'Loughlin L, Groves ML, Miller NR, et al. Cerebrofacial arteriovenous metameric shunts: a review. Interv Neuroradiol 2016;22:548-56.
syndrome (CAMS): a spectrum disorder of craniofacial vascular malformations. Childs 104 Mullan S. Reflections upon the nature and management of intracranial and
Nerv Syst 2017;33:513-6. intraspinal vascular malformations and fistulae. J Neurosurg 1994;80:606—16.

98 Eerola I, Boon LM, Mulliken JB, et al. Capillary malformation-arteriovenous 105 Peacock HM, Tabibian A, Criem N, et al. Impaired Smad1/5 mechanotransduction
malformation, a new clinical and genetic disorder caused by RASA1 mutations. Am J and Cx37 (connexin37) expression enable pathological vessel enlargement and
Hum Genet 2003;73:1240-9. shunting. Arterioscler Thromb Vasc Biol 2020;40:¢87-104.

12 0f 12 Klostranec JM, Krings T.J Neurolntervent Surg 2022;14:910-919. doi:10.1136/neurintsurg-2021-018607

'salfojouyoal Jejiwis pue ‘Buiurel) |y ‘Buluiw elep pue 1xa1 01 palelal sasn Joj Buipnjoul ‘1ybluAdoos Aq paloslold

" jooyasaboysnwselg
V11-Z39 uswiiedaq e G20z ‘22 AeN uo /wod fwg siuly:dny woly papeojumod "zzoz Arenigad GT Uo 098T0-TZ0Z-61ns1unnau/9eTT 0T St paystignd 1s1iy :6inS JusAI8lujoINeN


http://dx.doi.org/10.1007/s00234-005-1448-7
http://dx.doi.org/10.1016/S0887-8994(00)00239-3
http://dx.doi.org/10.1203/01.PDR.0000182579.52820.C3
http://dx.doi.org/10.1093/cercor/bhs281
http://dx.doi.org/10.1177/159101990100700101
http://dx.doi.org/10.1007/s00381-016-3277-x
http://dx.doi.org/10.1007/s00381-016-3277-x
http://dx.doi.org/10.1086/379793
http://dx.doi.org/10.1086/379793
http://dx.doi.org/10.1007/s00247-013-2745-7
http://dx.doi.org/10.1136/neurintsurg-2017-013343
http://dx.doi.org/10.1007/s00381-019-04280-3
http://dx.doi.org/10.1136/neurintsurg-2017-013344
http://dx.doi.org/10.1177/1591019916653254
http://dx.doi.org/10.3171/jns.1994.80.4.0606
http://dx.doi.org/10.1161/ATVBAHA.119.313122
http://jnis.bmj.com/

	Cerebral neurovascular embryology, anatomic variations, and congenital brain arteriovenous lesions
	Abstract
	Vasculogenesis
	Angiogenesis
	Morphogenesis of the ascending aortic arch and great vessels
	Anatomic variations: head and neck vessels
	Common origin of the brachiocephalic and left common carotid arteries
	Aberrant right subclavian artery
	Carotid aplasia or hypoplasia
	Aberrant internal carotid artery and persistent stapedial artery

	Morphogenesis of surface brain arteries
	Stage 1 (4–5 mm, 28–29 days)
	Stage 2 (5–6 mm, 29 days)
	Stage 3 (7–12 mm, 32 days)
	Stage 4 (12–14 mm, 35 days)
	Stage 5 (16–18 mm, 40 days)
	Stage 6 (20–24 mm, 44 days) and stage 7 (40 mm, 52 days)

	Anatomic variations: surface brain arteries
	Fenestrations
	Persistent vestigial arteries
	Azygous ACA
	Infraoptic course of the ACA
	Persistent primary olfactory artery
	MCA duplication and accessory MCA
	Pure arterial malformations
	Fetal PCA
	‘Duplicate’ PCAs/hyperplastic AChA
	Incomplete fusion of the basilar tip
	Variations in SCA, AICA, and PICA


	Venous system development
	Congenital arteriovenous lesions
	Vein of Galen malformations
	Pial fistulas
	Dural sinus malformations
	Conclusions
	References


