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What is a vein of Galen malformation?
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 Cardiac Findings in the Fetus with 
Cerebral Arteriovenous Malformation 
Are Associated with Adverse Outcome  

 Max E. Godfrey    a, b     Wayne Tworetzky    a, b     Donna Morash    c     Kevin G. Friedman    a, b  

  a    Department of Cardiology, Children’s Hospital Boston,  b    Department of Pediatrics, Harvard Medical School, and 
 c    Advanced Fetal Care Center, Boston Children’s Hospital,  Boston Mass. , USA

 

nonsurvival, and nonsurvivors had a higher iCCO than con-
trols (990 vs. 550 ml/kg/min, p = 0.035). A larger difference 
between the TV and mitral valve z-scores (surrogate for RV 
dilation, p = 0.052), and CTR >0.38 (p = 0.0762) tended to-
wards nonsurvival.  Conclusion:  CAVMs impose volume load 
on the fetal circulation, mainly affecting right heart struc-
tures. Increased right heart dilation and dysfunction are as-
sociated with nonsurvival.  © 2016 S. Karger AG, Basel 

 Introduction 

 Vein of Galen and other cerebral arteriovenous mal-
formations (CAVMs) are rare lesions, with an estimated 
incidence of approximately 18 per 100,000 adults  [1] , al-
though they are thought to comprise up to 30% of pedi-
atric vascular malformations  [2] . Untreated symptomatic 
CAVMs in the neonatal period are associated with almost 
100% mortality  [3, 4] . Even when treated, morbidity and 
mortality remain high, with in-hospital mortality ranging 

 Key Words 
 Fetal echocardiography · Arteriovenous malformation · 
Prognosis · Cardiac output · Fetal physiology 

 Abstract 
  Objectives:  To assess cardiac sequelae of fetal cerebral arte-
riovenous malformations (CAVMs) and evaluate any associa-
tion with outcomes.  Methods:  We retrospectively analyzed 
cardiac structure and function in fetuses with CAVMs who 
underwent fetal echocardiography (October 1999 to August 
2015, n = 11), and compared them with normal controls.  Re-
sults:  The median gestational age was 36 weeks (range 18–
38). Common abnormal findings included dilated superior 
vena cava (100%) and right atrium (82%), reduced middle 
cerebral artery pulsatility index (86%), tricuspid regurgita-
tion (82%), and right ventricular (RV) dysfunction (64%). Hy-
drops was present in 1 fetus, who did not survive. The me-
dian cardiothoracic ratio (CTR) was 0.36 (0.29–0.45, n = 10); 
the median combined cardiac output indexed to estimated 
fetal weight (iCCO) was 565 ml/kg/min (379–1,565, n = 7). Of 
the 11 fetuses, 1 patient elected for termination, and 5 suf-
fered neonatal demise. Comparing survivors (n = 5) and non-
survivors (n = 6), a larger tricuspid valve (TV) z-score (p = 
0.009) and RV dysfunction (p = 0.015) were associated with 

 Received: March 3, 2016 
 Accepted after revision: April 22, 2016 
 Published online: June 3, 2016 

 Dr. Kevin G. Friedman, MD 
 Department of Pediatric Cardiology, Boston Children’s Hospital 
 300 Longwood Avenue 
 Boston, MA 02115 (USA) 
 E-Mail Kevin.Friedman   @   cardio.chboston.org 

 © 2016 S. Karger AG, Basel
1015–3837/16/0000–0000$39.50/0 
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 The data from this study were presented in part at the ACC 2016
Scientific Sessions, April 4, 2016. 
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vors (n = 6), the tricuspid valve (TV) z-score was larger 
in the nonsurvivor group ( fig. 2 , p = 0.009) when analyzed 
as a continuous variable, and having a TV z-score >2 was 
significantly associated with nonsurvival (Fisher’s exact 
test p = 0.015). RV dysfunction was also associated with 
nonsurvival (Fisher’s exact test p = 0.015). A larger differ-
ence between TV and mitral valve (MV) z-scores (TVz-

MVz, used as a surrogate for increased RV dilation, p = 
0.052) and CTR >0.38 (Fisher’s exact test p = 0.076) both 
trended towards association with nonsurvival. When 
compared with our institutional normal fetal data, the 
nonsurvivors had a significantly higher median iCCO 
(990 vs. 550 ml/kg/min, p = 0.035, n = 3 for nonsurvivors’ 
iCCO;  fig. 3 ). 

a b

c d

  Fig. 1.   a  Four-chamber view illustrating dilation of the right atrium and ventricle.  b  Bicaval view illustrating se-
vere dilation of the SVC ( * ) relative to the IVC.  c  Three-vessel view showing the dilated SVC ( * ) in cross section. 
 d  Long axis of the aortic arch showing retrograde flow around the arch from the descending aorta. 
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Introduction Cerebral arteriovenous shunts (CAVS) in the
pediatric population cannot be compared to those in adults
as they present different anatomical, physiological, and
pathological characteristics concerning the arterial and ve-
nous vasculature and the cerebrospinal fluid physiology.
These lesions develop in a maturing brain, of which expres-
sion is difficult to assess, with a potential for recovery
different from that in adults.
Discussion Their impact on the brain will be different in the
antenatal period, in neonates, in infants, and in children,
with variable symptoms according to each age group. We
review different classifications of pediatric CAVS
(according to the anatomical space in which they develop,
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veal), describe their evolution, and discuss the current role
of endovascular treatment in the management of these vas-
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acteristics concerning the arterial and venous vasculature
and the cerebrospinal fluid (CSF) physiology. These lesions
develop indeed in a maturing brain, of which expression is
difficult to assess, with a potential for recovery different
from that in adults. Their repercussions on the cerebral
parenchyma will be different in the antenatal period, in
neonates, in infants, and in children, with variable symp-
toms according to each age group. This emphasizes the
importance of the concept of “host,” developed in the early
1980s by Pierre Lasjaunias and Alex Berenstein [25], who
depicted the fact that two identical lesions may give rise to
different manifestations in two different patients, confirming
that it is not the shunt that is aggressive, it is the host that is
weak. A proper analysis and understanding of the CAVS
and of its relationships with the brain and the regional
vasculature is thus of paramount importance to assess ther-
apeutic indications and to correctly select the aim of treat-
ment and time frame for intervention in order to avoid
dramatic consequences on brain development.

Peculiar aspects of pediatric intracranial arteriovenous
shunts

Classifications

There are several ways to consider and classify pediatric
CAVS according to the anatomical space in which they

L. Roccatagliata :G. Rodesch (*)
Service de Neuroradiologie Diagnostique et Thérapeutique,
Hôpital Foch, 40 Rue Worth,
92150 Suresnes, France
e-mail: g.rodesch@hopital-foch.org

L. Roccatagliata
Department of Health Sciences (DISSAL), University of Genoa,
Genoa, Italy

S. Bracard
Department of Diagnostic and Therapeutic Neuroradiology, Nancy
University Hospital, Nancy, France

S. Holmin :M. Soderman
Department of Neuroradiology, Karolinska University Hospital,
Stockholm, Sweden

Childs Nerv Syst (2013) 29:907–919
DOI 10.1007/s00381-013-2114-8

REVIEW PAPER

Pediatric intracranial arteriovenous shunts:
a global overview

Luca Roccatagliata & Serge Bracard & Staffan Holmin &

Michael Soderman & Georges Rodesch

Received: 5 April 2013 /Accepted: 11 April 2013 /Published online: 28 April 2013
# Springer-Verlag Berlin Heidelberg 2013

Abstract
Introduction Cerebral arteriovenous shunts (CAVS) in the
pediatric population cannot be compared to those in adults
as they present different anatomical, physiological, and
pathological characteristics concerning the arterial and ve-
nous vasculature and the cerebrospinal fluid physiology.
These lesions develop in a maturing brain, of which expres-
sion is difficult to assess, with a potential for recovery
different from that in adults.
Discussion Their impact on the brain will be different in the
antenatal period, in neonates, in infants, and in children,
with variable symptoms according to each age group. We
review different classifications of pediatric CAVS
(according to the anatomical space in which they develop,
their type and architecture, and the age at which they re-
veal), describe their evolution, and discuss the current role
of endovascular treatment in the management of these vas-
cular lesions.

Keywords Vein of Galen aneurysmal malformations . Pial
cerebral arteriovenous fistulas . Cerebral arteriovenous

malformations . Dural sinus malformations . Interventional
neuroradiology . Pediatric

Introduction

Cerebral arteriovenous shunts (CAVS) in the pediatric pop-
ulation cannot be compared to those in adults as they present
different anatomical, physiological, and pathological char-
acteristics concerning the arterial and venous vasculature
and the cerebrospinal fluid (CSF) physiology. These lesions
develop indeed in a maturing brain, of which expression is
difficult to assess, with a potential for recovery different
from that in adults. Their repercussions on the cerebral
parenchyma will be different in the antenatal period, in
neonates, in infants, and in children, with variable symp-
toms according to each age group. This emphasizes the
importance of the concept of “host,” developed in the early
1980s by Pierre Lasjaunias and Alex Berenstein [25], who
depicted the fact that two identical lesions may give rise to
different manifestations in two different patients, confirming
that it is not the shunt that is aggressive, it is the host that is
weak. A proper analysis and understanding of the CAVS
and of its relationships with the brain and the regional
vasculature is thus of paramount importance to assess ther-
apeutic indications and to correctly select the aim of treat-
ment and time frame for intervention in order to avoid
dramatic consequences on brain development.

Peculiar aspects of pediatric intracranial arteriovenous
shunts

Classifications

There are several ways to consider and classify pediatric
CAVS according to the anatomical space in which they

L. Roccatagliata :G. Rodesch (*)
Service de Neuroradiologie Diagnostique et Thérapeutique,
Hôpital Foch, 40 Rue Worth,
92150 Suresnes, France
e-mail: g.rodesch@hopital-foch.org

L. Roccatagliata
Department of Health Sciences (DISSAL), University of Genoa,
Genoa, Italy

S. Bracard
Department of Diagnostic and Therapeutic Neuroradiology, Nancy
University Hospital, Nancy, France

S. Holmin :M. Soderman
Department of Neuroradiology, Karolinska University Hospital,
Stockholm, Sweden

Childs Nerv Syst (2013) 29:907–919
DOI 10.1007/s00381-013-2114-8

create reflux into the contributors of the vein of Galen
(Fig. 4). VGADs are true brain AVSs corresponding in
most cases to a deep-seated cerebral arteriovenous mal-
formation (CAVM) that may present with all the symp-
toms associated with this location and type of lesion,
including hemorrhages. Whereas VGAMs are most often
encountered in neonates and infants, VGDs are often
seen in older children. It is important to distinguish
VGAM from VGDs as they are different diseases with
different natural histories and requiring different thera-
peutic strategies.

Clinical presentation of VGAM

Historically, in the literature, there are different published
series describing the clinical presentations and natural history
of VGAMs. In 1964, Gold reported a series of 34 patients [12]
and described 3 consecutive clinical stages in patients with
VGAMs: (1) neonates with cardiac insufficiency, (2) infants
and young children with hydrocephalus and seizures, and (3)
older children or adults with headaches and subarachnoid
hemorrhage. In 1978, Amacher [1] added a fourth group that
included neonates and infants with macrocephaly and

Fig. 2 Mural type of vein of Galen malformation. a Axial T1-weight-
ed MRI: note the large venous ectasia of the medial vein of the
prosencephalon (asterisk). The arterial feeders are not clearly depicted:
the picture evokes a direct fistulous aspect of the shunt. Hydrodynamic
disorders have occurred with hydrocephalus and subependymal CSF

resorption. b Angiography with left vertebral artery injection,
anteroposterior (AP) view demonstrates the mural type of vein of
Galen malformation with two direct shunts in the wall of the venous
ectasia vascularized by posteromedial choroidal arteries (arrows)

Fig. 3 Choroidal type of vein
of Galen malformation. a Axial
T2-weighted image of a
choroidal type of VGAM with
diffuse shunts in the left
choroidal fissure (asterisk). b
Angiography in the same
patient; left vertebral artery
injection, lateral view, shows a
diffuse network of pathological
vessels interposed between the
arterial feeders and the draining
vein (asterisk)

910 Childs Nerv Syst (2013) 29:907–919

minimal cardiac symptoms. Johnston and coworkers [15]
reviewed the clinical presentations of 82 VGAMs. They de-
scribed CSF disorders in 70 %, neurologic deficits in 31 %,
and neurocognitive delay in 12 %. Among children aged 1 to
5 years, these symptoms occurred in 61, 33, and 5 %,
respectively.

These series, often heterogeneous in terms of neuroradio-
logical assessment and patient management, did not provide
information valuable enough to predict subsequent clinical
evolutions in a given VGAM patient. Lasjaunias and collab-
orators, thanks to their experience accumulated over a period
of 20 years with a large, homogeneous population of
patients with VGAM, developed an approach to read
clinical features through a diagrammatic presentation
(Fig. 5). Using this method, in each individual with
VGAM, as soon as a given clinical stage is identified,
the subsequent evolution can be anticipated. Thus, this
frame is helpful to determine the optimal timing for
treatment (therapeutic window) [26].

The prenatal diagnosis of VGAM is possible by ultra-
sound [33, 42] or magnetic resonance imaging (MRI) [28]
usually during the third trimester of pregnancy. An “in
utero” diagnosis of VGAM without any signs of multiorgan
failure or brain parenchymal changes is not per se indicative
of a poor outcome. On the other hand, the identification of “in
utero” cardiac failure (with supraventricular extra systole,
tricuspid valve insufficiency, and tachycardia over 200 bpm)
indicates a poor prognosis. These latter findings are frequently
associated with severe, irreversible multiorgan failure at birth
and irreversible brain damage [9, 40].

Presentation in neonates is most commonly character-
ized by congestive heart failure. Cardiac manifestations

have been well described in neonates with VGAM [9].
Cardiac symptoms may vary from mild overload to cardio-
genic shock and multiorgan failure [6]; systemic manifesta-
tions have to be assessed and taken into consideration for
treatment decisions. Lasjaunias and collaborators have de-
veloped a specific neonatal evaluation scoring system that
takes into account neurological, cardiac, respiratory, renal,
and hepatic functions (Table 2). The Toronto group has
further reported additional recommendations on the utiliza-
tion of that neonatal evaluation [10, 27].

The evaluation scale is helpful in determining the optimal
time frame for treatment (therapeutic window). A score
below 8 out of 21 indicates a poor systemic or neurological
outcome and may lead to withhold therapy. Scores between
8 and 12 out of 21 mandate emergency endovascular inter-
vention; a score higher than 12 out of 21 suggests that the
clinical situation can be managed medically and that well-
conducted medical therapy should be able to stabilize the
hemodynamic situation, allowing endovascular treatment
when the child is around 5–6 months of age. During that
time, children will be regularly controlled clinically every
month and by MRI every 2 months, in order to anticipate
any failure to thrive or symptom progression that would
then lead to earlier management.

Hydrodynamic disorders are the main revealing feature in
infants, when the diagnosis of VGAM has not been
achieved earlier. They can, however, be seen also in fetuses
or neonates in case of early failure of the compliance in the
CSF physiology.

The CSF absorption system of neonates relies on brain
capillaries, and at this age, the medullary venous system
plays a role in the maintenance of cerebral water homeostasis.

Fig. 4 Vein of Galen aneurysmal dilatation. a T2-weighted MRI, axial
view: although the vein of Galen is dilated (asterisk), another venous
ectasia is detected on the left lateral flank of the vein of Galen (arrow)
but separated from it. This picture is suspected to correspond to a first
venous ectasia that drains initially a CAVF, before joining the vein of
Galen itself. Note the hydrovenous disorders represented by cortical

atrophy with wide sulci in this infant child. b Left vertebral angiogra-
phy, AP view. The choroidal AVF is well depicted, draining first into a
choroidal venous ectasia (arrow) before joining the vein of Galen
(asterisk). This lesion corresponds to a “true” CAVM draining into a
dilated vein of Galen and not to a vein of Galen malformation
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create reflux into the contributors of the vein of Galen
(Fig. 4). VGADs are true brain AVSs corresponding in
most cases to a deep-seated cerebral arteriovenous mal-
formation (CAVM) that may present with all the symp-
toms associated with this location and type of lesion,
including hemorrhages. Whereas VGAMs are most often
encountered in neonates and infants, VGDs are often
seen in older children. It is important to distinguish
VGAM from VGDs as they are different diseases with
different natural histories and requiring different thera-
peutic strategies.

Clinical presentation of VGAM

Historically, in the literature, there are different published
series describing the clinical presentations and natural history
of VGAMs. In 1964, Gold reported a series of 34 patients [12]
and described 3 consecutive clinical stages in patients with
VGAMs: (1) neonates with cardiac insufficiency, (2) infants
and young children with hydrocephalus and seizures, and (3)
older children or adults with headaches and subarachnoid
hemorrhage. In 1978, Amacher [1] added a fourth group that
included neonates and infants with macrocephaly and

Fig. 2 Mural type of vein of Galen malformation. a Axial T1-weight-
ed MRI: note the large venous ectasia of the medial vein of the
prosencephalon (asterisk). The arterial feeders are not clearly depicted:
the picture evokes a direct fistulous aspect of the shunt. Hydrodynamic
disorders have occurred with hydrocephalus and subependymal CSF

resorption. b Angiography with left vertebral artery injection,
anteroposterior (AP) view demonstrates the mural type of vein of
Galen malformation with two direct shunts in the wall of the venous
ectasia vascularized by posteromedial choroidal arteries (arrows)

Fig. 3 Choroidal type of vein
of Galen malformation. a Axial
T2-weighted image of a
choroidal type of VGAM with
diffuse shunts in the left
choroidal fissure (asterisk). b
Angiography in the same
patient; left vertebral artery
injection, lateral view, shows a
diffuse network of pathological
vessels interposed between the
arterial feeders and the draining
vein (asterisk)
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minimal cardiac symptoms. Johnston and coworkers [15]
reviewed the clinical presentations of 82 VGAMs. They de-
scribed CSF disorders in 70 %, neurologic deficits in 31 %,
and neurocognitive delay in 12 %. Among children aged 1 to
5 years, these symptoms occurred in 61, 33, and 5 %,
respectively.

These series, often heterogeneous in terms of neuroradio-
logical assessment and patient management, did not provide
information valuable enough to predict subsequent clinical
evolutions in a given VGAM patient. Lasjaunias and collab-
orators, thanks to their experience accumulated over a period
of 20 years with a large, homogeneous population of
patients with VGAM, developed an approach to read
clinical features through a diagrammatic presentation
(Fig. 5). Using this method, in each individual with
VGAM, as soon as a given clinical stage is identified,
the subsequent evolution can be anticipated. Thus, this
frame is helpful to determine the optimal timing for
treatment (therapeutic window) [26].

The prenatal diagnosis of VGAM is possible by ultra-
sound [33, 42] or magnetic resonance imaging (MRI) [28]
usually during the third trimester of pregnancy. An “in
utero” diagnosis of VGAM without any signs of multiorgan
failure or brain parenchymal changes is not per se indicative
of a poor outcome. On the other hand, the identification of “in
utero” cardiac failure (with supraventricular extra systole,
tricuspid valve insufficiency, and tachycardia over 200 bpm)
indicates a poor prognosis. These latter findings are frequently
associated with severe, irreversible multiorgan failure at birth
and irreversible brain damage [9, 40].

Presentation in neonates is most commonly character-
ized by congestive heart failure. Cardiac manifestations

have been well described in neonates with VGAM [9].
Cardiac symptoms may vary from mild overload to cardio-
genic shock and multiorgan failure [6]; systemic manifesta-
tions have to be assessed and taken into consideration for
treatment decisions. Lasjaunias and collaborators have de-
veloped a specific neonatal evaluation scoring system that
takes into account neurological, cardiac, respiratory, renal,
and hepatic functions (Table 2). The Toronto group has
further reported additional recommendations on the utiliza-
tion of that neonatal evaluation [10, 27].

The evaluation scale is helpful in determining the optimal
time frame for treatment (therapeutic window). A score
below 8 out of 21 indicates a poor systemic or neurological
outcome and may lead to withhold therapy. Scores between
8 and 12 out of 21 mandate emergency endovascular inter-
vention; a score higher than 12 out of 21 suggests that the
clinical situation can be managed medically and that well-
conducted medical therapy should be able to stabilize the
hemodynamic situation, allowing endovascular treatment
when the child is around 5–6 months of age. During that
time, children will be regularly controlled clinically every
month and by MRI every 2 months, in order to anticipate
any failure to thrive or symptom progression that would
then lead to earlier management.

Hydrodynamic disorders are the main revealing feature in
infants, when the diagnosis of VGAM has not been
achieved earlier. They can, however, be seen also in fetuses
or neonates in case of early failure of the compliance in the
CSF physiology.

The CSF absorption system of neonates relies on brain
capillaries, and at this age, the medullary venous system
plays a role in the maintenance of cerebral water homeostasis.
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Normal and Abnormal
Embryology and
Development of the
Intracranial Vascular
System
Charles Raybaud, MD

The development of the blood-vessels of the
head demonstrate[s] the embryologic prin-
ciple of what may be termed integrative
development. [The vascular apparatus] reacts
continuously in a most sensitive way to the
factors of its environment, the pattern in the
adult being the result of the sum of the envi-
ronmental influences that have played upon
it throughout the embryonic period. [.] This
apparatus is continuously adequate and
complete for the structures as they exist at
any particular stage; as the environmental
structures progressively change, the vascular
apparatus also changes and thereby is always
adapted to the newer condition. [.] For each
stage it is an efficient and complete going-
mechanism, apparently uninfluenced by the
nature of its subsequent morphology.

George L. Streeter, 1918

Oxygen cannot diffuse beyond 150 to 200 mm in
a living tissue at 37!C. As a consequence, the
vascular system develops in such a way that it
continuously adapts the supply of oxygen and
other nutrients to the needs and the morphology
of the evolving brain. Schematically, 4 overlapping
consecutive steps can be described.

1. Initially (weeks 2–4) the exposed neural plate
and groove and the open neural tube are
simply fed by diffusion from the amniotic fluid
(Fig. 1).1

2. After closure (week 4) the neural tube is sur-
rounded by a dense connective tissue, the
meninx primitiva (weeks 5–8) (for review, see
Ref.2). This meninx primitiva contains primitive
vascular loops (meningeal meshwork)3 devel-
oped byvasculogenesis from the primitive dorsal
aorta and cardinal veins, and through them con-
nected with the primordial vascular organ initially
developed over the yolk sac (Fig. 2).4,5

3. As the cephalic portion of the neural tube grows
and expands to form the 3 primary brain vesicles
(rhombencephalic, mesencephalic, and prosen-
cephalic vesicles), the meninx primitiva further
evolves and to better supply the neural tissue
invaginates into the roofs of the prosencephalic
and rhombencephalic vesicles, forming the
primordia of the choroid plexuses (weeks 5–7).1

At this stage, diffusion of nutrients to the neural
tissue is both peripheral from the meninx primiti-
va and ventricular from the developing choroid
plexuses.1 From the point of view of the morpho-
genesis of the cerebral vasculature, this plexular
differentiation is crucial: it leads to the early
differentiation of specific choroid feeders within
the meningeal vascular meshwork from which
all brain arteries eventually evolve (for review,
see Ref.6): from that stage, the final arterial
pattern is already recognizable.7 By contrast,
the venous outflow that is specifically adapted
to the choroid stage is only transitory and the
veins will continue to adapt passively to local
circulatory factors until after birth, even though
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the gross venous pattern can be recognized at
the end of the first trimester.6,8

4. When the neural tube becomes too thick to be
nourished by extrinsic diffusion alone, intrinsic
capillaries develop by sprouting (angiogenesis)
from the vessels of the meninx primitiva
covering the brain surface. According to the
same principles, they will supply the most
demanding areas: first the ventricular-subven-
tricular proliferative germinal zone already at

the second month, then much later in the last
trimester the developing cortex when it
becomes widely connected and functional.1,9

Together with the development of the early
intrinsic vasculature, the meninx primitiva
undergoes progressive changes resulting in
the fluid-filled leptomeninges and the dense du-
ral coverings and reflections,10 as well as the
opening of the fourth ventricular outlets.

THE PRIMITIVE PERINEURAL VASCULAR
MESHWORK

Shortly after its closure (week 4), the neural tube
becomes embedded in a solid mesenchyme that
forms the meninx primitiva (see Fig. 2). This
meninx primitiva of the forebrain (anterior neural
plate) derives from the neural crest of the more
caudal posterior diencephalic and mesencephalic
segments.2,11 The meninx primitiva of the devel-
oping spinal cord, hindbrain, midbrain, and poste-
rior diencephalon derives from the somitic
mesoderm.2

Vasculogenesis produces the vascular organ
system and the first blood cells; it extends to the
meninx primitiva and forms the first arteriovenous
loops.

The vascular system as an organ system derives
from a differentiation of lateral and posterior
mesodermal cells that migrate toward the yolk
sac and form blood islands or hemangioblastic
aggregates.4,5 These aggregates differentiate
into peripheral endothelial cells and central hema-
topoietic cells.12,13 Endothelial cells form vascular
cords that canalize and become interconnected in
a plexular network that extends into the embryo,
building the cardiovascular system, the first organ
system of the embryo.4,5,12,13 This process is
under the control of, among others, the vascular
endothelial growth factor VEGF and its receptor
VEGFR2.13 Vasculogenesis proceeds cranially
and invades the meninx primitiva to form a vascular
meshwork around the primitive cephalic central
nervous system.14 The vascular lumen forms by
vacuolization of the endothelial cords (a truly intra-
cellular lumen). These primordial vessels connect
together to form an indistinct meshwork without
clear preferential channels (hence its name of
primary head plexus)3 and it is impossible at the
beginning to differentiate between arteries and
veins.3 This early process was not studied in
human embryos but in chick embryos between
the stages of 9 and 16 somites; this would corre-
spond to day 28 in human, that is, just before
and at the time of the closure of the neuropores
(for developmental staging, see Ref.15).

Fig. 1. Week 4. The neural tube is not closed yet, and
the neural plate (pn) receives oxygen and nutrients
from the surrounding amniotic fluid (amn) (A). Endo-
thelial vasculogenesis is building up the cardiovas-
cular organ system that already extends toward the
cephalic extremity of the embryo (B).
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caudal posterior diencephalic and mesencephalic
segments.2,11 The meninx primitiva of the devel-
oping spinal cord, hindbrain, midbrain, and poste-
rior diencephalon derives from the somitic
mesoderm.2

Vasculogenesis produces the vascular organ
system and the first blood cells; it extends to the
meninx primitiva and forms the first arteriovenous
loops.

The vascular system as an organ system derives
from a differentiation of lateral and posterior
mesodermal cells that migrate toward the yolk
sac and form blood islands or hemangioblastic
aggregates.4,5 These aggregates differentiate
into peripheral endothelial cells and central hema-
topoietic cells.12,13 Endothelial cells form vascular
cords that canalize and become interconnected in
a plexular network that extends into the embryo,
building the cardiovascular system, the first organ
system of the embryo.4,5,12,13 This process is
under the control of, among others, the vascular
endothelial growth factor VEGF and its receptor
VEGFR2.13 Vasculogenesis proceeds cranially
and invades the meninx primitiva to form a vascular
meshwork around the primitive cephalic central
nervous system.14 The vascular lumen forms by
vacuolization of the endothelial cords (a truly intra-
cellular lumen). These primordial vessels connect
together to form an indistinct meshwork without
clear preferential channels (hence its name of
primary head plexus)3 and it is impossible at the
beginning to differentiate between arteries and
veins.3 This early process was not studied in
human embryos but in chick embryos between
the stages of 9 and 16 somites; this would corre-
spond to day 28 in human, that is, just before
and at the time of the closure of the neuropores
(for developmental staging, see Ref.15).

Fig. 1. Week 4. The neural tube is not closed yet, and
the neural plate (pn) receives oxygen and nutrients
from the surrounding amniotic fluid (amn) (A). Endo-
thelial vasculogenesis is building up the cardiovas-
cular organ system that already extends toward the
cephalic extremity of the embryo (B).
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First period of CNS vascular development:
extra-embryonal supply, with the open neural tube nurtured by the amniotic fluid
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Over the next day or so, an active proliferation of
endothelial channels takes place between the
cranial ectoderm and the neural surface. This prolif-
eration starts early around the forebrain and the
midbrain, and later around the hindbrain; it also
proceeds from the ventral aspect of the brain vesi-
cles to its dorsal aspect.3 At the same time the
meninx primitiva begins to undergo the dramatic
changes that will result in the formation of the
calvarium, dura, and fluid-filled leptomeninges, to
the development of the choroid plexuses and to
the opening of the fourth ventricular outlets. The
perineural vascular meshwork follows this menin-
geal reorganization.3 The deeper vascular endothe-
lium that covers the wall of the neural tube flattens
and takes the appearance of a capillary network.
The superficial vascular layer takes the appearance
of larger and more continuous channels that form
clear connections with the paired dorsal aorta and
cardinal veins, and will eventually become the major
brain arteries and veins. Between these deep and
superficial vascular layers, a few communications
persist and become the branches of the arteries
and the tributaries of the veins3: arterial supply
and venous drainage channels become selected
from this initial meningeal meshwork as they
respond to the evolving and species-specific needs
and morphology of the developing brain.

The morphogenetic alterations that result in the
adult pattern of brain arteries has been described
in great detail by Padget,7 while the morphogen-
esis of the veins has been mostly described by
both Streeter3 and Padget.16,17

MORPHOGENESIS OF THE BRAIN ARTERIES

Padget7 studied the development of the cerebral
arteries by using a method of graphic

reconstruction from 22 sectioned embryos of the
Carnegie Collection ranging in age from 24 to 52
days (4–43 mm). Her outstanding contribution
therefore rests on a relatively limited number of
specimens. Based on the evolution of the cardio-
vascular system, especially the aortic and pulmo-
nary arches, Padget identified, defined, and
illustrated 7 steps or stages in the development
of the brain arteries, from an early undifferentiated
pattern to the essentially adult pattern.

At stage 1, the primitive carotid artery supplies
the forebrain as well as the hindbrain through the
transient carotid-vertebrobasilar connections
(4–5 mm, 28–29-day embryo).

The internal carotid artery (ICA) can already be
recognized at this stage. The ICA supplies the 3
forebrain, midbrain, and hindbrain vesicles.
Rostrally when reaching the forebrain, it divides
into an anterior olfactory branch (future anterior
cerebral artery, ACA) that passes dorsal to the
optic vesicle, and a posterior branch that resolves
into a plexus around the midbrain without reaching
the hindbrain. The ICA also connects with the
contralateral ICA behind the Rathke pouch, so
forming the posterior segment of the future circle
of Willis.

More proximally, the hindbrain instead is fed by
3 presegmental and 1 intersegmental arterial
channels. Two originate from the proximal ICA:
the trigeminal artery at the level of the trigeminal
ganglion, and the otic artery at the level of the
otic vesicle. Two originate from the paired dorsal
aorta: the hypoglossal artery along the hypo-
glossal nerve, and the proatlantal artery (first inter-
segmental cervical C1 artery) along the first
cervical nerve (Fig. 3). These trunks supply the
paired ventral bilateral longitudinal neural arteries
that feed the hindbrain on either side at this stage

Fig. 2. Week 5. The neural tube is embedded into a dense connective tissue, the meninx primitiva (mp) (A, B) that
contains vascular loops (B) connected to the dorsal aortae and cardinal veins. They are forming the primordial
brain vascular meshwork, from which oxygen and nutrients diffuse to the neural tissue.
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the forebrain as well as the hindbrain through the
transient carotid-vertebrobasilar connections
(4–5 mm, 28–29-day embryo).

The internal carotid artery (ICA) can already be
recognized at this stage. The ICA supplies the 3
forebrain, midbrain, and hindbrain vesicles.
Rostrally when reaching the forebrain, it divides
into an anterior olfactory branch (future anterior
cerebral artery, ACA) that passes dorsal to the
optic vesicle, and a posterior branch that resolves
into a plexus around the midbrain without reaching
the hindbrain. The ICA also connects with the
contralateral ICA behind the Rathke pouch, so
forming the posterior segment of the future circle
of Willis.

More proximally, the hindbrain instead is fed by
3 presegmental and 1 intersegmental arterial
channels. Two originate from the proximal ICA:
the trigeminal artery at the level of the trigeminal
ganglion, and the otic artery at the level of the
otic vesicle. Two originate from the paired dorsal
aorta: the hypoglossal artery along the hypo-
glossal nerve, and the proatlantal artery (first inter-
segmental cervical C1 artery) along the first
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paired ventral bilateral longitudinal neural arteries
that feed the hindbrain on either side at this stage
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contains vascular loops (B) connected to the dorsal aortae and cardinal veins. They are forming the primordial
brain vascular meshwork, from which oxygen and nutrients diffuse to the neural tissue.
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and the tributaries of the veins3: arterial supply
and venous drainage channels become selected
from this initial meningeal meshwork as they
respond to the evolving and species-specific needs
and morphology of the developing brain.
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nary arches, Padget identified, defined, and
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the forebrain as well as the hindbrain through the
transient carotid-vertebrobasilar connections
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forebrain, midbrain, and hindbrain vesicles.
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cerebral artery, ACA) that passes dorsal to the
optic vesicle, and a posterior branch that resolves
into a plexus around the midbrain without reaching
the hindbrain. The ICA also connects with the
contralateral ICA behind the Rathke pouch, so
forming the posterior segment of the future circle
of Willis.

More proximally, the hindbrain instead is fed by
3 presegmental and 1 intersegmental arterial
channels. Two originate from the proximal ICA:
the trigeminal artery at the level of the trigeminal
ganglion, and the otic artery at the level of the
otic vesicle. Two originate from the paired dorsal
aorta: the hypoglossal artery along the hypo-
glossal nerve, and the proatlantal artery (first inter-
segmental cervical C1 artery) along the first
cervical nerve (Fig. 3). These trunks supply the
paired ventral bilateral longitudinal neural arteries
that feed the hindbrain on either side at this stage

Fig. 2. Week 5. The neural tube is embedded into a dense connective tissue, the meninx primitiva (mp) (A, B) that
contains vascular loops (B) connected to the dorsal aortae and cardinal veins. They are forming the primordial
brain vascular meshwork, from which oxygen and nutrients diffuse to the neural tissue.
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arterial feeders of the vein of Galen arteriovenous
malformations.6

At stages 6 (20–24 mm, 44 days) and 7 (40 mm,
52 days), the mature pattern is completed with the
circle of Willis and the capture by the posterior
hemispheres of the vertebrobasilar blood supply.

A completed, still plexiform ACOM sends
a branch to the anterior corpus callosum. A prom-
inent perforant (intracerebral) artery, the recurrent
artery of Heubner is already apparent as well,
coursing from the ACA toward the medial striatum.
The MCA, striatal also at this stage, is fully devel-
oped. Dorsal branches of the mesencephalic
arteries have extended across the dorsal
meninges to the inferior and medial-posterior
portion of the now significantly expanded cerebral
hemispheres, forming the cortical territory of the
posterior cerebral artery (PCA) at the expense of
the ACHA (Fig. 6). In addition, this new mesence-
phalic-PCA territory typically is not supplied by the
ICA any more but via the VAs and BA instead: the
now huge cerebral hemispheres have captured
part of the vertebrobasilar blood supply. Besides
the ASCA, the anterior inferior and posterior infe-
rior cerebellar arteries (AICA and PICA) have
become more apparent in the plexus that still
covers the caudal hindbrain (Fig. 6).

In summary, the arterial system of the brain
evolves within and from an initially undifferentiated
vascular meshwork, always in a precisely adapted
response to the evolving metabolic requirements
of the expanding neural tissue.3 Initially, the ICA
feeds the fore- and the midbrain through its

anterior and posterior terminal divisions, while
the hindbrain is fed by presegmental/interseg-
mental branches from the ICA and the paired
aorta: these transient branches regress with the
development of the final PCOM and vertebral
arteries. Over the brain surface, specific arterial
channels differentiate, which at the early stages
correspond to the growing zone (neck) of the cere-
bral hemispheric vesicles and to the differentiation
of the choroid plexuses: the ACA anteriorly, the
ACHA posteriorly; together with the PCHA, they
later supply the prosencephalic tela choroidea
and its glycogen-loaded plexular formations. The
MCA emerges as a lateral branch of the ACA,
together with the other nonchoroidal parenchymal
branches of the ACA, ACHA, and (captured) PCA
when the intrinsic intraparenchymal vasculature
develops at the late embryonic and early fetal
period. In a different way because of different local
conditions, the vasculature of the midbrain and
hindbrain evolve according to the same hemody-
namic (ie, metabolic) rules. The conditions in which
the initial meshwork consolidates into discrete
arteries explain most of the many variants and
morphologic abnormalities that can be observed
in later life. As the metabolically defined territories
are species-specific and essentially constant,
distal arterial distribution is fairly constant and
most variations are found in the proximal segments
of the feeders, where different hemodynamic
‘‘solutions’’ may become selected in the initial
meshwork (resulting in a ‘‘variations on a theme’’
anatomy).

Fig. 5. Week 6. The meninx primitiva forms the choroid plexuses (pl), intraventricular meningeal extensions that
allow the growing neural tissue to be supplied by the ventricular CSF in addition to the peripheral meninge (A,
B). The choroid plexuses are large, well vascularized structures loaded with glycogen and they strongly determine
the prominence of their feeding arteries: ACA, ACHA, PCHA, from which the whole brain vasculature originates.
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Second period of CNS vascular development:
Extrinsic, extraneural, vascularization, with the still avascular brain parenchyma nurtured by diffusion 

from the surrounding highly vascularized meninx primitiva (a primordial endothelial network), with the 
choroid plexus developing as extensions of the MP into the ventricles

Normal and Abnormal
Embryology and
Development of the
Intracranial Vascular
System
Charles Raybaud, MD

The development of the blood-vessels of the
head demonstrate[s] the embryologic prin-
ciple of what may be termed integrative
development. [The vascular apparatus] reacts
continuously in a most sensitive way to the
factors of its environment, the pattern in the
adult being the result of the sum of the envi-
ronmental influences that have played upon
it throughout the embryonic period. [.] This
apparatus is continuously adequate and
complete for the structures as they exist at
any particular stage; as the environmental
structures progressively change, the vascular
apparatus also changes and thereby is always
adapted to the newer condition. [.] For each
stage it is an efficient and complete going-
mechanism, apparently uninfluenced by the
nature of its subsequent morphology.

George L. Streeter, 1918

Oxygen cannot diffuse beyond 150 to 200 mm in
a living tissue at 37!C. As a consequence, the
vascular system develops in such a way that it
continuously adapts the supply of oxygen and
other nutrients to the needs and the morphology
of the evolving brain. Schematically, 4 overlapping
consecutive steps can be described.

1. Initially (weeks 2–4) the exposed neural plate
and groove and the open neural tube are
simply fed by diffusion from the amniotic fluid
(Fig. 1).1

2. After closure (week 4) the neural tube is sur-
rounded by a dense connective tissue, the
meninx primitiva (weeks 5–8) (for review, see
Ref.2). This meninx primitiva contains primitive
vascular loops (meningeal meshwork)3 devel-
oped byvasculogenesis from the primitive dorsal
aorta and cardinal veins, and through them con-
nected with the primordial vascular organ initially
developed over the yolk sac (Fig. 2).4,5

3. As the cephalic portion of the neural tube grows
and expands to form the 3 primary brain vesicles
(rhombencephalic, mesencephalic, and prosen-
cephalic vesicles), the meninx primitiva further
evolves and to better supply the neural tissue
invaginates into the roofs of the prosencephalic
and rhombencephalic vesicles, forming the
primordia of the choroid plexuses (weeks 5–7).1

At this stage, diffusion of nutrients to the neural
tissue is both peripheral from the meninx primiti-
va and ventricular from the developing choroid
plexuses.1 From the point of view of the morpho-
genesis of the cerebral vasculature, this plexular
differentiation is crucial: it leads to the early
differentiation of specific choroid feeders within
the meningeal vascular meshwork from which
all brain arteries eventually evolve (for review,
see Ref.6): from that stage, the final arterial
pattern is already recognizable.7 By contrast,
the venous outflow that is specifically adapted
to the choroid stage is only transitory and the
veins will continue to adapt passively to local
circulatory factors until after birth, even though
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ciple of what may be termed integrative
development. [The vascular apparatus] reacts
continuously in a most sensitive way to the
factors of its environment, the pattern in the
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a living tissue at 37!C. As a consequence, the
vascular system develops in such a way that it
continuously adapts the supply of oxygen and
other nutrients to the needs and the morphology
of the evolving brain. Schematically, 4 overlapping
consecutive steps can be described.

1. Initially (weeks 2–4) the exposed neural plate
and groove and the open neural tube are
simply fed by diffusion from the amniotic fluid
(Fig. 1).1

2. After closure (week 4) the neural tube is sur-
rounded by a dense connective tissue, the
meninx primitiva (weeks 5–8) (for review, see
Ref.2). This meninx primitiva contains primitive
vascular loops (meningeal meshwork)3 devel-
oped byvasculogenesis from the primitive dorsal
aorta and cardinal veins, and through them con-
nected with the primordial vascular organ initially
developed over the yolk sac (Fig. 2).4,5

3. As the cephalic portion of the neural tube grows
and expands to form the 3 primary brain vesicles
(rhombencephalic, mesencephalic, and prosen-
cephalic vesicles), the meninx primitiva further
evolves and to better supply the neural tissue
invaginates into the roofs of the prosencephalic
and rhombencephalic vesicles, forming the
primordia of the choroid plexuses (weeks 5–7).1

At this stage, diffusion of nutrients to the neural
tissue is both peripheral from the meninx primiti-
va and ventricular from the developing choroid
plexuses.1 From the point of view of the morpho-
genesis of the cerebral vasculature, this plexular
differentiation is crucial: it leads to the early
differentiation of specific choroid feeders within
the meningeal vascular meshwork from which
all brain arteries eventually evolve (for review,
see Ref.6): from that stage, the final arterial
pattern is already recognizable.7 By contrast,
the venous outflow that is specifically adapted
to the choroid stage is only transitory and the
veins will continue to adapt passively to local
circulatory factors until after birth, even though
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of the future white matter (cerebral pallium, or
mantle), but not under the corpus callosum. De-
pending on its location it is designated the frontal,
parietal, posterior, temporal neuroepithelium and
subventricular zone by Bayer and Altman.20 This
matrix provides both the radial glia and the gluta-
matergic pyramidal neurons to the cortical plate.
The germinal matrices attenuate during the last
trimester and disappear around term. These
matrices remain prominent in the depth of the
frontal lobes and over the caudate heads later
than in the posterior parts of the hemisphere.

Around the time of its closure, the rostral neural
tube is composed of an undifferentiated stratified
epithelium surrounding a ventricular lumen. In the
2 following weeks, the development of the ventral
ganglionic gray matter (subpallium) antecedes the
development of the dorsal cortex (pallium). A later-
obasal thickening corresponding to the develop-
ment of the basal ganglia appears as early as
week 620; its results from the migration of mostly
GABAergic neurons from the ganglionic germinal
zone (ganglionic neuroepithelium) to the ventral
periphery according to an outside-in process (the
peripheral cells are the oldest). At about that
time, a preplate made of primitive neurons (it is
also called the plexiform layer or the marginal
zone) also appears at the periphery of the dorsal
pallium20,23; however, a true cortical plate does
not appear until the eighth week.20,23 There are 2
types of neuronal migrations to the cortex, radial
and tangential. The migration of the excitatory
pyramidal neurons from the germinal zone of the
pallium (cortical neuroepithelium) develops radially
in an inside-out fashion, the older neurons sitting in

the deep layers and the younger ones in the super-
ficial layers. Most of the migration of the cortical
pyramidal neurons takes place between week 8
and week 17, and is nearly achieved at 20 weeks,
but late cortical neurons migrate from the subven-
tricular germinal zone until term time.24 The migra-
tion of the inhibitory cortical interneurons develops
tangentially (parallel to the surface of the brain)
from the ganglionic neuroepithelium toward their
final destination in the cortex.25

The long-range connectivity mostly develops
after 25 weeks, and keeps increasing until about
2 years after birth. The synaptic activity that goes
with it induces a shift from anaerobic to aerobic
cortical metabolism, which is supported by a shift
of the angiogenetic activity from the (fading)
germinal zone to the cortical plate between 20
and 25 weeks. It is also reflected by a correspond-
ing increase in cortical blood flow.26

Angiogenesis, both arterial and venous,
develops from the surface network.

Angiogenesis is the process by which vessels
form by budding from preexisting vessels. In the
brain, it proceeds from the surface capillary layer
of the leptomeningeal vascular meshwork. These
endothelial surface capillaries form buds that
approach the external basal lamina and the
marginal glia of the cortex, and develop numerous
filopodia that penetrate into the brain tissue.1,9 A tip
cell leads the progression, ahead of a strand of
stalk cells that proliferate and form a vascular
lumen while pushing the tip cell forward. Adjacent
vessels form horizontal connections in the germinal
zone so that a flow with incoming (‘‘arterial’’) and
outgoing (‘‘venous’’) blood is constituted (Fig. 7A,

Fig. 7. Week 6 onward. When the neural tissue becomes too thick to be fed by extrinsic diffusion alone and while
the germinal matrix develops, the intrinsic vascularization appears (A), while the meninx primitiva becomes the
subarachnoid space (sa). Intrinsic vessels form by angiogenesis: capillaries grow from the surface and extend
toward the periventricular germinal zone where they connect together to form primitive arterio-venous loops
(B). The cortex itself is not significantly vascularized until well after mid gestation.
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Third period of CNS vascular development:
Intrinsic, intraneural vascularization, with the MP developing into the subarachnoid space. The portion of 

the MP lying against the neural parenchyma forms sheets of capillaries. Angiogenesis ensues, with 
capillaries growing from the surface inward and connecting to form primitive arteriovenous loops

Normal and Abnormal
Embryology and
Development of the
Intracranial Vascular
System
Charles Raybaud, MD

The development of the blood-vessels of the
head demonstrate[s] the embryologic prin-
ciple of what may be termed integrative
development. [The vascular apparatus] reacts
continuously in a most sensitive way to the
factors of its environment, the pattern in the
adult being the result of the sum of the envi-
ronmental influences that have played upon
it throughout the embryonic period. [.] This
apparatus is continuously adequate and
complete for the structures as they exist at
any particular stage; as the environmental
structures progressively change, the vascular
apparatus also changes and thereby is always
adapted to the newer condition. [.] For each
stage it is an efficient and complete going-
mechanism, apparently uninfluenced by the
nature of its subsequent morphology.

George L. Streeter, 1918

Oxygen cannot diffuse beyond 150 to 200 mm in
a living tissue at 37!C. As a consequence, the
vascular system develops in such a way that it
continuously adapts the supply of oxygen and
other nutrients to the needs and the morphology
of the evolving brain. Schematically, 4 overlapping
consecutive steps can be described.

1. Initially (weeks 2–4) the exposed neural plate
and groove and the open neural tube are
simply fed by diffusion from the amniotic fluid
(Fig. 1).1

2. After closure (week 4) the neural tube is sur-
rounded by a dense connective tissue, the
meninx primitiva (weeks 5–8) (for review, see
Ref.2). This meninx primitiva contains primitive
vascular loops (meningeal meshwork)3 devel-
oped byvasculogenesis from the primitive dorsal
aorta and cardinal veins, and through them con-
nected with the primordial vascular organ initially
developed over the yolk sac (Fig. 2).4,5

3. As the cephalic portion of the neural tube grows
and expands to form the 3 primary brain vesicles
(rhombencephalic, mesencephalic, and prosen-
cephalic vesicles), the meninx primitiva further
evolves and to better supply the neural tissue
invaginates into the roofs of the prosencephalic
and rhombencephalic vesicles, forming the
primordia of the choroid plexuses (weeks 5–7).1

At this stage, diffusion of nutrients to the neural
tissue is both peripheral from the meninx primiti-
va and ventricular from the developing choroid
plexuses.1 From the point of view of the morpho-
genesis of the cerebral vasculature, this plexular
differentiation is crucial: it leads to the early
differentiation of specific choroid feeders within
the meningeal vascular meshwork from which
all brain arteries eventually evolve (for review,
see Ref.6): from that stage, the final arterial
pattern is already recognizable.7 By contrast,
the venous outflow that is specifically adapted
to the choroid stage is only transitory and the
veins will continue to adapt passively to local
circulatory factors until after birth, even though
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tela choroidea, located between the interventric-
ular foramina of Monro.) The vein of Markowski is
a specific drainage vein of the choroid plexuses,
found as soon as the choroid arteries are identified
(week 6). It regresses and disappears after week
11, at the end of the choroid stage, replaced by
the vein of Galen when the subependymal drainage
appears following the development of the intrinsic
vasculature of the marginal zones.35

The subependymal venous system develops de
novo from subependymal anastomoses extending
to the tela choroidea.

As mentioned above, at the early stages all
intrinsic vessels develop centripetally by sprouting
from the initial surface capillary meshwork and
extend to the metabolically active germinal zone,
where they form simple vascular loops in which
some trunks act as arteries and others as veins.
Therefore in principle, and apparently at the begin-
ning at least (5 weeks),29 the veins draining the
germinal zone empty into the surface meningeal
veins and are therefore true transcerebral veins
(see Fig. 7B). The shift of the dorsal drainage from
a purely choroid one into the vein of Markowski to
a common choroid and parenchymal drainage

through the vein of Galen around week 11 means
that it is about that time that connections have
become established between the veins draining
the germinal zone and those in the tela choroidea,
providing the subependymal veins with a dorsal
outlet. The first deep vein noted to join the Galenic
system is a vein of the anterior nucleus of the thal-
amus that is seen joining the superior choroid vein
at the foramen of Monro about week 9.17 But to
the best of the author’s knowledge, no description
is found in the literature of how the vasculature of
the germinal zone secondarily forms subependy-
mal collectors, nor how these collectors connect
to the dorsal dural veins.

For the former question, it is logical to assume
that as the deep vasculature of the germinal zone
forms a richly interconnected capillary network,
draining channels may become selected within
that network that would flow under the ventricular
surface. Although the process is not specifically
analyzed, the location of such channels, at the inter-
face between the germinal tissue and the caudate
(for theganglioniceminence) and under theependy-
ma (for thepallium) hasbeen described, thoughonly
at 26 to 27 weeks, a relatively late stage.28,32 For the
second question, on how the subependymal veins
become connected to the system of the vein of Ga-
len, there is no description either. It is logical again to
assume that the venous anastomoses may extend
from the deep white matter neuroepithelium to the
neuroepithelium of the basal ganglia, and from there
to the veins of the tela choroidea. As a matter of fact,
Padget mentioned the vein of the anterior nucleus of
the thalamus as being the first to do so at 9 weeks,
joining the superior choroid vein at the level of the
foramen of Monro, presumably via the insertion
line of the tela choroidea on the surface of the thal-
amus. This pattern for the veins in the tela choroidea
of draining both the choroid and the basal ganglia
(and by anastomotic extension the deep white
matter) is similar to there being a common arterial
supply to both the choroid structures and the
deep gray nuclei; however, no arterial anastomosis
with the white matter arteries has ever been
convincingly documented,28,32 while the subepen-
dymal system drains both the gray and the white
matters. In any case, the importance of the drainage
from the dorsal thalamus and dorsal basal ganglia
would explain the prominence of the intrachoroidal
channels that become the internal cerebral veins
and therefore, the importance of the vein of Galen
and straight sinus. On the contrary, the contribution
of the choroid plexus becomes relatively small and
can not maintain the patency of the vein of
Markowski.

The intracerebral venous anatomy is affected by
the cerebral development.

Fig. 8. Weeks6–11.Thechoroidstage.TheACAcranially,
the ACHA caudally encircle the neck of the hemispheres
toward the tela choroidea and the plexuses, together
with the PCHA, branch of the midbrain arteries. The
tela choroidea and plexuses are drained by a single,
median dorsal bridging vein (median prosencephalic
vein of Markowski) (mpvm) that antecedes the develop-
ment of the internal cerebral veins and vein of Galen.
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The development of the blood-vessels of the
head demonstrate[s] the embryologic prin-
ciple of what may be termed integrative
development. [The vascular apparatus] reacts
continuously in a most sensitive way to the
factors of its environment, the pattern in the
adult being the result of the sum of the envi-
ronmental influences that have played upon
it throughout the embryonic period. [.] This
apparatus is continuously adequate and
complete for the structures as they exist at
any particular stage; as the environmental
structures progressively change, the vascular
apparatus also changes and thereby is always
adapted to the newer condition. [.] For each
stage it is an efficient and complete going-
mechanism, apparently uninfluenced by the
nature of its subsequent morphology.

George L. Streeter, 1918

Oxygen cannot diffuse beyond 150 to 200 mm in
a living tissue at 37!C. As a consequence, the
vascular system develops in such a way that it
continuously adapts the supply of oxygen and
other nutrients to the needs and the morphology
of the evolving brain. Schematically, 4 overlapping
consecutive steps can be described.

1. Initially (weeks 2–4) the exposed neural plate
and groove and the open neural tube are
simply fed by diffusion from the amniotic fluid
(Fig. 1).1

2. After closure (week 4) the neural tube is sur-
rounded by a dense connective tissue, the
meninx primitiva (weeks 5–8) (for review, see
Ref.2). This meninx primitiva contains primitive
vascular loops (meningeal meshwork)3 devel-
oped byvasculogenesis from the primitive dorsal
aorta and cardinal veins, and through them con-
nected with the primordial vascular organ initially
developed over the yolk sac (Fig. 2).4,5

3. As the cephalic portion of the neural tube grows
and expands to form the 3 primary brain vesicles
(rhombencephalic, mesencephalic, and prosen-
cephalic vesicles), the meninx primitiva further
evolves and to better supply the neural tissue
invaginates into the roofs of the prosencephalic
and rhombencephalic vesicles, forming the
primordia of the choroid plexuses (weeks 5–7).1

At this stage, diffusion of nutrients to the neural
tissue is both peripheral from the meninx primiti-
va and ventricular from the developing choroid
plexuses.1 From the point of view of the morpho-
genesis of the cerebral vasculature, this plexular
differentiation is crucial: it leads to the early
differentiation of specific choroid feeders within
the meningeal vascular meshwork from which
all brain arteries eventually evolve (for review,
see Ref.6): from that stage, the final arterial
pattern is already recognizable.7 By contrast,
the venous outflow that is specifically adapted
to the choroid stage is only transitory and the
veins will continue to adapt passively to local
circulatory factors until after birth, even though
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a living tissue at 37!C. As a consequence, the
vascular system develops in such a way that it
continuously adapts the supply of oxygen and
other nutrients to the needs and the morphology
of the evolving brain. Schematically, 4 overlapping
consecutive steps can be described.

1. Initially (weeks 2–4) the exposed neural plate
and groove and the open neural tube are
simply fed by diffusion from the amniotic fluid
(Fig. 1).1

2. After closure (week 4) the neural tube is sur-
rounded by a dense connective tissue, the
meninx primitiva (weeks 5–8) (for review, see
Ref.2). This meninx primitiva contains primitive
vascular loops (meningeal meshwork)3 devel-
oped byvasculogenesis from the primitive dorsal
aorta and cardinal veins, and through them con-
nected with the primordial vascular organ initially
developed over the yolk sac (Fig. 2).4,5

3. As the cephalic portion of the neural tube grows
and expands to form the 3 primary brain vesicles
(rhombencephalic, mesencephalic, and prosen-
cephalic vesicles), the meninx primitiva further
evolves and to better supply the neural tissue
invaginates into the roofs of the prosencephalic
and rhombencephalic vesicles, forming the
primordia of the choroid plexuses (weeks 5–7).1

At this stage, diffusion of nutrients to the neural
tissue is both peripheral from the meninx primiti-
va and ventricular from the developing choroid
plexuses.1 From the point of view of the morpho-
genesis of the cerebral vasculature, this plexular
differentiation is crucial: it leads to the early
differentiation of specific choroid feeders within
the meningeal vascular meshwork from which
all brain arteries eventually evolve (for review,
see Ref.6): from that stage, the final arterial
pattern is already recognizable.7 By contrast,
the venous outflow that is specifically adapted
to the choroid stage is only transitory and the
veins will continue to adapt passively to local
circulatory factors until after birth, even though
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Choroid stage of vascular development:

The first arteries to differentiate are the choroidal and quadrigeminal arteries.
A single, midline dorsal vein that drains blood from both left and right choroid plexuses develops on the roof of the 

diencephalon: the median prosencephalic vein. It has been described as early as 32 days, and no later than the 11th week.

All these vessels are still embedded in the cellular meninx primitiva, with a meningeal capillary network connecting these 
pial arteries with the MPV. These connections normally disappear when the MP differentiates into the three meningeal 
layers and into the subarachnoid space. At that point, all direct communication between pial arteries and subarachnoid 

veins is severed. 

tela choroidea, located between the interventric-
ular foramina of Monro.) The vein of Markowski is
a specific drainage vein of the choroid plexuses,
found as soon as the choroid arteries are identified
(week 6). It regresses and disappears after week
11, at the end of the choroid stage, replaced by
the vein of Galen when the subependymal drainage
appears following the development of the intrinsic
vasculature of the marginal zones.35

The subependymal venous system develops de
novo from subependymal anastomoses extending
to the tela choroidea.

As mentioned above, at the early stages all
intrinsic vessels develop centripetally by sprouting
from the initial surface capillary meshwork and
extend to the metabolically active germinal zone,
where they form simple vascular loops in which
some trunks act as arteries and others as veins.
Therefore in principle, and apparently at the begin-
ning at least (5 weeks),29 the veins draining the
germinal zone empty into the surface meningeal
veins and are therefore true transcerebral veins
(see Fig. 7B). The shift of the dorsal drainage from
a purely choroid one into the vein of Markowski to
a common choroid and parenchymal drainage

through the vein of Galen around week 11 means
that it is about that time that connections have
become established between the veins draining
the germinal zone and those in the tela choroidea,
providing the subependymal veins with a dorsal
outlet. The first deep vein noted to join the Galenic
system is a vein of the anterior nucleus of the thal-
amus that is seen joining the superior choroid vein
at the foramen of Monro about week 9.17 But to
the best of the author’s knowledge, no description
is found in the literature of how the vasculature of
the germinal zone secondarily forms subependy-
mal collectors, nor how these collectors connect
to the dorsal dural veins.

For the former question, it is logical to assume
that as the deep vasculature of the germinal zone
forms a richly interconnected capillary network,
draining channels may become selected within
that network that would flow under the ventricular
surface. Although the process is not specifically
analyzed, the location of such channels, at the inter-
face between the germinal tissue and the caudate
(for theganglioniceminence) and under theependy-
ma (for thepallium) hasbeen described, thoughonly
at 26 to 27 weeks, a relatively late stage.28,32 For the
second question, on how the subependymal veins
become connected to the system of the vein of Ga-
len, there is no description either. It is logical again to
assume that the venous anastomoses may extend
from the deep white matter neuroepithelium to the
neuroepithelium of the basal ganglia, and from there
to the veins of the tela choroidea. As a matter of fact,
Padget mentioned the vein of the anterior nucleus of
the thalamus as being the first to do so at 9 weeks,
joining the superior choroid vein at the level of the
foramen of Monro, presumably via the insertion
line of the tela choroidea on the surface of the thal-
amus. This pattern for the veins in the tela choroidea
of draining both the choroid and the basal ganglia
(and by anastomotic extension the deep white
matter) is similar to there being a common arterial
supply to both the choroid structures and the
deep gray nuclei; however, no arterial anastomosis
with the white matter arteries has ever been
convincingly documented,28,32 while the subepen-
dymal system drains both the gray and the white
matters. In any case, the importance of the drainage
from the dorsal thalamus and dorsal basal ganglia
would explain the prominence of the intrachoroidal
channels that become the internal cerebral veins
and therefore, the importance of the vein of Galen
and straight sinus. On the contrary, the contribution
of the choroid plexus becomes relatively small and
can not maintain the patency of the vein of
Markowski.

The intracerebral venous anatomy is affected by
the cerebral development.

Fig. 8. Weeks6–11.Thechoroidstage.TheACAcranially,
the ACHA caudally encircle the neck of the hemispheres
toward the tela choroidea and the plexuses, together
with the PCHA, branch of the midbrain arteries. The
tela choroidea and plexuses are drained by a single,
median dorsal bridging vein (median prosencephalic
vein of Markowski) (mpvm) that antecedes the develop-
ment of the internal cerebral veins and vein of Galen.
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Aneurysms of the vein of Galen: embryonic considerations and 
anatomical features relating to the pathogenesis of the malformation 
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Summary. Vein of Galen aneurysms may be defined 
as direct arteriovenous fistulas between choroidal 
and/or  quadrigeminal arteries and an overlying 
single median venous sac. Anatomic analysis of 
23 cases of vein of Galen aneurysm and correlation 
with known embryologic data indicate that the ve- 
nous sac most probably represents persistence of the 
embryonic median prosencephalic vein of Markow- 
ski, not the vein of Galen, per se. The frequent con- 
current venous abnormalities are easily understood 
as (a) retention of fetal anatomical features and (b) 
frequent occlusions of the dural sinuses of the poste- 
rior fossa, especially the sigmoid sinuses. 

Key words: Vein of Galen aneurysm - Embryology 
of brain vessels - Cerebral arteriovenous malforma- 
tion 

Aneurysm of the vein of Galen (AVG), was first de- 
scribed by Jaeger et al. [1] in 1937. In 1960, Litvak et 
al. [2] reviewed the literature [3-15] and gave the first, 
precise anatomical definition of these vascular mal- 
formations. The pathogenesis of the AVG remains 
obscure. Norman and Becker [16] and Kempe [17] 
proposed that vein of Galen malformations most 
probably arise early in embryogenesis at the 
20-40 mm stage and the 13 mm stage, respectively. 
Djindjian and Merland [18], Houser et al. [19] and 
Chaudhary et al. [20] have provided some evidence 
that thrombosis may precede development of a dural 
arteriovenous fistula of the transverse sinus; presum- 
ably the thrombosis participates in the pathogenesis 
of these abnormal communications. A similar mech- 
anism could be postulated for development of arte- 
riovenous fistulas in the fetal brain circulation, lead- 
ing to vein of Galen malformations. 

This series of 23 cases of vein of Galen aneu- 
rysms was studied in order (1)to determine an ap- 
proximate time of occurrence of the lesion by corre- 
lating the anatomy of the malformation with known 
normal embryologic anatomy; (2)to review data 
from the literature to establish that anatomical con- 
ditions in the embryo predispose to development of 
fistulas between the dorsal arteries of the forebrain, 
the midbrain, and the overlying veins of the choroid 
plexuses; and (3)to demonstrate that patients with 
aneurysms of the vein of Galen frequently exhibit 
closures (ageneses) of normal venous channels and 
retain normally-transient embryologic veins. 

Material and methods 

This series includes 23 cases of AVG which could be 
analyzed adequately by angiography, computed to- 
mography and either surgery or autopsy (Table 1). 
Four cases were investigated between 1963 and 1974, 
seven cases between 1975 and 1979 and twelve be- 
tween 1980 and 1984. Of these, eleven (seven males) 
were neonates, seven (four males) were infants, three 
(one male) were older children and 2 (1 male) were 
teenagers. One teenager (Case 19) was treated surgi- 
cally eleven years before the present investigation. 
The angiographic data from that time in this case 
were not available. In seven other cases surgery was 
performed; embolization was carried out in six pa- 
tients. 

In two of our 23 cases, cerebral angiography was 
done as part of a cardiac study. In one instance, this 
was of sufficient quality to be included in the angio- 
graphic analysis (Case 9); the other, although incom- 
plete, was complemented by pathologic study 
(Case 11). In the remaining 21 patients, films from 
selective angiography were available. Complete 
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from the literature to establish that anatomical con- 
ditions in the embryo predispose to development of 
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the midbrain, and the overlying veins of the choroid 
plexuses; and (3)to demonstrate that patients with 
aneurysms of the vein of Galen frequently exhibit 
closures (ageneses) of normal venous channels and 
retain normally-transient embryologic veins. 
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This series includes 23 cases of AVG which could be 
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Four cases were investigated between 1963 and 1974, 
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tween 1980 and 1984. Of these, eleven (seven males) 
were neonates, seven (four males) were infants, three 
(one male) were older children and 2 (1 male) were 
teenagers. One teenager (Case 19) was treated surgi- 
cally eleven years before the present investigation. 
The angiographic data from that time in this case 
were not available. In seven other cases surgery was 
performed; embolization was carried out in six pa- 
tients. 

In two of our 23 cases, cerebral angiography was 
done as part of a cardiac study. In one instance, this 
was of sufficient quality to be included in the angio- 
graphic analysis (Case 9); the other, although incom- 
plete, was complemented by pathologic study 
(Case 11). In the remaining 21 patients, films from 
selective angiography were available. Complete 

• On this basis, Raybaud et al. argued that VGAM represents persistent arteriovenous flow to the MPV from the 
choroidal arteries:

• The venous collector is single, midline, and anterior to the future vein of Galen
• The vein is intra-arachnoidal and extracerebral. Its anatomic extent accords well with the territory of the 

median prosencephalic vein 
• The arteries that supply VGAM are exactly the arteries that were present during the choroidal stage of 

development
• The underlying arterial pattern of the circle of Willis is usually normal. Even features such as a dense 

arterioarterial maze are seen in normal anatomical specimens. Given that, the event responsible for the 
arteriovenous fistula could not have occurred before 41 days (21-22 mm embryo)

• On the other hand, the vein of Galen develops relatively late, and it lacks direct connection to choroidal 
arteries

• Capillary loops of the meninx primitiva, which are interposed between the arteries of the choroid & 
quadrigeminal plate and the trunk of the median prosencephalic vein, might be maintained through the 
stimulus of flow, as persistent meningeal vessels
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Normal and Abnormal
Embryology and
Development of the
Intracranial Vascular
System
Charles Raybaud, MD

The development of the blood-vessels of the
head demonstrate[s] the embryologic prin-
ciple of what may be termed integrative
development. [The vascular apparatus] reacts
continuously in a most sensitive way to the
factors of its environment, the pattern in the
adult being the result of the sum of the envi-
ronmental influences that have played upon
it throughout the embryonic period. [.] This
apparatus is continuously adequate and
complete for the structures as they exist at
any particular stage; as the environmental
structures progressively change, the vascular
apparatus also changes and thereby is always
adapted to the newer condition. [.] For each
stage it is an efficient and complete going-
mechanism, apparently uninfluenced by the
nature of its subsequent morphology.

George L. Streeter, 1918

Oxygen cannot diffuse beyond 150 to 200 mm in
a living tissue at 37!C. As a consequence, the
vascular system develops in such a way that it
continuously adapts the supply of oxygen and
other nutrients to the needs and the morphology
of the evolving brain. Schematically, 4 overlapping
consecutive steps can be described.

1. Initially (weeks 2–4) the exposed neural plate
and groove and the open neural tube are
simply fed by diffusion from the amniotic fluid
(Fig. 1).1

2. After closure (week 4) the neural tube is sur-
rounded by a dense connective tissue, the
meninx primitiva (weeks 5–8) (for review, see
Ref.2). This meninx primitiva contains primitive
vascular loops (meningeal meshwork)3 devel-
oped byvasculogenesis from the primitive dorsal
aorta and cardinal veins, and through them con-
nected with the primordial vascular organ initially
developed over the yolk sac (Fig. 2).4,5

3. As the cephalic portion of the neural tube grows
and expands to form the 3 primary brain vesicles
(rhombencephalic, mesencephalic, and prosen-
cephalic vesicles), the meninx primitiva further
evolves and to better supply the neural tissue
invaginates into the roofs of the prosencephalic
and rhombencephalic vesicles, forming the
primordia of the choroid plexuses (weeks 5–7).1

At this stage, diffusion of nutrients to the neural
tissue is both peripheral from the meninx primiti-
va and ventricular from the developing choroid
plexuses.1 From the point of view of the morpho-
genesis of the cerebral vasculature, this plexular
differentiation is crucial: it leads to the early
differentiation of specific choroid feeders within
the meningeal vascular meshwork from which
all brain arteries eventually evolve (for review,
see Ref.6): from that stage, the final arterial
pattern is already recognizable.7 By contrast,
the venous outflow that is specifically adapted
to the choroid stage is only transitory and the
veins will continue to adapt passively to local
circulatory factors until after birth, even though
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(Fig. 1).1
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meninx primitiva (weeks 5–8) (for review, see
Ref.2). This meninx primitiva contains primitive
vascular loops (meningeal meshwork)3 devel-
oped byvasculogenesis from the primitive dorsal
aorta and cardinal veins, and through them con-
nected with the primordial vascular organ initially
developed over the yolk sac (Fig. 2).4,5

3. As the cephalic portion of the neural tube grows
and expands to form the 3 primary brain vesicles
(rhombencephalic, mesencephalic, and prosen-
cephalic vesicles), the meninx primitiva further
evolves and to better supply the neural tissue
invaginates into the roofs of the prosencephalic
and rhombencephalic vesicles, forming the
primordia of the choroid plexuses (weeks 5–7).1

At this stage, diffusion of nutrients to the neural
tissue is both peripheral from the meninx primiti-
va and ventricular from the developing choroid
plexuses.1 From the point of view of the morpho-
genesis of the cerebral vasculature, this plexular
differentiation is crucial: it leads to the early
differentiation of specific choroid feeders within
the meningeal vascular meshwork from which
all brain arteries eventually evolve (for review,
see Ref.6): from that stage, the final arterial
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to assume that the hitting event that generated the
fistula(e) occurred about week 8, and that the high
flow in the fistula(e) prevents the regression of the
vein. However, in medical environments where fetal
ultrasound is performed at 12, 22, and 32 weeks,
aneurysms of the vein of Galen are commonly re-
ported in the last trimester, and apparently never
before 22 weeks.89 This means that it may be well
compensated for over a long time, and the decom-
pensation may be related to the rapid increase of
cortical vascularization in the last trimester. Alterna-
tively, it could be that the vein of Markowski does
not reallydisappearand that it couldbehemodynam-
ically ‘‘reactivated’’ by the fistula.

The second point concerns the morphogenesis
of the vein of Galen. It is implicit from the descrip-
tion of Padget that the ‘‘primitive internal cerebral
vein’’ (truly the vein of Markowski according to the
accompanying description)17 is continuous with
the straight sinus, meaning that it shares common
portions with the final vein of Galen. This point is
mentioned also by Hochstetter, who states that
the vein of Galen forms from the caudalmost part
of the vein of Markowski, after regression of its
rostral part.35 So a bridging vein drained by the
future straight sinus would have 2 successive
tributaries, one anterior (from the choroid plexuses
to the vein of Markowski) and one posterior
(tributaries of the true internal cerebral and basal
veins to the vein of Galen). This is not illogical, and
would explain why many vein of Galen aneurysms
drain ‘‘normally’’ into a normally located straight
sinus (complemented or not by a falcine sinus),
and further, why some present with normally located

internal cerebral veins draining into the aneurysmal
sac (see Fig. 19).90,91 However, it is not always so,
and there are examples of ‘‘vein-of-Galen aneu-
rysms without a vein of Galen’’ in which the malfor-
mation is drained directly into a falcine sinus
toward the superior sagittal sinus and then, via
another falcine sinus, toward the straight sinus (fal-
cine loop) (Fig. 20).6 Such cases suggest that rather
than a partly common Markowski-Galen vein,
a separate vein of Markowski may occur that cannot
connect with a true vein of Galen. This suggestion is
consistent with the general variability of the bridging
venous pattern. The clinical implication is that the
organization of the venous drainage of the brain
may be dramatically different in different patients
presenting with a vein of Galen malformation.

It should mentioned that a separate drainage via
a falcine sinus, common in the fetus,40 does
persist in atretic parietal cephaloceles92 (Fig. 21)
because the path to the straight sinus is interrup-
ted by the dysraphic cleft. It may even also be
observed incidentally as an apparently normal
variant (Fig. 22).

Developmental Venous Anomalies

The so-called venous angiomas have been known
for a long time from angiography (caput medusae
with dilated transcerebral venous stem).93 Huang
and colleagues36 proposed the more precise
anatomic name of medullary venous malformation,
correlating them with the normal intrinsic venous
anatomy.94 The term DVA for developmental
venous anomaly was introduced by Lasjaunias

Fig. 19. Vein of Galen aneurysm. The fistulae are extracerebral, in the wall of the venous sac. They are fed by the
originally choroidal arteries anteriorly (ACA, ACHA, PCHA) and by the dorsal midbrain arteries posteriorly. The
venous sac is single, midline. It may be drained dorsally toward the straight sinus (vein of Galen pattern), or
toward a falcine sinus (vein of Markowski pattern), or both (A). On the whole, the vascular pattern of the mal-
formation reflects the anatomy at the choroidal stage (B).
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Summary. Vein of Galen aneurysms may be defined 
as direct arteriovenous fistulas between choroidal 
and/or  quadrigeminal arteries and an overlying 
single median venous sac. Anatomic analysis of 
23 cases of vein of Galen aneurysm and correlation 
with known embryologic data indicate that the ve- 
nous sac most probably represents persistence of the 
embryonic median prosencephalic vein of Markow- 
ski, not the vein of Galen, per se. The frequent con- 
current venous abnormalities are easily understood 
as (a) retention of fetal anatomical features and (b) 
frequent occlusions of the dural sinuses of the poste- 
rior fossa, especially the sigmoid sinuses. 
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Aneurysm of the vein of Galen (AVG), was first de- 
scribed by Jaeger et al. [1] in 1937. In 1960, Litvak et 
al. [2] reviewed the literature [3-15] and gave the first, 
precise anatomical definition of these vascular mal- 
formations. The pathogenesis of the AVG remains 
obscure. Norman and Becker [16] and Kempe [17] 
proposed that vein of Galen malformations most 
probably arise early in embryogenesis at the 
20-40 mm stage and the 13 mm stage, respectively. 
Djindjian and Merland [18], Houser et al. [19] and 
Chaudhary et al. [20] have provided some evidence 
that thrombosis may precede development of a dural 
arteriovenous fistula of the transverse sinus; presum- 
ably the thrombosis participates in the pathogenesis 
of these abnormal communications. A similar mech- 
anism could be postulated for development of arte- 
riovenous fistulas in the fetal brain circulation, lead- 
ing to vein of Galen malformations. 

This series of 23 cases of vein of Galen aneu- 
rysms was studied in order (1)to determine an ap- 
proximate time of occurrence of the lesion by corre- 
lating the anatomy of the malformation with known 
normal embryologic anatomy; (2)to review data 
from the literature to establish that anatomical con- 
ditions in the embryo predispose to development of 
fistulas between the dorsal arteries of the forebrain, 
the midbrain, and the overlying veins of the choroid 
plexuses; and (3)to demonstrate that patients with 
aneurysms of the vein of Galen frequently exhibit 
closures (ageneses) of normal venous channels and 
retain normally-transient embryologic veins. 

Material and methods 

This series includes 23 cases of AVG which could be 
analyzed adequately by angiography, computed to- 
mography and either surgery or autopsy (Table 1). 
Four cases were investigated between 1963 and 1974, 
seven cases between 1975 and 1979 and twelve be- 
tween 1980 and 1984. Of these, eleven (seven males) 
were neonates, seven (four males) were infants, three 
(one male) were older children and 2 (1 male) were 
teenagers. One teenager (Case 19) was treated surgi- 
cally eleven years before the present investigation. 
The angiographic data from that time in this case 
were not available. In seven other cases surgery was 
performed; embolization was carried out in six pa- 
tients. 

In two of our 23 cases, cerebral angiography was 
done as part of a cardiac study. In one instance, this 
was of sufficient quality to be included in the angio- 
graphic analysis (Case 9); the other, although incom- 
plete, was complemented by pathologic study 
(Case 11). In the remaining 21 patients, films from 
selective angiography were available. Complete 
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called natural history of surviving children comes from case
series that include patients who had undergone shunting pro-
cedures. The onset of seizures traditionally described in the
late phase of VGAM reflects this evolution in babies who
underwent shunting. Most neurological symptoms and hem-
orrhages reported in the literature were mistakenly diagnosed
VGAM or are the result of changes in angioarchitecture,
which, in turn, altered the consequences of the initial lesion.
Endovascular management of this population has given us a
chance to observe the anatomical and clinical evolution under
nonsurgical circumstances.

Through our management of VGAM patients, the predict-
ability of certain evolutions and the various clinical tools
developed over the years have helped us to determine the
optimal timing for treatment (therapeutic window). We have
chosen a diagrammatic presentation of the natural history of
VGAM to highlight the path followed by each individual (Fig.
6 ). As soon as previous stages have been identified, the sub-
sequent ones are more easily anticipated. The therapeutic
window outlines the optimal moment for the endovascular

approach. It has become the objective of our decision regard-
ing therapeutic timing and points to the therapeutic goals to
be achieved. To achieve normal cerebral development does
not require, in all cases, rapid morphological disappearance of
the AV shunt or rapid shrinkage of the ectasia. To reach our
objectives, we chose transarterial embolization using the fem-
oral approach with glue (n-butylcyanoacrylate) as the primary
embolic agent. This method has proven to offer reliable and
predictable results. In the following paragraphs, we first focus
on the management of VGAM in the neonate, followed by the
management of this disease in infants and children, because
the specific complications are different for these age groups, as
outlined below.

MANAGEMENT OF VGAM

Neonates
Antenatal diagnosis is not, by itself, an indication for ter-

mination of pregnancy, early delivery, or Caesarian delivery
at term. There are only two antenatal manifestations that have
shown prognostic value and represent an indication for abor-
tion: in utero cardiac failure and cerebral damage. These find-
ings are associated with severe, irreversible multiorgan failure
at birth (11, 24).

The idea that a neonate with severe multiorgan failure
would do well if the VGAM was to be excluded is wrong;
there is evidence in the literature that, in neonates who have
undergone properly performed emergency embolization, the
neurological outcome was disastrous despite apparently nor-
mal pretherapeutic brain imaging. This emphasizes the impor-
tance of a thorough analysis to best predict the degree of
cerebral tissue impairment not evident on imaging. We are
aware of the difficulty in making these decisions, and this
represents the basis and purpose of our VGAM neonatal score
(Table 4 ).

When the diagnosis of VGAM is suspected clinically, a
pretherapeutic evaluation should include the following infor-
mation: 1) clinical evaluation of the baby, including the weight
and head circumference; 2) evaluation of renal and liver func-
tion; 3) transfontanellar ultrasound to evaluate for encephalo-
malacia; 4) cardiac ultrasound to assess cardiac tolerance and
any associated cardiac malformation that may require specific
treatment; 5) magnetic resonance imaging to provide informa-
tion on lesion morphological features (the diagnosis of a ce-
rebral AVM at this age would have completely different ther-
apeutic consequences) and the status of myelination; and 6)
electroencephalogram only if the baby is in an intensive care
unit (ICU), intubated, and sedated. Angiography in the neo-
natal workup is not indicated. Only if embolization is contem-
plated should angiography be performed at the same time.
Management decisions follow a strict protocol based on the
neonatal score derived from the above information. The spe-
cific neonatal score documents the significant nonneurological
manifestations in this age group in addition to assessing the
gross neurological status. According to our experience, a score

FIGURE 4. Late venous phase of vertebral angiogram (A) and three-
dimensional angiographic (B) aspect demonstrating the !-shaped deep
venous drainage into the superior petrosal sinus (arrows). Because there
is no vein of Galen, the deep venous system has to find an alternate route
to drain. Thalamostriate veins open into the posterior and inferior thalamic
veins, which secondarily join a subtemporal or lateral mesencephalic vein,
which then join the superior petrosal sinus, demonstrating a typical epsi-
lon shape on the lateral angiogram.

FIGURE 5. A and B, angiograms showing bilateral carotid injections in
the lateral projection. There is bilateral cavernous sinus drainage and a
phlebitic aspect of the cortical veins, despite complete exclusion of the
VGAM.

VEIN OF GALEN MALFORMATIONS

NEUROSURGERY VOLUME 59 | NUMBER 5 | NOVEMBER SUPPLEMENT 2006 | S3-187
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Fig. 9 Large lesion with no individualized anterior pouch. Treat-
ment option: transarterial occlusion with glue in cases of plexus
shunt or with coils in cases of large direct shunts. Transvenous
occlusion of the pouch with coils would occlude the deep normal
venous structures

Fig. 10 Transvenous approach of Patient 1, 14 months after the
first treatment. The small venous pouch is opacified by in situ
contrast medium injection

Fig. 11 Superselective injection into collicular arteries feeding the
shunt. The venous microcatheter is in the same position in the
venous pouch

Fig. 12 Superselective retrograde injection into the internal cere-
bral vein demonstrates the normal anatomy of the deep venous
system despite the vein of Galen malformation

may be used during transvenous VGAM therapy in order
to help ascertain the absence of normal venous drainage
(Figs. 10, 11, 12) in the portion of the venous pouch to be
occluded. Our observations may be used to advocate
selective treatment of the arteriovenous shunt(s), via
either a transarterial or a transvenous approach, without
downstream obliteration of the dilated but otherwise
normal venous collector. This type of targeted occlusion

can be achieved with the endovascular tools presently at
our disposal.
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Abstract Introduction: Vein of Ga-
len aneurysmal malformations
(VGAM) are assumed to be related to
the persistence of the embryonic
median prosencephalic vein of
Markowski, which does not involute
in cases of VGAM and becomes the
venous collector of the shunt, char-
acteristic of the malformation. The
arterial feeders of VGAMs are all
primitive meningeal arteries present
during the embryonic period of the
constitution of the malformation. It
has also been assumed that the
internal cerebral veins were absent in
patients presenting with VGAM.
There is no clear evidence indicating,
however, that the deep venous struc-
tures cannot develop normally. Case
reports: We report on two cases of
VGAM in which superselective ret-

rograde transvenous catheterization
and MRI demonstrated that normal
internal cerebral veins were draining
into the aneurysmal vein of Galen.
Conclusions: It is conceivable that, as
in our patients, this drainage pattern
is only angiographically detectable
via selective retrograde transvenous
drainage. The possibility of such
normal deep galenic venous drainage
must be considered in VGAM man-
agement, as it may imply occurrence
of adverse effects when the malfor-
mation is occluded on the venous
side.

Keywords Vein of Galen aneurysm ·
Embolization · Deep venous system

Introduction

Vein of Galen aneurysmal malformations (VGAM) are
congenital arteriovenous malformations usually diag-
nosed during the perinatal period or early childhood
[14]. The clinical presentation of a VGAM depends on
morphologic factors such as the number and size of the
arteriovenous shunts and the anatomy of the venous
drainage pathways. In particular, the presence of stenotic
lesions on the venous side represents a favorable prog-
nostic factor that tends to limit the severity of the
hemodynamic repercussions of the VGAM [14]. Typical
clinical pictures include high-output congestive heart
failure in neonates, or seizures, hydrocephalus, and
developmental delay in infants and children rather than
hemorrhage [10, 11]. Hydrocephalus may be caused by an

impaired cerebrospinal fluid hydrodynamic due to in-
creased intracranial venous pressure [4] or to a mass
effect [2, 12] on the aqueduct or posterior third ventricle
caused by the VGAM itself [1, 3, 15]. Diagnosis in
adulthood is rare; it may be incidental or secondary to
headache, seizure, and/or intracranial hemorrhage.

The morphologic hallmark of a VGAM is the persis-
tence of a venous embryonic precursor, the median
prosencephalic vein of Markowski [14], which normally
participates in the formation of the vein of Galen. This
embryonic vein does not involute in cases of VGAM,
becoming instead the enlarged median venous collector
that is characteristic of the malformation. VGAM treat-
ment now relies almost exclusively on endovascular
techniques, via either transarterial or transvenous ap-
proaches. The absence of normal venous drainage into the
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Abstract
Introduction Vein of Galen arteriovenous malformations
(VGAM) are rare intracranial vascular lesionsmostly involving
young children. Endovascular therapy is the current standard
of care. Albeit interventional techniques have greatly reduced
the once dismal vital and functional prognoses previously
associated with these lesions, the treatment of VGAMs remains
a complex therapeutic challenge.
Discussions This article reviews the available endovascular
options for VGAM therapy, emphasizing three points that we
have identified as critical in our practice for the establishment
of a treatment strategy: (1) the importance of the deep cerebral
venous anatomy, in particular the existence of normal
drainage through the Galenic system in spite of the VGAM;
(2) the concept of treatment staging, for arterial as well as for
venous interventions; and (3) the definition of a therapeutic
goal that can be attained at a reasonable cost in terms of
complication risks and functional outcome.

Keywords Vein of Galen anomaly . Vascular
malformation . Endovascular techniques . Venous anatomy .

Internal cerebral veins

A vein of Galen aneurysmal malformation (VGAM) is a
rare vascular anomaly disproportionately represented in the
pediatric population, where it is said to account for up to
30% of intracranial vascular malformations [10, 22]. A

VGAM is defined by one or more arteriovenous shunts that
drain into a dilated midline cerebral venous collector
believed to correspond to the median prosencephalic vein
of Markowski [28]. Although VGAMs are distinct from
arteriovenous malformations (AVMs) or other arteriovenous
fistulas (AVFs) that drain into enlarged but otherwise normal
veins of Galen, these entities are sometimes considered
together as they can present similar therapeutic challenges,
in particular, when they become symptomatic early in life.
This article will principally focus on the endovascular
management of VGAMs, with emphasis placed on the
drainage pattern of the deep venous system as an important
factor in the choice of a treatment strategy.

Historical introduction

Imprecise early observations of vascular malformations
involving the vein of Galen reflect the difficulty of
analyzing complex intracranial vascular anomalies without
the help of modern angiographic techniques. Steinheil is
often quoted as being the first author to describe an AVM
involving the vein of Galen. In his 1895 publication [30]
(cited by Pool and Potts [26]), he reports postmortem
findings in a 49-year-old man with a frontal AVM draining
into a dilated vein of Galen. Although this entity is not a
true VGAM, it remains included in some modern VGAM
classifications, in part as it can present similar therapeutic
challenges in very young patients. Balance reports the first
known attempt at VGAM therapy in 1905: his patient, an
11-month-old baby presenting with macrocephaly and
increased intracranial pressure, was treated with bilateral
carotid artery ligation (quoted by Pool and Potts [26]). The
first detailed clinical description of a VGAM was published
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proximal posterior cerebral arteries are also common
contributors to the arterial supply of VGAMs, particularly
in Type II lesions. These branches, derived from the fetal
mesencephalic arteries, are intimately linked to the devel-

opment of the posterior lateral and medial choroidal
arteries, derived from the fetal posterior choroidal and
diencephalic arteries, respectively [25 ]. Far less common
feeders, likely recruited secondarily, include the middle
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Abstract
Introduction Vein of Galen arteriovenous malformations
(VGAM) are rare intracranial vascular lesionsmostly involving
young children. Endovascular therapy is the current standard
of care. Albeit interventional techniques have greatly reduced
the once dismal vital and functional prognoses previously
associated with these lesions, the treatment of VGAMs remains
a complex therapeutic challenge.
Discussions This article reviews the available endovascular
options for VGAM therapy, emphasizing three points that we
have identified as critical in our practice for the establishment
of a treatment strategy: (1) the importance of the deep cerebral
venous anatomy, in particular the existence of normal
drainage through the Galenic system in spite of the VGAM;
(2) the concept of treatment staging, for arterial as well as for
venous interventions; and (3) the definition of a therapeutic
goal that can be attained at a reasonable cost in terms of
complication risks and functional outcome.

Keywords Vein of Galen anomaly . Vascular
malformation . Endovascular techniques . Venous anatomy .

Internal cerebral veins

A vein of Galen aneurysmal malformation (VGAM) is a
rare vascular anomaly disproportionately represented in the
pediatric population, where it is said to account for up to
30% of intracranial vascular malformations [10, 22]. A

VGAM is defined by one or more arteriovenous shunts that
drain into a dilated midline cerebral venous collector
believed to correspond to the median prosencephalic vein
of Markowski [28]. Although VGAMs are distinct from
arteriovenous malformations (AVMs) or other arteriovenous
fistulas (AVFs) that drain into enlarged but otherwise normal
veins of Galen, these entities are sometimes considered
together as they can present similar therapeutic challenges,
in particular, when they become symptomatic early in life.
This article will principally focus on the endovascular
management of VGAMs, with emphasis placed on the
drainage pattern of the deep venous system as an important
factor in the choice of a treatment strategy.

Historical introduction

Imprecise early observations of vascular malformations
involving the vein of Galen reflect the difficulty of
analyzing complex intracranial vascular anomalies without
the help of modern angiographic techniques. Steinheil is
often quoted as being the first author to describe an AVM
involving the vein of Galen. In his 1895 publication [30]
(cited by Pool and Potts [26]), he reports postmortem
findings in a 49-year-old man with a frontal AVM draining
into a dilated vein of Galen. Although this entity is not a
true VGAM, it remains included in some modern VGAM
classifications, in part as it can present similar therapeutic
challenges in very young patients. Balance reports the first
known attempt at VGAM therapy in 1905: his patient, an
11-month-old baby presenting with macrocephaly and
increased intracranial pressure, was treated with bilateral
carotid artery ligation (quoted by Pool and Potts [26]). The
first detailed clinical description of a VGAM was published
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and coauthors [29]) can certainly explain the almost constant
hemorrhagic transformation occurring in these deep venous
infarcts (Fig. 5a, b).

Endovascular techniques

A comprehensive, multidisciplinary approach is essential to
the optimal management of patients with VGAMs.
Improvements in pediatric and neonatal intensive care
along with advances in endovascular techniques and
materials have significantly improved the historically
dismal vital and functional prognoses associated with
VGAMs [8, 20]. Treatment now relies almost exclusively
on endovascular methods, with surgery reserved for the
evacuation of intracranial hematomas and the management
of hydrocephalus [12]. Surgical treatment of hydrocephalus,
accomplished by ventriculoperitoneal (VP) shunting or by
endoscopic third ventriculostomy [7], should only be used as
a last resort measure, after failure of the endovascular
therapy to correct the ventricular enlargement.

Endovascular therapy can either target the arterial side or
the venous side of the VGAM by blocking the arteries
feeding the arteriovenous shunts or by obliterating the
aneurysmal venous collector draining the lesion. In either
case, access to the treatment site can be obtained via a
transvenous or a transarterial route. For example, large
arteriovenous connections commonly offer access to the

aneurysmal venous collector through a transarterial approach,
while an arterial feeder that is difficult or impossible to
selectively catheterize directly can occasionally be reached
via a retrograde transvenous route. We believe that, for
VGAMs as for other complex intracranial vascular
malformations, staging the treatment in multiple embolization
sessions is a key factor in achieving a successful outcome.
Staging offers a more controlled devascularization process
that helps prevent adverse events such as a normal perfusion
pressure breakthrough phenomenon or a massive venous
thrombosis [8]. Treatment staging is a relatively well-
accepted concept for transarterial embolization. We suggest
that staging is equally important for endovenous procedures.
Unfortunately, critically ill patients, e.g., newborns in
cardiorespiratory failure or children developing malignant
pulmonary hypertension, do not always allow for the luxury
of a staged approach (as seen in see Fig. 5). Occasionally, a
lesion vascularized by a single or largely dominant arterial
feeder will ipso facto prevent a staged transarterial approach
(Fig. 6).

The timing of the first treatment session in neonates
essentially depends upon the degree of cardiac and respiratory
insufficiency caused by the VGAM. Early intervention offers
the advantage of using an umbilical route. However, in
newborn babies presenting without cardiorespiratory
impairment and without significant hydrocephalus, e.g., in
cases detected by maternal sonography and following normal
developmental patterns, we prefer to delay the first

Fig. 5 Baby girl presenting at birth with cardiac and respiratory
failure, successfully managed by three sessions of transarterial
embolization during the first week of life. After an initially favorable
follow-up, she was readmitted emergently at 1 month of age for
severe, life-threatening pulmonary hypertension. Transvenous
embolization was elected. The pulmonary pressure remained elevated
throughout the procedure, decreasing only as the coiling of the venous
collector became close to complete. The post-treatment period was

favorable, with a neurologically intact baby and resolution of the
pulmonary hypertension. She became comatose 72 h after the
embolization; a head CT was obtained immediately. a Head CT
showing diffuse basal ganglia (arrow) and intraventricular hemorrhage
(arrowhead). b Compare the pattern of hemorrhage illustrated in a
with this photography depicting the typical postmortem appearance of
infarction following deep cerebral venous thrombosis (from [11] with
permission)
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Aneurysms of the vein of Galen: embryonic considerations and 
anatomical features relating to the pathogenesis of the malformation 
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Summary. Vein of Galen aneurysms may be defined 
as direct arteriovenous fistulas between choroidal 
and/or  quadrigeminal arteries and an overlying 
single median venous sac. Anatomic analysis of 
23 cases of vein of Galen aneurysm and correlation 
with known embryologic data indicate that the ve- 
nous sac most probably represents persistence of the 
embryonic median prosencephalic vein of Markow- 
ski, not the vein of Galen, per se. The frequent con- 
current venous abnormalities are easily understood 
as (a) retention of fetal anatomical features and (b) 
frequent occlusions of the dural sinuses of the poste- 
rior fossa, especially the sigmoid sinuses. 

Key words: Vein of Galen aneurysm - Embryology 
of brain vessels - Cerebral arteriovenous malforma- 
tion 

Aneurysm of the vein of Galen (AVG), was first de- 
scribed by Jaeger et al. [1] in 1937. In 1960, Litvak et 
al. [2] reviewed the literature [3-15] and gave the first, 
precise anatomical definition of these vascular mal- 
formations. The pathogenesis of the AVG remains 
obscure. Norman and Becker [16] and Kempe [17] 
proposed that vein of Galen malformations most 
probably arise early in embryogenesis at the 
20-40 mm stage and the 13 mm stage, respectively. 
Djindjian and Merland [18], Houser et al. [19] and 
Chaudhary et al. [20] have provided some evidence 
that thrombosis may precede development of a dural 
arteriovenous fistula of the transverse sinus; presum- 
ably the thrombosis participates in the pathogenesis 
of these abnormal communications. A similar mech- 
anism could be postulated for development of arte- 
riovenous fistulas in the fetal brain circulation, lead- 
ing to vein of Galen malformations. 

This series of 23 cases of vein of Galen aneu- 
rysms was studied in order (1)to determine an ap- 
proximate time of occurrence of the lesion by corre- 
lating the anatomy of the malformation with known 
normal embryologic anatomy; (2)to review data 
from the literature to establish that anatomical con- 
ditions in the embryo predispose to development of 
fistulas between the dorsal arteries of the forebrain, 
the midbrain, and the overlying veins of the choroid 
plexuses; and (3)to demonstrate that patients with 
aneurysms of the vein of Galen frequently exhibit 
closures (ageneses) of normal venous channels and 
retain normally-transient embryologic veins. 

Material and methods 

This series includes 23 cases of AVG which could be 
analyzed adequately by angiography, computed to- 
mography and either surgery or autopsy (Table 1). 
Four cases were investigated between 1963 and 1974, 
seven cases between 1975 and 1979 and twelve be- 
tween 1980 and 1984. Of these, eleven (seven males) 
were neonates, seven (four males) were infants, three 
(one male) were older children and 2 (1 male) were 
teenagers. One teenager (Case 19) was treated surgi- 
cally eleven years before the present investigation. 
The angiographic data from that time in this case 
were not available. In seven other cases surgery was 
performed; embolization was carried out in six pa- 
tients. 

In two of our 23 cases, cerebral angiography was 
done as part of a cardiac study. In one instance, this 
was of sufficient quality to be included in the angio- 
graphic analysis (Case 9); the other, although incom- 
plete, was complemented by pathologic study 
(Case 11). In the remaining 21 patients, films from 
selective angiography were available. Complete 
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precise anatomical definition of these vascular mal- 
formations. The pathogenesis of the AVG remains 
obscure. Norman and Becker [16] and Kempe [17] 
proposed that vein of Galen malformations most 
probably arise early in embryogenesis at the 
20-40 mm stage and the 13 mm stage, respectively. 
Djindjian and Merland [18], Houser et al. [19] and 
Chaudhary et al. [20] have provided some evidence 
that thrombosis may precede development of a dural 
arteriovenous fistula of the transverse sinus; presum- 
ably the thrombosis participates in the pathogenesis 
of these abnormal communications. A similar mech- 
anism could be postulated for development of arte- 
riovenous fistulas in the fetal brain circulation, lead- 
ing to vein of Galen malformations. 

This series of 23 cases of vein of Galen aneu- 
rysms was studied in order (1)to determine an ap- 
proximate time of occurrence of the lesion by corre- 
lating the anatomy of the malformation with known 
normal embryologic anatomy; (2)to review data 
from the literature to establish that anatomical con- 
ditions in the embryo predispose to development of 
fistulas between the dorsal arteries of the forebrain, 
the midbrain, and the overlying veins of the choroid 
plexuses; and (3)to demonstrate that patients with 
aneurysms of the vein of Galen frequently exhibit 
closures (ageneses) of normal venous channels and 
retain normally-transient embryologic veins. 

Material and methods 

This series includes 23 cases of AVG which could be 
analyzed adequately by angiography, computed to- 
mography and either surgery or autopsy (Table 1). 
Four cases were investigated between 1963 and 1974, 
seven cases between 1975 and 1979 and twelve be- 
tween 1980 and 1984. Of these, eleven (seven males) 
were neonates, seven (four males) were infants, three 
(one male) were older children and 2 (1 male) were 
teenagers. One teenager (Case 19) was treated surgi- 
cally eleven years before the present investigation. 
The angiographic data from that time in this case 
were not available. In seven other cases surgery was 
performed; embolization was carried out in six pa- 
tients. 

In two of our 23 cases, cerebral angiography was 
done as part of a cardiac study. In one instance, this 
was of sufficient quality to be included in the angio- 
graphic analysis (Case 9); the other, although incom- 
plete, was complemented by pathologic study 
(Case 11). In the remaining 21 patients, films from 
selective angiography were available. Complete 

“Overall, 18 of 20 patients with adequate studies exhibited abnormalities of 
dural venous drainage, consisting of a falcine sinus, a falcine venous loop or 

either focal or diffuse lack of opacification of normal dural sinuses”
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• “Many deep-seated AVMs although having a high flow and draining into the vein of 
Galen do not create significant ectasia … Therefore, the VGA does not seem to be the 
disease, but a consequence of a hemodynamic phenomenon. Therefore, the existence 
of an obstacle distal to the vein of Galen must be postulated for a better 
understanding of the ectatic response of the vein to the increased input"

• “In all our personal cases and in the published data, whenever careful anatomic 
analysis has been carried out, a dural venous obstacle could always be demonstrated 
… The junction of the vein of Galen and the dural sinus seems to be a critical area. If 
this junction does not enlarge with the increased flow, it becomes a mechanical 
obstacle leading to proximal ectasia”

• “The embryological development of vascular malformations is unknown . There is, 
however, definite evidence that it does not correspond to a proliferative disease [52] 
… It has been suggested that a venous obstruction could maintain the capillary 
network at a plexiform stage”

• Note – source [52] is John Mulliken and Judah Folkman
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The Role of Dural Anomalies 
in Vein of Galen Aneurysms: 
Report of Six Cases and Review of the 
Literature 

It is proposed that the vein of Galen aneurysm represents a venous ectasia secondary 
to an increased flow (usually caused by a deep-seated arteriovenous shunt draining 
either directly into the vein of Galen aneurysm or into a tributary of the vein of Galen) 
associated with obstruction of a dural sinus distal to the aneurysm. The closer the 
venous obstruction is to the vein of Galen, the better the chances are of developing 
obstructive (noncommunicatingj hydrocephalus and the more likely it is that the venous 
drainage from the rest of the brain will be unaffected. The farther the venous obstruction 
is from the vein of Galen aneurysm, the better the chances are of developing a 
communicating type of hydrocephalus. The development of cardiac failure is related to 
the magnitude of the arteriovenous shunt. Brain damage, seizures, and hemorrhage 
may be related to the retrograde venous engorgement, causing impaired drainage of 
the healthy brain. Careful attention should be paid to the venous drainage characteristics 
of the lesion because the types of dural venous obstructions and anomalies vary from 
case to case. The term "vein of Galen aneurysm" should be abandoned in favor of the 
term "vein of Galen ectasia. " 

Since concluding our research in miniaturization of balloon devices for use with 
children [1] , we have been involved in the treatment of patients with vein of Galen 
aneurysm (VGA). We report six cases of VGA, with special attention to the 
associated dural anomalies. Careful analysis of these cases and comparison with 
deep-seated arteriovenous malformations (AVMs) without VGA raises several 
questions. 

The purpose of the present paper is to contribute to the angioanatomic analysis 
of the VGA, to discuss what may be the primary developmental defect, and to 
consider the relationship between the anomalies encountered and the clinical 
outcome of the disease. 

Case Reports 
Case 1 

A 4-kg newborn girl presented with cardiac failure. Vertebral angiography demonstrated a 
VGA with agenesis of the straight sinus and high-flow venous collateral circulation from the 
VGA to the torcular (Fig. 1). There was angiographic evidence of arterial steal, but there was 
no retrograde venous drainage into the cortical veins or sinuses. 

Case 2 

A 7-kg infant boy presented with an increase in head circumference. A vertebral angiogram 
showed a VGA with agenesis of the straight sinus and moderately high-flow collateral 
circulation from the VGA to the lateral and cavernous sinuses (Fig . 2). Angiographically, no 
arterial steal was demonstrated, but retrograde venous drainage into the cortical veins was 
noted. 
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• “Many deep-seated AVMs although having a high flow and draining into the vein of 
Galen do not create significant ectasia … Therefore, the VGA does not seem to be the 
disease, but a consequence of a hemodynamic phenomenon. Therefore, the existence 
of an obstacle distal to the vein of Galen must be postulated for a better 
understanding of the ectatic response of the vein to the increased input"

• “In all our personal cases and in the published data, whenever careful anatomic 
analysis has been carried out, a dural venous obstacle could always be demonstrated 
… The junction of the vein of Galen and the dural sinus seems to be a critical area. If 
this junction does not enlarge with the increased flow, it becomes a mechanical 
obstacle leading to proximal ectasia”

• “The embryological development of vascular malformations is unknown . There is, 
however, definite evidence that it does not correspond to a proliferative disease [52] 
… It has been suggested that a venous obstruction could maintain the capillary 
network at a plexiform stage”

• Note – source [52] is John Mulliken and Judah Folkman

P. Lasjaunias 1.2 
K. Ter Brugge2 

L. Lopez Ibor' 
M. Chiu2 

O. Flodmark3 

S. Chuang4 

J . Goasguen5 

Received March 3, 1986; accepted after revision 
September 11 , 1986. 

Presented at the 24th annual meeting of the 
American Society of Neuroradiology, San Diego, 
January 1986. 

, Service of Radiologie, Hopital de Bicetre, 78, 
Rue du General leclerc, 94 270 Le Kremlin-Bicetre, 
France. Address reprint requests to P. Lasiaunias. 

2 Department of Radiology, Toronto Western 
Hospital, Toronto, Canada. 

3 Department of Radiology, Children's Hospital, 
Vancouver, Canada. 

4 Department of Radiology, Sick Children's Hos-
pital, Toronto, Canada. 

5 Department of Neurology, Val de Grace Hos-
pital , Paris, France. 
AJNR 8:185-192, March/April 1987 
0195- 6108/87/0802-0185 
© American Society of Neuroradiology 

185 

The Role of Dural Anomalies 
in Vein of Galen Aneurysms: 
Report of Six Cases and Review of the 
Literature 

It is proposed that the vein of Galen aneurysm represents a venous ectasia secondary 
to an increased flow (usually caused by a deep-seated arteriovenous shunt draining 
either directly into the vein of Galen aneurysm or into a tributary of the vein of Galen) 
associated with obstruction of a dural sinus distal to the aneurysm. The closer the 
venous obstruction is to the vein of Galen, the better the chances are of developing 
obstructive (noncommunicatingj hydrocephalus and the more likely it is that the venous 
drainage from the rest of the brain will be unaffected. The farther the venous obstruction 
is from the vein of Galen aneurysm, the better the chances are of developing a 
communicating type of hydrocephalus. The development of cardiac failure is related to 
the magnitude of the arteriovenous shunt. Brain damage, seizures, and hemorrhage 
may be related to the retrograde venous engorgement, causing impaired drainage of 
the healthy brain. Careful attention should be paid to the venous drainage characteristics 
of the lesion because the types of dural venous obstructions and anomalies vary from 
case to case. The term "vein of Galen aneurysm" should be abandoned in favor of the 
term "vein of Galen ectasia. " 

Since concluding our research in miniaturization of balloon devices for use with 
children [1] , we have been involved in the treatment of patients with vein of Galen 
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deep-seated arteriovenous malformations (AVMs) without VGA raises several 
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of the VGA, to discuss what may be the primary developmental defect, and to 
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A 4-kg newborn girl presented with cardiac failure. Vertebral angiography demonstrated a 
VGA with agenesis of the straight sinus and high-flow venous collateral circulation from the 
VGA to the torcular (Fig. 1). There was angiographic evidence of arterial steal, but there was 
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showed a VGA with agenesis of the straight sinus and moderately high-flow collateral 
circulation from the VGA to the lateral and cavernous sinuses (Fig . 2). Angiographically, no 
arterial steal was demonstrated, but retrograde venous drainage into the cortical veins was 
noted. 

P. Lasjaunias 1.2 
K. Ter Brugge2 

L. Lopez Ibor' 
M. Chiu2 

O. Flodmark3 

S. Chuang4 

J . Goasguen5 

Received March 3, 1986; accepted after revision 
September 11 , 1986. 

Presented at the 24th annual meeting of the 
American Society of Neuroradiology, San Diego, 
January 1986. 

, Service of Radiologie, Hopital de Bicetre, 78, 
Rue du General leclerc, 94 270 Le Kremlin-Bicetre, 
France. Address reprint requests to P. Lasiaunias. 

2 Department of Radiology, Toronto Western 
Hospital, Toronto, Canada. 

3 Department of Radiology, Children's Hospital, 
Vancouver, Canada. 

4 Department of Radiology, Sick Children's Hos-
pital, Toronto, Canada. 

5 Department of Neurology, Val de Grace Hos-
pital , Paris, France. 
AJNR 8:185-192, March/April 1987 
0195- 6108/87/0802-0185 
© American Society of Neuroradiology 

185 

The Role of Dural Anomalies 
in Vein of Galen Aneurysms: 
Report of Six Cases and Review of the 
Literature 

It is proposed that the vein of Galen aneurysm represents a venous ectasia secondary 
to an increased flow (usually caused by a deep-seated arteriovenous shunt draining 
either directly into the vein of Galen aneurysm or into a tributary of the vein of Galen) 
associated with obstruction of a dural sinus distal to the aneurysm. The closer the 
venous obstruction is to the vein of Galen, the better the chances are of developing 
obstructive (noncommunicatingj hydrocephalus and the more likely it is that the venous 
drainage from the rest of the brain will be unaffected. The farther the venous obstruction 
is from the vein of Galen aneurysm, the better the chances are of developing a 
communicating type of hydrocephalus. The development of cardiac failure is related to 
the magnitude of the arteriovenous shunt. Brain damage, seizures, and hemorrhage 
may be related to the retrograde venous engorgement, causing impaired drainage of 
the healthy brain. Careful attention should be paid to the venous drainage characteristics 
of the lesion because the types of dural venous obstructions and anomalies vary from 
case to case. The term "vein of Galen aneurysm" should be abandoned in favor of the 
term "vein of Galen ectasia. " 

Since concluding our research in miniaturization of balloon devices for use with 
children [1] , we have been involved in the treatment of patients with vein of Galen 
aneurysm (VGA). We report six cases of VGA, with special attention to the 
associated dural anomalies. Careful analysis of these cases and comparison with 
deep-seated arteriovenous malformations (AVMs) without VGA raises several 
questions. 

The purpose of the present paper is to contribute to the angioanatomic analysis 
of the VGA, to discuss what may be the primary developmental defect, and to 
consider the relationship between the anomalies encountered and the clinical 
outcome of the disease. 

Case Reports 
Case 1 

A 4-kg newborn girl presented with cardiac failure. Vertebral angiography demonstrated a 
VGA with agenesis of the straight sinus and high-flow venous collateral circulation from the 
VGA to the torcular (Fig. 1). There was angiographic evidence of arterial steal, but there was 
no retrograde venous drainage into the cortical veins or sinuses. 

Case 2 

A 7-kg infant boy presented with an increase in head circumference. A vertebral angiogram 
showed a VGA with agenesis of the straight sinus and moderately high-flow collateral 
circulation from the VGA to the lateral and cavernous sinuses (Fig . 2). Angiographically, no 
arterial steal was demonstrated, but retrograde venous drainage into the cortical veins was 
noted. 

P. Lasjaunias 1.2 
K. Ter Brugge2 

L. Lopez Ibor' 
M. Chiu2 

O. Flodmark3 

S. Chuang4 

J . Goasguen5 

Received March 3, 1986; accepted after revision 
September 11 , 1986. 

Presented at the 24th annual meeting of the 
American Society of Neuroradiology, San Diego, 
January 1986. 

, Service of Radiologie, Hopital de Bicetre, 78, 
Rue du General leclerc, 94 270 Le Kremlin-Bicetre, 
France. Address reprint requests to P. Lasiaunias. 

2 Department of Radiology, Toronto Western 
Hospital, Toronto, Canada. 

3 Department of Radiology, Children's Hospital, 
Vancouver, Canada. 

4 Department of Radiology, Sick Children's Hos-
pital, Toronto, Canada. 

5 Department of Neurology, Val de Grace Hos-
pital , Paris, France. 
AJNR 8:185-192, March/April 1987 
0195- 6108/87/0802-0185 
© American Society of Neuroradiology 

185 

The Role of Dural Anomalies 
in Vein of Galen Aneurysms: 
Report of Six Cases and Review of the 
Literature 

It is proposed that the vein of Galen aneurysm represents a venous ectasia secondary 
to an increased flow (usually caused by a deep-seated arteriovenous shunt draining 
either directly into the vein of Galen aneurysm or into a tributary of the vein of Galen) 
associated with obstruction of a dural sinus distal to the aneurysm. The closer the 
venous obstruction is to the vein of Galen, the better the chances are of developing 
obstructive (noncommunicatingj hydrocephalus and the more likely it is that the venous 
drainage from the rest of the brain will be unaffected. The farther the venous obstruction 
is from the vein of Galen aneurysm, the better the chances are of developing a 
communicating type of hydrocephalus. The development of cardiac failure is related to 
the magnitude of the arteriovenous shunt. Brain damage, seizures, and hemorrhage 
may be related to the retrograde venous engorgement, causing impaired drainage of 
the healthy brain. Careful attention should be paid to the venous drainage characteristics 
of the lesion because the types of dural venous obstructions and anomalies vary from 
case to case. The term "vein of Galen aneurysm" should be abandoned in favor of the 
term "vein of Galen ectasia. " 

Since concluding our research in miniaturization of balloon devices for use with 
children [1] , we have been involved in the treatment of patients with vein of Galen 
aneurysm (VGA). We report six cases of VGA, with special attention to the 
associated dural anomalies. Careful analysis of these cases and comparison with 
deep-seated arteriovenous malformations (AVMs) without VGA raises several 
questions. 

The purpose of the present paper is to contribute to the angioanatomic analysis 
of the VGA, to discuss what may be the primary developmental defect, and to 
consider the relationship between the anomalies encountered and the clinical 
outcome of the disease. 

Case Reports 
Case 1 

A 4-kg newborn girl presented with cardiac failure. Vertebral angiography demonstrated a 
VGA with agenesis of the straight sinus and high-flow venous collateral circulation from the 
VGA to the torcular (Fig. 1). There was angiographic evidence of arterial steal, but there was 
no retrograde venous drainage into the cortical veins or sinuses. 

Case 2 

A 7-kg infant boy presented with an increase in head circumference. A vertebral angiogram 
showed a VGA with agenesis of the straight sinus and moderately high-flow collateral 
circulation from the VGA to the lateral and cavernous sinuses (Fig . 2). Angiographically, no 
arterial steal was demonstrated, but retrograde venous drainage into the cortical veins was 
noted. 

20
18

 ©
 A

BC - 
W

IN
 S

em
ina

r. A
ll r

igh
ts 

re
se

rve
d -

 A
ny

 re
pr

od
uc

tio
n e

ve
n i

n p
ar

t is
 pr

oh
ibi

ted
.

20
18

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
All r

igh
ts 

re
se

rve
d -

 A
ny

 re
pr

od
uc

tio
n e

ve
n i

n p
ar

t is
 pr

oh
ibi

ted
.

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] . 
  

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .



ORIGINAL RESEARCH
INTERVENTIONAL

Occlusion of Posterior Fossa Dural Sinuses in Vein of Galen
Malformation

X A. Berenstein, X N. Toma, X Y. Niimi, and X S. Paramasivam

ABSTRACT

BACKGROUND AND PURPOSE: Spontaneous or progressive occlusion of the posterior fossa dural sinuses is often observed in patients
with vein of Galen malformation, which can affect the clinical course. The aim of this study was to examine the patency of the posterior
fossa dural sinuses in patients with vein of Galen malformation and to analyze the clinical and angiographic course of this condition.

MATERIALS AND METHODS: We retrospectively reviewed 61 consecutive children with vein of Galen malformations. Clinical presenta-
tion, management, outcome, and angiographic change were analyzed for the patients with attention paid to all dural sinus occlusions.

RESULTS: Twenty patients (32.8%) demonstrated spontaneous sinus occlusion, mostly in the sigmoid sinus. This condition was not
observed in neonates and was first discovered during infancy or childhood. Progression of sinus occlusion was seen in 10 patients, and the
conditions of 6 of them deteriorated in accordance with the progression of sinus occlusion. After total or subtotal obliteration of the
malformation by transarterial glue embolization, 13 patients recovered to healthy, 3 patients had only mild developmental delay, and 4
patients remained neurologically disabled.

CONCLUSIONS: Spontaneous sinus occlusion is not a rare condition and can result in neurologic deterioration in the natural history of
untreated vein of Galen malformation. If signs of progressive sinus occlusion are noticed, early arteriovenous shunt reduction or elimina-
tion by transarterial glue embolization is expected to prevent permanent brain damage.

ABBREVIATION: VGM ! vein of Galen malformation

Vein of Galen malformations (VGMs) are direct arteriovenous
shunts in the subarachnoid space of the velum interpositum

cistern and quadrigeminal cistern, supplied by the choroidal and
quadrigeminal arteries and drained by the dilated median
prosencephalic vein of Markowski, the embryonic precursor of
the vein of Galen.1,2 This malformation is considered to form
between 6 and 11 weeks of gestational age when this transient
embryonic vein exists.

The clinical presentation of VGM varies depending on the age
of the patient. Neonates typically present with high-output con-
gestive heart failure due to high-flow shunt producing cardiac
overload, whereas infants and children usually present with hy-

drovenous disorders, such as macrocrania, prominent facial and
scalp veins, and hydrocephalus.2,3 Hydrovenous disorders result
from diminished absorption of CSF due to cerebral venous hyper-
tension.4 Development of outflow restriction in the posterior
fossa dural sinuses will improve the cardiac overload but will lead
to further intracranial venous hypertension, which will not only
interfere with absorption of CSF but will also create congestion
within cerebral veins. Venous hypertension consequently results
in brain tissue loss and hence developmental delay.2,3

Thus, posterior fossa dural sinus occlusion is thought to ag-
gravate the clinical course of VGM. However, its incidence,
pathogenic mechanism, and the effect of endovascular emboliza-
tion are unknown. The aim of this study was to analyze the clinical
and angiographic course of patients with VGM with sinus occlu-
sion and to determine whether embolization can prevent clinical
deterioration in these patients.

MATERIALS AND METHODS
Retrospective review of the institutional data base during January
2005 to December 2012 revealed 61 patients with VGM. We col-
lected information from the clinical case records, MR images at
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presentation and during follow-up, and DSA at the time of each
endovascular embolization and follow-up.

All patients were examined for the patency of the posterior
fossa dural sinuses, including transverse, sigmoid, and occipital
sinuses and jugular bulbs, on the basis of bilateral common or
internal carotid and at least unilateral vertebral arteriography.

All patients except 1 who demonstrated spontaneous throm-
bosis of the VGM on the initial angiogram were treated with single
or multiple sessions of endovascular treatment at the Hyman
Newman Institute for Neurology and Neurosurgery. All patients
were treated primarily by transarterial embolization by using n-
BCA. Transarterial embolization with ethylene vinyl alcohol co-
polymer (Onyx; Covidien, Irvine, California) mostly via dural
feeders or a transvenous approach with detachable coils was
added, if necessary, to obtain complete obliteration of the VGM.

Fifteen patients who were referred to us after partial emboli-
zation at an outside institution were also included in this study.
Although available data were limited, the initial status of the pos-
terior fossa dural sinuses could be evaluated with DSA or MR
venography in all of these cases. At outside institutions, 4 of 15
patients had been treated with n-BCA in the same manner as ours,
7 patients had undergone proximal feeder occlusion with coils,
and the remaining 4 patients had been treated exclusively with
Onyx.

To clarify the impact of the age of the patient on occlusive
changes in the posterior fossa dural sinuses, we categorized the
patients into 3 age groups: neonates (!30 days after birth),
infants (1–24 months of age), and children (2–15 years of age),
according to the age at the initial treatment either in our center
or outside.

Angiographic changes in the posterior fossa dural sinuses were
categorized into progression, no change, and regression. New de-
velopment of sinus occlusion or an increase in the extent of the
occluded segment before the first treatment by us or during the
course of treatment was defined as “progression.” Reopening of
the occluded sinus or a decrease in the extent of the occluded
segment was defined as “regression.”

Clinical factors were compared between patients with and

without sinus occlusion by using Fisher
exact tests, and we considered a P value
!.05 statistically significant.

RESULTS
Demographics and Clinical
Characteristics
We identified 61 patients with VGM re-
ferred to our center between January
2005 and December 2012 (Table 1).
Nineteen patients were first treated
within 30 days after birth (neonate
group); 34 patients, at 1 to 24 months of
age (infant group); and 8 patients at
2–15 years of age (children’s group).

Twenty patients (32.8%) demon-
strated occlusion of the posterior fossa
dural sinuses. In the neonate group, si-
nus occlusion was considerably less
likely to occur compared with the other

groups. All 19 neonates demonstrated well-developed sigmoid
sinuses and internal jugular veins on the initial angiograms. Oc-
cipital sinuses were also observed in all neonates. Only 2 (cases 16
and 19) of them, who had been referred late to our center owing to
previous complications after early treatment, developed sinus oc-
clusion during their infancy.

With respect to the clinical presentation, hydrovenous disor-
ders, such as macrocrania, prominent facial and scalp veins, and
hydrocephalus, were most closely correlated with sinus occlusion
(75% in sinus occlusion group and 29.3% in nonocclusion group;
P ! .001). Developmental delay was also more common in the
patients with sinus occlusion (25% in the sinus occlusion group
and 4.9% in the nonocclusion group, P ! .05). All asymptomatic
patients were not associated with sinus occlusion. Although the
persistence of the occipital sinus could function as an alternative
venous outlet when the sigmoid sinus was occluded, the preva-
lence of embryonic sinuses, such as the falcine and
occipital sinuses, was not correlated statistically with the develop-
ment of posterior fossa dural sinus occlusion.

Representative Cases

Case 8. A 13-month-old boy, who had been diagnosed with
VGM due to macrocrania and prominent scalp and facial veins at
6 months of age, was referred to our center for endovascular treat-
ment (Fig 1). The initial angiogram demonstrated VGM and
complete occlusion of the left sigmoid sinus and near-occlusion
of the right sigmoid sinus. There was an alternative venous path-
way via the emissary vein to the jugular bulb on the right side.
After subtotal obliteration of the VGM achieved by staged tran-
sarterial embolization, the bilateral sigmoid sinuses reopened and
the patient has been developing normally.

Case 14. A 3-month-old girl with a prenatal diagnosis of VGM
presented with hydrocephalus (Fig 2). She underwent the first
embolization at 3 months of age. Angiography showed stenosis of
the left sigmoid sinuses and jugular bulbs. Intraventricular hem-
orrhage occurred after the first embolization procedure, and re-
sulted in progression of hydrocephalus. However, the patient re-

Table 1: Demographics and clinical characteristics of 61 patients with VGM comparing
patients with and without sinus occlusion

Sinus Occlusion Group
(n = 20)

Nonocclusion Group
(n = 41) P Valuea

Male/female 9:11 24:17 NS
Age at the first treatment

Neonates (0–30 days) 2 10.0% 17 41.5% !.05
Infants (1–24 mo) 13 65.0% 21 51.2% NS
Children (2–15 yr) 5 25.0% 3 7.3% NS

Presentation
Congestive heart failure 3 15.0% 20 48.8% !.05
Hydrovenous disorder 15 75.0% 12 29.3% !.001
Developmental delay 5 25.0% 2 4.9% !.05
Seizure 3 15.0% 2 4.9% NS
Headache 0 0.0% 1 2.4% NS
Asymptomatic 0 0.0% 9 22.0% !.05

Embryonic sinus
Falcine sinus 13 65.0% 24 58.5% NS
Occipital sinus 14 70.0% 25 61.0% NS

Note:—NS indicates not significant.
a P value was calculated using the Fisher exact test.
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covered well after ventriculoperitoneal shunt placement. She
underwent the second embolization at 7 months of age. Angiog-
raphy showed a decrease in size of the VGM and progression to

bilateral sigmoid sinus occlusion. The third embolization at 13
months of age led to subtotal obliteration of the VGM (data not
shown). At 2 years of age, angiography showed total exclusion of

FIG 1. Case 8. A 13-month-old boy was diagnosed with VGM due to macrocrania and prominent scalp and facial veins. Left vertebral artery
angiograms before the first embolization demonstrated a VGM in the arterial phase (A and B) and complete occlusion of the left sigmoid sinus
and near-occlusion of the right sigmoid sinus in the venous phase (C and D, arrows). There was an alternative venous pathway via the emissary
vein to the jugular bulb on the right side (C and D, arrowheads). Left vertebral artery angiograms in the midarterial phase (E and F) and the late
venous phase (G and H) after subtotal obliteration of VGM achieved by staged transarterial embolization (E and F, arrows) demonstrate the
reopened bilateral sigmoid sinuses (G and H, arrows). The patient is developing normally.

FIG 2. Case 14. A 3-month-old girl with a prenatal diagnosis of VGM who presented with hydrocephalus. Right vertebral artery angiograms
before the first embolization at 3 months of age (A and D) show a VGM with multiple feeders and stenosis of bilateral sigmoid sinuses and jugular
bulbs (D, arrows). The first embolization was complicated by intraventricular hemorrhage resulting in hydrocephalus. However, the patient
recovered well after ventriculoperitoneal shunt placement. Right vertebral artery angiograms before the second embolization at 7 months of
age (B and E) show a decrease in the size of the VGM and progression to bilateral sigmoid sinus occlusion (E, arrows). Note the partial regression
of the occipital sinuses. The third embolization at 13 months of age led to subtotal obliteration of the VGM (data not shown). Right vertebral
artery angiograms at 2 years of age (C and F) show total exclusion of VGM and regression of bilateral sigmoid sinuses (F, arrows). Her neurologic
status had improved except for a slight developmental delay at the last follow-up.

1094 Berenstein Jun 2016 www.ajnr.org
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• “Many deep-seated AVMs although having a high flow and draining into the vein of 
Galen do not create significant ectasia … Therefore, the VGA does not seem to be the 
disease, but a consequence of a hemodynamic phenomenon. Therefore, the existence 
of an obstacle distal to the vein of Galen must be postulated for a better 
understanding of the ectatic response of the vein to the increased input”

• “In all our personal cases and in the published data, whenever careful anatomic 
analysis has been carried out, a dural venous obstacle could always be demonstrated 
… The junction of the vein of Galen and the dural sinus seems to be a critical area. If 
this junction does not enlarge with the increased flow, it becomes a mechanical 
obstacle leading to proximal ectasia”

• “The embryological development of vascular malformations is unknown . There is, 
however, definite evidence that it does not correspond to a proliferative disease [52] 
… It has been suggested that a venous obstruction could maintain the capillary 
network at a plexiform stage”

• Note – source [52] is from John Mulliken and Judah Folkman
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The Role of Dural Anomalies 
in Vein of Galen Aneurysms: 
Report of Six Cases and Review of the 
Literature 

It is proposed that the vein of Galen aneurysm represents a venous ectasia secondary 
to an increased flow (usually caused by a deep-seated arteriovenous shunt draining 
either directly into the vein of Galen aneurysm or into a tributary of the vein of Galen) 
associated with obstruction of a dural sinus distal to the aneurysm. The closer the 
venous obstruction is to the vein of Galen, the better the chances are of developing 
obstructive (noncommunicatingj hydrocephalus and the more likely it is that the venous 
drainage from the rest of the brain will be unaffected. The farther the venous obstruction 
is from the vein of Galen aneurysm, the better the chances are of developing a 
communicating type of hydrocephalus. The development of cardiac failure is related to 
the magnitude of the arteriovenous shunt. Brain damage, seizures, and hemorrhage 
may be related to the retrograde venous engorgement, causing impaired drainage of 
the healthy brain. Careful attention should be paid to the venous drainage characteristics 
of the lesion because the types of dural venous obstructions and anomalies vary from 
case to case. The term "vein of Galen aneurysm" should be abandoned in favor of the 
term "vein of Galen ectasia. " 

Since concluding our research in miniaturization of balloon devices for use with 
children [1] , we have been involved in the treatment of patients with vein of Galen 
aneurysm (VGA). We report six cases of VGA, with special attention to the 
associated dural anomalies. Careful analysis of these cases and comparison with 
deep-seated arteriovenous malformations (AVMs) without VGA raises several 
questions. 

The purpose of the present paper is to contribute to the angioanatomic analysis 
of the VGA, to discuss what may be the primary developmental defect, and to 
consider the relationship between the anomalies encountered and the clinical 
outcome of the disease. 

Case Reports 
Case 1 

A 4-kg newborn girl presented with cardiac failure. Vertebral angiography demonstrated a 
VGA with agenesis of the straight sinus and high-flow venous collateral circulation from the 
VGA to the torcular (Fig. 1). There was angiographic evidence of arterial steal, but there was 
no retrograde venous drainage into the cortical veins or sinuses. 

Case 2 

A 7-kg infant boy presented with an increase in head circumference. A vertebral angiogram 
showed a VGA with agenesis of the straight sinus and moderately high-flow collateral 
circulation from the VGA to the lateral and cavernous sinuses (Fig . 2). Angiographically, no 
arterial steal was demonstrated, but retrograde venous drainage into the cortical veins was 
noted. 
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Hemangiomas Malformations

Proliferating phase
Involuting phase

Capillary
Venous

Arteriovenous
Lymphatic

Endothelial cell proliferation Normal endothelial cell cycle

Rapid postnatal growth and slow 
involution

Grow commensurately with the 
child

Female:male, 5:1 Female:male, 1:1

The beginning of wisdom is to call things by their proper names
-Confucius
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vascular malformations, despite the
different constitution, natural
evolution, and treatment of these 2
groups of lesions. Incorrect
nomenclature and misdiagnoses are
commonly experienced by patients
with vascular anomalies.2 Accurate
diagnosis and common terminology
are crucial for appropriate evaluation
and management, often requiring
multidisciplinary specialists.

One of the goals of the International
Society for the Study of Vascular
Anomalies (ISSVA) is to achieve
a uniform classification. The 1996
ISSVA classification stratified vascular
anomalies into vascular
malformations and proliferative
vascular lesions (tumors) (Table 1).5,6

This classification was then
“unofficially” updated on the basis of
evolving knowledge a decade later.7

However, since then, knowledge
about these disorders has increased
considerably. The genetic basis of
many types of vascular
malformations has been elucidated
and additional disease entities have
been identified that need more
precise classification rather than
generic headings such as capillary
malformation (CM), venous
malformation (VM), lymphatic
malformation (LM), etc, which have
been used previously. The ISSVA
Classification of Vascular Anomalies
was recently updated by the Society’s
Scientific Committee and Board to
incorporate these changes and was
adopted at the last workshop in

Melbourne, Australia (April 2014).
The goal of this article is to briefly
discuss some of the present
classifications and to introduce the
2014 updated ISSVA classification. The
interactive document is available at
www.issva.org. This classification is
meant to represent the state-of-the-art
in vascular anomalies classification,
acknowledging that it will require
modification as new scientific
information becomes available.

Several classifications of vascular
anomalies are available; some are
general classifications, and others deal
with specific organs or tissues or only
with vascular tumors or vascular
malformations. The earliest
classification was that of Virchow,
which was a pathologic classification
that classified vascular anomalies as
“angioma simplex, angioma
cavernosum, angioma racemosum and
lymphangioma.”8–10 This was
a primitive classification system but
appropriate for the time. The World
Health Organization (WHO)
classifications are generally
considered as the reference
classification for tumors and tumorlike
diseases. The WHO classification of
skin vascular “tumors”11 is
a nonhierarchical list of a series of
different diseases, irrespective of their
tumor, malformation, reactive, or
infectious nature. The WHO
classification of soft tissue tumors12

uses the word “hemangioma” to
describe a tumor or a malformation,
further confusing the terminology.13

These inconsistencies in classification
and nomenclature make the WHO

classifications misleading and
confusing.8–10 It is then difficult for
clinicians across specialties to
communicate using a common
language specific for each entity, and
confusion in the naming of lesions
creates inaccuracies in scientific
advances and the dissemination of
knowledge that may help patients. It
also makes coding and statistical data
about the prevalence and incidence of
these lesions inaccurate.

The 1996 ISSVA classification
scheme5 is based on the fundamental
separation of vascular anomalies into

TABLE 1 1996 ISSVA Classification Scheme

Vascular Anomalies

Vascular tumors Vascular Malformations

Simple Combined

Hemangioma Capillary AVF, AVM
Others Lymphatic CVM, CLM

Venous LVM, CLVM
Arterial CAVM

CLAVM

AVF, arteriovenous fistula; AVM, arteriovenous malformation;
CAVM, capillary-arteriovenous malformation; CLAVM, capillary-
lymphatic-arteriovenous malformation; CLM, capillary-
lymphatic malformation; CLVM, capillary-lymphatic-venous
malformation; CVM, capillary-venous malformation; LVM,
lymphatic-venous malformation.

TABLE 2 2014 ISSVA Classification of Vascular Anomalies

Vascular Anomalies

Vascular Tumors Vascular Malformations

Simple Combined Of Major Named
Vessels

Associated With Other
Anomalies

Benign CM See Table 5 See text See Table 6
Locally aggressive or

borderline
LM
VM

Malignant AVM
Arteriovenous

fistula

TABLE 3 Classification of Vascular Tumors

Benign vascular tumors
Infantile hemangioma/hemangioma of infancy
Congenital hemangioma
Rapidly involuting CH (RICH)a

Noninvoluting CH (NICH)
Partially involuting CH (PICH)

Tufted angiomaa,b

Spindle cell hemangioma
Epithelioid hemangioma
Pyogenic granuloma (or lobular capillary

hemangioma)
Others

Locally aggressive or borderline vascular tumors
Kaposiform hemangioendotheliomaa,b

Retiform hemangioendothelioma
Papillary intralymphatic angioendothelioma,

Dabska tumor
Composite hemangioendothelioma
Kaposi sarcoma
Others

Malignant vascular tumors
Angiosarcoma
Epithelioid hemangioendothelioma
Others

Reactive proliferative vascular lesions are listed with
benign tumors.
a Some lesions may be associated with thrombocytopenia
and/or consumptive coagulopathy.
b Many experts believe that these are part of a spectrum
rather than distinct entities.

2 WASSEF et al
 by guest on June 9, 2015pediatrics.aappublications.orgDownloaded from 

20
18

 ©
 A

BC - 
W

IN
 S

em
ina

r. A
ll r

igh
ts 

re
se

rve
d -

 A
ny

 re
pr

od
uc

tio
n e

ve
n i

n p
ar

t is
 pr

oh
ibi

ted
.

20
18

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
All r

igh
ts 

re
se

rve
d -

 A
ny

 re
pr

od
uc

tio
n e

ve
n i

n p
ar

t is
 pr

oh
ibi

ted
.

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] . 
  

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .



What is a Vein of Galen Malformation?

VGAM represents persistence and growth of arteriovenous flow that is intrinsically 
present during the choroidal stage of cerebrovascular development, when 

undifferentiated endothelial cell clusters connecting the choroidal arteries with 
the MPV normally intermingle and interconnect. 

The cause for this persistent flow is likely dural sinus stenosis or perhaps an 
episode of thrombosis. Like other vascular malformations, VGAM is an accident of 

development

Corollary: VGAM is fundamentally different from other brain AVM/AVF, which 
develop after differentiation of the intrinsic vasculature of the brain and which do 

not derive from the meninx primitiva
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Clinical Interlude:
How are we doing?
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< 8: Therapeutic abstention
8-12: Urgent embolization
> 12: Embolization at 5-7 months

internal carotid ligation. In 1946, Jeager reported bilateral
arteriovenous (AV) communications draining into an aneurys-
mally dilated vein of Galen (15). Boldrey et al. (2) treated two
similar patients with arterial ligation in 1949. Only the last
patient seems to correspond to a VGAM. Most subsequent
authors used the same generic name, VGAM, for very differ-
ent entities. Failure to recognize the true nature of the lesion
resulted in imprecise anatomical and natural history descrip-
tions.

Raybaud et al. (23) were the first to recognize that the ectatic
vein in VGAM was, in fact, the median vein of the prosen-
cephalon, the embryonic precursor of the vein of Galen itself.
A complete pathological specimen of a neonatal case of true
VGAM was analyzed and illustrated by Landrieu in the late
1980s (15), supporting the findings of Raybaud et al. We
appreciated the dural sinus abnormalities (17) and persistent
alternative embryonic routes of the deep venous drainage in
this condition (16). From then on, the vein of Galen malfor-
mation was recognized as an embryonic choroid plexus vas-
cular malformation.

Reports of endovascular treatment of VGAM in the litera-
ture, although emphasizing technical solutions, often failed to
provide satisfactory midterm results (7, 9, 14, 20); mental
retardation in these patients was seldom mentioned or tested.
Unnecessary premature interventions have also interfered
with the quality of the results. Instead of dealing with the
difficulty of establishing satisfactory patient selection criteria,
these reports merely approached the disease from a purely
technical viewpoint. In certain reports, anatomic exclusion of
lesions was considered a technical success, even when the
child died shortly after treatment. To focus the therapeutic
challenge on a strictly morphological goal overlooks the fun-
damental aspects of neonatal and infant anatomy and fluid
physiology (1, 12, 26).

During the past 20 years, our approach to VGAM has been
a different one, which we outline in this article and which is
based on our experience with 317 patients with VGAM who
were studied in the Bicêtre Hospital between October 1981
and October 2002 (Table 1). Of these, a total of 233 patients
were treated with endovascular embolization; 216 patients
were treated in Bicêtre, whereas 17 were embolized elsewhere
by other teams after consultation (Table 2). The decision for
therapeutic abstention was made in 67 patients for a variety of

reasons (Table 3). We consider our group of patients to be
homogeneous because the neuroradiological assessment, tech-
nical principles, and perioperative clinical management have
been similar during the past 20 years and were carried out by
the same group of physicians. Our primary therapeutic objec-
tive is to preserve normal development without neurological
deficit. To achieve these clinical objectives, we have chosen,
since 1981, transarterial embolization using glue (n-
butylcyanoacrylate) as the embolic agent. The following ob-
servations were derived from this experience.

ANGIOARCHITECTURE OF VGAM

The VGAM involves the choroidal fissure and extends from
the interventricular foramen rostrally to the atrium laterally
(18). The arterial supply involves the choroidal arteries; it may
also receive a significant contribution from the subependymal
network originating from the posterior circle of Willis. These
arteries should be differentiated from transmesencephalic
ones (their involvement, in fact, would exclude the diagnosis

TABLE 1. Characteristics of patients with vein of Galen
aneurysmal malformation, 1981–2002

Age At
diagnosis (mo)

At first
consultation (mo)

Fetus 93 (29.3%) 18 (5.7%)
Neonates (!1 mo) 119 (37.5%) 122 (38.5%)
Infants ("1 mo and !2 yr) 82 (25.9%) 125 (39.4%)
Children (2–16 yr) 23 (7.3%) 52 (16.4%)
Total 317 317

TABLE 2. Therapeutic decision and proposed treatment for
patients with vein of Galen aneurysmal malformation

Embolization Abstention Lost to
follow-up Total

Neonates 88 (5) 45 7 140
Infants 103 (8) 16 6 125
Children 42 (4) 6 4 52
Total 233 (17) 73.5% 67 (21.1%) 17 (5.4%) 317

TABLE 3. Reasons for therapeutic abstention

Reason No. (%)

Neonates
Therapeutic abstention 45
Encephalomalacia 25 (56%)
Neonatal score !8 a 17 (38%)
Therapeutic interruption of pregnancy 3 (6%)

Infants
Therapeutic abstention 16
Encephalomalacia 9 (56%)
Technical failure 1 (6%)
Spontaneous occlusion 6 (38%)

Children
Therapeutic abstention 6
Bicêtre admission Score 1 3 (50%)
Surgery 1 (17%)
Spontaneous occlusion 2 (33%)

Score 8, four patients; Score 7, six patients; Score 6, three patients; Score
5, four patients. For further description of the neonatal score, refer to Table
4.

VEIN OF GALEN MALFORMATIONS
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Vein of Galen Malformations in Neonates: New
Management Paradigms for Improving Outcomes

BACKGROUND: Untreated patients with symptomatic neonatal presentation of vein of
Galen aneurismal malformations (VGAMs) carry almost 100% morbidity and mortality.
Medical management and endovascular techniques for neonatal treatment have sig-
nificantly evolved.
OBJECTIVE: To evaluate the clinical and angiographic outcomes of modern manage-
ment of neonates with refractory heart failure from VGAMs.
METHODS: From 2005 to 2010, 16 neonatal patients with VGAM presented to our
institution. Medical care from the prenatal to perinatal stages was undertaken
according to specified institutional guidelines. Nine patients with refractory heart failure
required neonatal endovascular intervention. All patients were treated by transarterial
deposition of n-butyl cyanoacrylate into fistula sites. Short- and long-term angiographic
studies and clinical outcomes were reviewed.
RESULTS: Control of heart failure was achieved in 8 patients. One premature baby
died shortly after treatment. Long-term angiographic follow-up shows total or near-
total angiographic obliteration in all 8 patients. One patient has a mild hemiparesis
from treatment. Another has a mild developmental delay. One patient developed
a severe seizure disorder and developmental delay. Overall, 66.7% patients have
normal neurological development with near-total or total obliteration of the mal-
formation.
CONCLUSION: Treatment of refractory heart failure in neonatal VGAM with modern
prenatal, neurointensive, neuroanesthetic, and pediatric neuroendovascular care
results in significantly improved outcomes with presumed cure and normal neuro-
logical development in most.

KEY WORDS: Congenital malformation, Congestive heart failure, Intracranial arteriovenous malformation,
Neonate, Therapeutic embolization, Vein of Galen aneurismal malformation

Neurosurgery 70:1207–1214, 2012 DOI: 10.1227/NEU.0b013e3182417be3 www.neurosurgery-online.com

Vein of Galen aneurismal malformation
(VGAM) is a congenital disease resulting
from the maldevelopment of the intracra-

nial embryonic midline venous system at the level
of the median prosencephalic vein ofMarkowski,
the embryonic precursor to the vein of Galen.1,2

VGAM is a type of arteriovenous fistula that
consists of multiple shunts at the choroid fissure
into choroidal tributaries to the deep venous
system which then drains into a large, ectatic
aneurismal vein. It is a rare cause of morbidity

and mortality that presents in the neonate or
early childhood.3

Symptomatic neonates with VGAM usually
present with congestive heart failure due to the
presence of high-flow shunts producing increased
cardiac return and volume overload. These
patients can develop rapidly deteriorating cardiac
and respiratory failure subsequent to birth, which
is difficult to manage medically and results in
nearly universal death. In contrast, children pre-
senting later in infancy or childhood may be
recognized because ofmacrocephaly, developmen-
tal delay, or seizures.4 With the advent of routine
prenatal ultrasound, diagnosis of patients antena-
tally has become more common.5,6 This diagnosis
can aid in the recognition and treatment of heart
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features that can help prognosticate the necessity for neonatal
intervention. Of patients diagnosed antenatally, the presence of
HF on fetal echocardiography is an indicator for the development
of systemic symptoms at birth.2 In addition, the presence of
associated cardiac anomalies may further impact the ability to
control HF in these newborns.

Certain anatomical features of the malformation are protective
to the heart. One is the presence of venous outflow restriction or

thrombosis that reduces the cardiac return.2 If there is no
restriction, the cardiac overflow nearly always results in severe
high-output failure. Another prognostic feature is the type of
VGAM. There are 2 main types. Choroidal type consists of
multiple direct, high-flow shunts into choroidal tributaries
draining into the midline venous aneurysm. When the arterio-
venous fistula is in the wall of the dilated vein itself, this is referred
to as the mural type. These tend to be lower flow with fewer

FIGURE 3. Frontal (A) and lateral (B) digital subtraction angiogram (DSA) of the left vertebral artery shows multiple tortuous
fistulas (black arrow) into the dilated aneurismal vein (white asterisk). The embryonic falcine sinus (white arrow) is visualized.
There is no restriction in the venous drainage correlating with severe high-output heart failure.

FIGURE 4. A, lateral view of the left vertebral artery DSA in the arterial phase after 4 endovascular embolizations demonstrates
complete angiographic obliteration of the VGAMwith preservation of all normal arteries. B, the venous phase shows remodeling of
a normal appearing venous system, in a baby with normal development.
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Vein of Galen Malformations in Neonates: New
Management Paradigms for Improving Outcomes

BACKGROUND: Untreated patients with symptomatic neonatal presentation of vein of
Galen aneurismal malformations (VGAMs) carry almost 100% morbidity and mortality.
Medical management and endovascular techniques for neonatal treatment have sig-
nificantly evolved.
OBJECTIVE: To evaluate the clinical and angiographic outcomes of modern manage-
ment of neonates with refractory heart failure from VGAMs.
METHODS: From 2005 to 2010, 16 neonatal patients with VGAM presented to our
institution. Medical care from the prenatal to perinatal stages was undertaken
according to specified institutional guidelines. Nine patients with refractory heart failure
required neonatal endovascular intervention. All patients were treated by transarterial
deposition of n-butyl cyanoacrylate into fistula sites. Short- and long-term angiographic
studies and clinical outcomes were reviewed.
RESULTS: Control of heart failure was achieved in 8 patients. One premature baby
died shortly after treatment. Long-term angiographic follow-up shows total or near-
total angiographic obliteration in all 8 patients. One patient has a mild hemiparesis
from treatment. Another has a mild developmental delay. One patient developed
a severe seizure disorder and developmental delay. Overall, 66.7% patients have
normal neurological development with near-total or total obliteration of the mal-
formation.
CONCLUSION: Treatment of refractory heart failure in neonatal VGAM with modern
prenatal, neurointensive, neuroanesthetic, and pediatric neuroendovascular care
results in significantly improved outcomes with presumed cure and normal neuro-
logical development in most.

KEY WORDS: Congenital malformation, Congestive heart failure, Intracranial arteriovenous malformation,
Neonate, Therapeutic embolization, Vein of Galen aneurismal malformation

Neurosurgery 70:1207–1214, 2012 DOI: 10.1227/NEU.0b013e3182417be3 www.neurosurgery-online.com

Vein of Galen aneurismal malformation
(VGAM) is a congenital disease resulting
from the maldevelopment of the intracra-

nial embryonic midline venous system at the level
of the median prosencephalic vein ofMarkowski,
the embryonic precursor to the vein of Galen.1,2

VGAM is a type of arteriovenous fistula that
consists of multiple shunts at the choroid fissure
into choroidal tributaries to the deep venous
system which then drains into a large, ectatic
aneurismal vein. It is a rare cause of morbidity

and mortality that presents in the neonate or
early childhood.3

Symptomatic neonates with VGAM usually
present with congestive heart failure due to the
presence of high-flow shunts producing increased
cardiac return and volume overload. These
patients can develop rapidly deteriorating cardiac
and respiratory failure subsequent to birth, which
is difficult to manage medically and results in
nearly universal death. In contrast, children pre-
senting later in infancy or childhood may be
recognized because ofmacrocephaly, developmen-
tal delay, or seizures.4 With the advent of routine
prenatal ultrasound, diagnosis of patients antena-
tally has become more common.5,6 This diagnosis
can aid in the recognition and treatment of heart
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neonatal period, defined as within 30 days of birth for the purposes
of this study. All 9 patients had choroidal-type VGAM,1 and all
needed treatment within the first 10 days of life.

Immediate Outcomes

Nine of 16 patients continued to have severe HF after birth
despite multiple cardiac medications. Associated fetal cardiac
defects were seen in 4 patients, who had sinus venosus, atrial
septal defect, and one patient who had a mild aortic coarctation.
The majority of patients required more than one endovascular
treatment session during the neonatal period to adequately control
HF (5/8). After total neonatal sessions, control of HFwas achieved
in 8 of 9 patients. One 1.5-kg premature baby died after treatment
because of diffuse intracranial hemorrhage. Of the 15 total
procedures performed on the neonates, there was one technical
complication of microcatheter rupture resulting in stroke and
permanent neurological deficit of mild hemiparesis. After endo-
vascular embolization, routine cross-sectional imaging demon-
strated that 3 patients had asymptomatic intracranial hemorrhage.
These include 2 patients in the series who were treated despite
parenchymal abnormality in the pretreatment MRI. In these
patients, asymptomatic petechial hemorrhagic conversion in the
preexisting area of diffusion abnormality occurred. After emboli-
zation, 8 of 9 patients were managed medically and discharged
from the hospital on oral medications.

Long-term Outcomes

TheTable shows the 9 neonatally treated patients in our series.
Angiographic outcomes are described here. Of the 8 patients who

survived the neonatal period, angiographic obliteration has been
documented in 6 of 8 patients at an average of 20 months of age
after an average of 4.2 treatments (Figures 3 and 4). The
remaining 2 patients have an estimated 95% closure of the
arteriovenous shunting with significant reduction in the vein of
Galen size.
Clinical outcomes are also described. One premature baby died.

Two of 8 patients have minor neurological deficits. One had an
intraprocedural left middle cerebral artery stroke during his second
treatment. He has a mild left hemiparesis and undergoes physical
therapy. The other patient had focal posterior cerebral artery
territory infarcts on pretreatment MRI because of hypotension in
the neonatal period and has a mild motor and language delay. One
of 8 patients has a severe developmental delay and seizures. This
patient had bilateral laminar necrosis on pretreatment MRI. Five
of 8 surviving patients have normal neurological development and
are achieving normal developmental milestones (Figure 5). In our
series, 1 patient developed chronic occlusions of the femoral
arteries with development of collaterals seen on angiography.
There were no clinical sequelae.

DISCUSSION

Patients with VGAM may come to clinical attention at various
ages. With the use of prenatal ultrasound, many are now
discovered antenatally before symptoms are clinically apparent.6

The development of and ability to medically control symptoms in
the neonatal period is related to the presence and degree of the
high-flow shunt and resulting cardiac overload. There are certain

TABLE. Clinical Details of Patients Undergoing Neonatal Embolization for VGAM

Sex
Cesarean
Delivery Diagnosed

Weeks
Term

Birth
Weight,

g
MRI

Pretreatment
Procedural

Complications
Postprocedure
Hemorrhage

Angiographic
Closure

Total
Sessions

Developmental
Milestones

M Yes Birth 36 2897 No stroke None No Yes 5 Achieving
milestones

F Yes Day 9 34 1810 No stroke None Yes Died 1 Expired
M Yes In utero 38 4165 No stroke None No Yes 2 Achieving

milestones

M Yes In utero 36 3409 No stroke None Yes Yes 4 Achieving
milestones

F Yes Birth 39 3400 No stroke None No Yes 6 Achieving
milestones

M No Day 2 38 2930 No stroke Stroke
(microcatheter
rupture)

No 95% 6 Mild left-sided
weakness

F Yes In utero 37 2386 No stroke None No 95% 2 Achieving
milestones

F Yes In utero 38 4204 Occipital
infarcts

None Yes - into stroke Yes 6 Mild motor and
language delay

M Yes In utero 36 2825 Parietal
necrosis

None Yes - into stroke Yes 3 Seizures and delay
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literature review
J Neurosurg 123:872–890, 2015

VEIN of Galen aneurysmal malformations (VGAMs) 
are cerebral arteriovenous malformations of the 
choroidal system draining into the vein of Ga-

len forerunner. Although they represent approximately 
1% of all intracranial vascular lesions, they account 

for 30% of vascular malformations in the pediatric age 
group.7 Endovascular embolization is the first option for 
VGAMs.15,20,30,36 The development of endovascular tech-
niques began in the early 1980s. There have been many re-
ports about their use in treating VGAMs since then. Given 

abbreviatioNs DSA = digital subtraction angiography; VGAM = vein of Galen aneurysmal malformation.
submitted June 4, 2014.  accepted December 8, 2014.
iNclude wheN citiNg Published online July 31, 2015; DOI: 10.3171/2014.12.JNS141249.
disclosure The authors report no conflict of interest concerning the materials or methods used in this study or the findings specified in this paper. Dr. Yan reports 
receiving clinical or research support for this study from the Scientific Research Fund of the Ministry of Health of Guangxi Province (project no. Z200926).

Outcome and complications of endovascular embolization 
for vein of Galen malformations: a systematic review and 
meta-analysis
Jun Yan, md, phd,1 Jing wen, md, phd,2 roodrajeetsing gopaul, md,1 chao-Yuan Zhang, md,1 and  
shao-wen Xiao, md1

Departments of 1Neurosurgery and 2Rheumatism, The First Affiliated Hospital of Guangxi Medical University, Nanning,  
Guangxi, China

obJect There have been many multidisciplinary approaches to the treatment of vein of Galen malformations. Endo-
vascular embolization is the first option for treatment. However, the effects of the treatment remain controversial. The 
aim of this study is to assess the efficacy and safety of endovascular embolization to treat patients with vein of Galen 
malformations.
methods This paper includes a retrospective analysis of a sample of 667 patients who underwent endovascular em-
bolization to treat vein of Galen malformations. The data were obtained through a literature search of PubMed databas-
es. The authors also evaluate the efficacy and safety of the treatment. Mortality within the follow-up period is analyzed. 
Pooled estimates of proportions with corresponding 95% CIs were calculated using raw (i.e., untransformed) proportions 
(PRAW).
results In the 34 studies evaluated, neonates accounted for 44% of the sample (95% CI 31%–57%; I2 = 92.5%), 
infants accounted for 41% (95% CI 30%–51%; I2 = 83.3%), and children and adults accounted for 12% (95% CI 7%–16%; 
I2 = 52.9%). The meta-analysis revealed that complete occlusion was performed in 57% (95% CI 48%–65%; I2 = 68.2%) 
of cases, with partial occlusion in 43% (95% CI 34%–51%; I2 = 70.7%). The pooled proportion of patients showing a good 
outcome was 68% (95% CI 61%–76%; I2 = 77.8%), while 31% showed a poor outcome (95% CI 24%–38%; I2 = 75.6%). 
The proportional meta-analysis showed that postembolization mortality and complications were reported in 10% (95% 
CI 8%–12%; I2 = 42.8%) and 37% (95% CI 29%–45%; I2 = 79.1%), respectively. Complications included cerebral hemor-
rhage, cerebral ischemia, hydrocephalus, leg ischemia, and vessel perforation.
coNclusioNs The successful treatment of vein of Galen malformations remains a complex therapeutic challenge. 
The authors’ analysis of clinical history and research literature suggests that vein of Galen malformations treated with 
endovascular embolization can result in an acceptable mortality rate, complications, and good clinical outcome. Future 
large-scale, multicenter, randomized trials are necessary to confirm these findings.
http://thejns.org/doi/abs/10.3171/2014.12.JNS141249
KeY words vein of Galen malformation; endovascular embolization; outcome; complications; meta-analysis; vascular 
malformations; vascular disorders

872 ©AANS, 2015

• Lasjaunias 2007: 216 patients

• mortality 10.6%

• moderate to severe neurological outcome: 26%

• complete angiographic occlusion: 55%

• Meta-analysis included 34 studies (421 studies screened) with 667 patients, 
neonates: 44%, infants 41%, children and adults 12%

• Overall cohort result: complete occlusion: 57%
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Outcome and complications of endovascular embolization 
for vein of Galen malformations: a systematic review and 
meta-analysis
Jun Yan, md, phd,1 Jing wen, md, phd,2 roodrajeetsing gopaul, md,1 chao-Yuan Zhang, md,1 and  
shao-wen Xiao, md1

Departments of 1Neurosurgery and 2Rheumatism, The First Affiliated Hospital of Guangxi Medical University, Nanning,  
Guangxi, China

obJect There have been many multidisciplinary approaches to the treatment of vein of Galen malformations. Endo-
vascular embolization is the first option for treatment. However, the effects of the treatment remain controversial. The 
aim of this study is to assess the efficacy and safety of endovascular embolization to treat patients with vein of Galen 
malformations.
methods This paper includes a retrospective analysis of a sample of 667 patients who underwent endovascular em-
bolization to treat vein of Galen malformations. The data were obtained through a literature search of PubMed databas-
es. The authors also evaluate the efficacy and safety of the treatment. Mortality within the follow-up period is analyzed. 
Pooled estimates of proportions with corresponding 95% CIs were calculated using raw (i.e., untransformed) proportions 
(PRAW).
results In the 34 studies evaluated, neonates accounted for 44% of the sample (95% CI 31%–57%; I2 = 92.5%), 
infants accounted for 41% (95% CI 30%–51%; I2 = 83.3%), and children and adults accounted for 12% (95% CI 7%–16%; 
I2 = 52.9%). The meta-analysis revealed that complete occlusion was performed in 57% (95% CI 48%–65%; I2 = 68.2%) 
of cases, with partial occlusion in 43% (95% CI 34%–51%; I2 = 70.7%). The pooled proportion of patients showing a good 
outcome was 68% (95% CI 61%–76%; I2 = 77.8%), while 31% showed a poor outcome (95% CI 24%–38%; I2 = 75.6%). 
The proportional meta-analysis showed that postembolization mortality and complications were reported in 10% (95% 
CI 8%–12%; I2 = 42.8%) and 37% (95% CI 29%–45%; I2 = 79.1%), respectively. Complications included cerebral hemor-
rhage, cerebral ischemia, hydrocephalus, leg ischemia, and vessel perforation.
coNclusioNs The successful treatment of vein of Galen malformations remains a complex therapeutic challenge. 
The authors’ analysis of clinical history and research literature suggests that vein of Galen malformations treated with 
endovascular embolization can result in an acceptable mortality rate, complications, and good clinical outcome. Future 
large-scale, multicenter, randomized trials are necessary to confirm these findings.
http://thejns.org/doi/abs/10.3171/2014.12.JNS141249
KeY words vein of Galen malformation; endovascular embolization; outcome; complications; meta-analysis; vascular 
malformations; vascular disorders
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• F/U period: mean 63 months, range 0-148 months

• Outcome score: 0 (death), 1 (severe impairment), 2 (moderate impairment –
requiring significant support), 3 (mild impairment), 4 (normal). Good outcome 
defined as 3 or 4

• Pooled outcome: 68% good (3-4), 31% poor (0-2)

• Overall mortality: 16% 

• Post-embolization complications: 37%

• Hemorrhage 5%
• Ischemic injury 6%
• Developmental delay 12%
• Leg ischemia 3%
• Vessel perforation 3%
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mortality, mortality for the embolized patients, techni-
cal mortality, other reasons), and complications (cerebral 
hemorrhage, cerebral ischemia, hydrocephalus, and devel-
opmental delay) (p < 0.05).

discussion
Vein of Galen aneurysmal malformations are arteriove-

nous malformations of the choroidal system that develop 
in the early embryonic stage.1 They represent 30% of vas-
cular malformations in the pediatric age group.

Routine prenatal ultrasound screening has become 
more and more common. All patients in this review were 
evaluated with imaging studies, such as MRI and CT. The 

diagnosis can be confirmed by vascular studies, such as 
MR angiography, CT angiography, or DSA. However, the 
therapeutic method was classified into 4 groups, includ-
ing endovascular therapy, microsurgery (craniotomy and 
clip occlusion of the vessel), Gamma Knife surgery, and 
conservative management. As is well known, endovascu-
lar treatment has long been accepted as the first option for 
the treatment VGAMs.15,20,30,36,49 High mortality and mor-
bidity of microsurgery, exceeding 90% in some studies, 
has led to the development of endovascular techniques that 
more effectively and safely treat VGAMs.2,26,29,43 However, 
Gamma Knife surgery achieved favorable outcomes in 
88.9% of cases for long-term effects, as reported by Payne 

Fig. 3. Estimates of the proportion of the poor outcome, including the 95% CI from the random-effects model and the number of 
patients for each study.
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of coil embolization. Leg ischemia and vessel perforation 
belong to the category of technical complications. These 
complications can be avoided by surgical proficiency and 
careful manipulation. Potential complications include pul-
monary embolization. Pulmonary embolization with em-
bolic agents is common, considering the high flow across 
the intracranial shunt.

main outcome criteria (mortality, good/poor outcome, 
complications) over the 1980s, 1990s, and 2000s

Our literature review extended over several decades. 
Most studies actually included in the analysis were from 
the 1980s, 1990s, and 2000s, a period of tremendous ad-
vancement in endovascular techniques. During time inter-
val of 1980s, 1990s, and 2000s, the mortality rate of embo-
lized patients declined from 17% to 12%. The complication 
rate dropped from 45% to 35%. The proportion of the poor 
outcome decreased from 51% to 28%; moreover, the pro-
portion of the good outcome increased from 49% to 70%. 
The results suggest that advances in endovascular treat-
ment have greatly improved the outcome of patients with 
VGAMs. With the development of science and technology, 
endovascular techniques have become more advanced, and 
thus are more beneficial to patients. Embolization treat-
ment achieved so much progress that other methods such 
as microsurgery, Gamma Knife surgery, and medical man-
agement cannot be compared with endovascular treatment, 
especially in terms of the mortality rate.31

limitations
 Although our meta-analysis results are provocative, 

several limitations should be taken into consideration. 
Our review included a small number of subjects, mainly 
due to the paucity of studies that have directly compared 
endovascular embolization with other approaches. Never-
theless, our findings are in accordance with the results of 
an extensive literature search, in which we identified stud-
ies conducted on diverse patient populations around the 
world. Therefore, we believe our results are also relevant 
to other populations.

As in many retrospective analyses, the limitations of 
the study include the lack of randomization. The system-
atic review can be affected by the selection, investigation, 
and reporting biases in this area of clinical research. First, 
Egger’s test showed evidence of publication bias existing 
in the following areas: clinical outcome, mortality (total 
mortality, MEP, technical mortality, other reasons), and 
complications (cerebral hemorrhage, cerebral ischemia, 
hydrocephalus, and developmental delay). This bias may 
have been due to the fact that unreported data were not 
included or the absence of reporting of side effects of 
endovascular embolization for VGAMs. The number of 
published studies included in our meta-analysis was not 
sufficiently large for a comprehensive analysis. Second, 
there was significant heterogeneity among the studies in 
terms of the different groups evaluated, which could have 
influenced the accuracy of our evaluation of endovascular 
embolization.

However, on the side of publication bias, using system-
atic reviews to find relevant studies to answer a question 
could be considered an unusual technique, but we do not 

think that this led us to “biased” results. All of the includ-
ed systematic reviews used very comprehensive search 
strategies. By using Begg’s test and Egger’s test, we were 
able to quantify the publication bias effect sizes. Publi-
cation bias occurs when medical journals publish more 
studies favoring one intervention than studies favoring 
another one. Publication bias would be particularly fre-
quent for studies with a small sample size. Second, on the 
other side, there is the quality of the evidence. Blinding 
was usually not used in these studies. For the endovascu-
lar embolization for VGAMs, blinding of participants is 
not feasible and blinding of study personnel is unrealistic, 
at least for the intraoperative and immediate postemboli-
zation periods. As stated above, publication bias exists in 
our studies, which resulted in degrading of the quality of 
the studies. However, our goal is to invite the trial authors 
to make a clear statement on the mortality and compli-
cations of the techniques that they were studying. Third, 
although we did not find evidence of specific contributors 
to heterogeneity in this review, we think that heterogene-
ity might be related to differences in the interventions and 
study design, details of which are routinely underreported 
in trials.

Thus, publication bias partially influenced the results of 
the meta-analysis. Subgroup analyses in this review were 
limited by the available data, which indicates that our re-
sults and their potential clinical application should be in-
terpreted with caution. However, these limitations could be 
attributed to differences in patient outcome. Further analy-
ses with individual patient data from large, multicenter, 
prospective, randomized controlled double-blind trials and 
observational studies would be more informative.

conclusions
The successful treatment of VGAMs remains a complex 

therapeutic challenge. The results of our meta-analysis 
give a clear indication that endovascular treatment should 
be the first option for VGAMs. Our literature analysis sug-
gests that vein of Galen malformations with endovascular 
embolization can result in acceptable the rate of mortality, 
complications, and good clinical outcome. Above all, the 
timing and course of endovascular treatment is dictated 
by the clinical presentation of the patient. This therapeutic 
window represents the optimal time for treatment. Intrace-
rebral hemorrhage and venous thrombosis can be avoided, 
to a large extent, by staging the embolization procedure. 
The goal is not complete occlusion of the lesion, but rath-
er partial obliteration to redistribute blood flow to allow 
for normal cardiac and neurological development. Future 
multicentered, randomized trials are necessary to confirm 
these findings as the number of studies included in this 
analysis was small in scale.

acknowledgments
We thank Professor John Edward Shevland, MD, for his lan-

guage editing, which substantially improved the quality of the 
manuscript.

references
 1. Alvarez H, Garcia Monaco R, Rodesch G, Sachet M, Krings 

J Neurosurg  Volume 123 • October 2015888

0.28

0.3

0.51

20
18

 ©
 A

BC - 
W

IN
 S

em
ina

r. A
ll r

igh
ts 

re
se

rve
d -

 A
ny

 re
pr

od
uc

tio
n e

ve
n i

n p
ar

t is
 pr

oh
ibi

ted
.

20
18

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
All r

igh
ts 

re
se

rve
d -

 A
ny

 re
pr

od
uc

tio
n e

ve
n i

n p
ar

t is
 pr

oh
ibi

ted
.

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] . 
  

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .



J Neurosurg  Volume 123 • October 2015

literature review
J Neurosurg 123:872–890, 2015

VEIN of Galen aneurysmal malformations (VGAMs) 
are cerebral arteriovenous malformations of the 
choroidal system draining into the vein of Ga-

len forerunner. Although they represent approximately 
1% of all intracranial vascular lesions, they account 

for 30% of vascular malformations in the pediatric age 
group.7 Endovascular embolization is the first option for 
VGAMs.15,20,30,36 The development of endovascular tech-
niques began in the early 1980s. There have been many re-
ports about their use in treating VGAMs since then. Given 

abbreviatioNs DSA = digital subtraction angiography; VGAM = vein of Galen aneurysmal malformation.
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Outcome and complications of endovascular embolization 
for vein of Galen malformations: a systematic review and 
meta-analysis
Jun Yan, md, phd,1 Jing wen, md, phd,2 roodrajeetsing gopaul, md,1 chao-Yuan Zhang, md,1 and  
shao-wen Xiao, md1
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obJect There have been many multidisciplinary approaches to the treatment of vein of Galen malformations. Endo-
vascular embolization is the first option for treatment. However, the effects of the treatment remain controversial. The 
aim of this study is to assess the efficacy and safety of endovascular embolization to treat patients with vein of Galen 
malformations.
methods This paper includes a retrospective analysis of a sample of 667 patients who underwent endovascular em-
bolization to treat vein of Galen malformations. The data were obtained through a literature search of PubMed databas-
es. The authors also evaluate the efficacy and safety of the treatment. Mortality within the follow-up period is analyzed. 
Pooled estimates of proportions with corresponding 95% CIs were calculated using raw (i.e., untransformed) proportions 
(PRAW).
results In the 34 studies evaluated, neonates accounted for 44% of the sample (95% CI 31%–57%; I2 = 92.5%), 
infants accounted for 41% (95% CI 30%–51%; I2 = 83.3%), and children and adults accounted for 12% (95% CI 7%–16%; 
I2 = 52.9%). The meta-analysis revealed that complete occlusion was performed in 57% (95% CI 48%–65%; I2 = 68.2%) 
of cases, with partial occlusion in 43% (95% CI 34%–51%; I2 = 70.7%). The pooled proportion of patients showing a good 
outcome was 68% (95% CI 61%–76%; I2 = 77.8%), while 31% showed a poor outcome (95% CI 24%–38%; I2 = 75.6%). 
The proportional meta-analysis showed that postembolization mortality and complications were reported in 10% (95% 
CI 8%–12%; I2 = 42.8%) and 37% (95% CI 29%–45%; I2 = 79.1%), respectively. Complications included cerebral hemor-
rhage, cerebral ischemia, hydrocephalus, leg ischemia, and vessel perforation.
coNclusioNs The successful treatment of vein of Galen malformations remains a complex therapeutic challenge. 
The authors’ analysis of clinical history and research literature suggests that vein of Galen malformations treated with 
endovascular embolization can result in an acceptable mortality rate, complications, and good clinical outcome. Future 
large-scale, multicenter, randomized trials are necessary to confirm these findings.
http://thejns.org/doi/abs/10.3171/2014.12.JNS141249
KeY words vein of Galen malformation; endovascular embolization; outcome; complications; meta-analysis; vascular 
malformations; vascular disorders
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Methodological Quality

• Unblinded assessors in 29/34 studies

• Only 19/34 studies were free of selective outcome reporting

• Overall quality of the evidence (risk of bias and publication bias induced by study 
design): 

• moderate quality 7

• low quality 1

• very low quality 11

J. Yan et al.

gressing. Lesions producing mild symptoms or asympto-
matic lesions are not dangerous. 

The distribution of constituent ratio of the age groups 
reflected the choice of timing for endovascular treatment. 
Lasjaunias et al.36 recommended that the timing of endo-
vascular treatment should be determined by the clinical 
presentation of the patient. Treatment should be delayed 
until the patient is 5 or 6 months of age, because it pres-
ents little risk to normal brain maturation and maximizes 
the efficacy of treatment.21 As soon as the cardiovascular 
or neurological symptoms cannot be managed medically, 
emergency embolization should be performed.

treatment results
Complete occlusion and partial occlusion were per-

formed in 57% (95% CI 48%–65%) and 43% (95% CI 
34%–51%) of cases, respectively; the proportion was 
almost 50%/50%. Endovascular embolization can oc-
clude the lesion entirely; however, complete occlusion 
performed in a single session is extremely dangerous. 
Some authors believe that the advantage of partial occlu-
sion lies in reducing the risk of congestive heart failure 
in neonates, and, in some centers, the outcome of partial 
occlusion may be superior to that of complete occlusion.9 
Partial occlusion may itself promote thrombosis in lesions 
and avoid the later procedures. In fact, staged emboliza-
tion has been carried out in many patients with larger le-
sions. The above opinions are consistent with our statis-
tical results. Here the goal is not complete occlusion of 
the lesion, but rather partial obliteration, to redistribute 
blood flow to allow for normal cardiac and neurological 
development.20 As a result, with very similar statistical re-

sults, we can draw the conclusion that a decision whether 
to adopt the method of complete occlusion depends not 
only on the type of lesion, the amount of blood supplying 
arteries and venous drainage, but also, and more impor-
tantly, on the experience of the surgeon. From the per-
spective of the long-term results, however, we must clarify 
that the ultimate goal of treatment after the conclusion 
of the staged procedures was complete occlusion to avoid 
recruitment and expansion with time. The purpose of the 
partial occlusion is only to gain time and to control the 
acute situation.

clinical outcome
Clinical outcome is one of the important indicators of 

effective embolization therapy. In our study, of the 667 pa-
tients who underwent endovascular embolization between 
1987 and 2014, 68% had a good outcome and 31% had a 
poor outcome, including 10% who died. In the literature 
review by Khullar et al.,31 of the 337 patients who under-
went endovascular embolization between 2001 and 2010, 
60.8% had a good outcome, 39.1% had a poor outcome, and 
15.7% died. Comparing these 2 studies, the poor outcome 
and mortality rates were lower in the former study than 
the latter. The reason for the difference is due to different 
inclusion criteria and the number of case studies analyzed. 
In other words, our research had looser inclusion criteria 
and included more case studies.

The good/poor clinical outcome was not only related 
to embolization technology, but also to a number of other 
factors, such as poor clinical presentation with multiorgan 
failure, the presence of neurological deficit, CT or MRI 
findings of parenchymal calcifications and extensive en-

table 7. main outcome criteria (mortality, good/poor clinical outcome, complications) over the 1980s, 1990s, and 
2000s

Clinical Outcome
Decade Mortality of Embolized Patients Complications Good Poor

1980s 17% (4–30%) 45% (29–62%) 49% (8–89%) 51% (11–92%)
1990s 12% (5–18%) 38% (24–52%) 70% (57–83%) 30% (17–43%)
2000s 12% (7–17%) 35% (24–45%) 70% (61–79%) 28% (20–36%)

Fig. 6. Risk of bias graph. Review of our judgment about each risk of bias item presented as percentages across all included stud-
ies. Figure is available in color online only.
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Thus, to assess the status of endovascular treatment for VOGMs,
we performed a systematic review and meta-analysis with an em-
phasis on determining factors associated with good neurologic
outcome in this patient population.

MATERIALS AND METHODS
Literature Search
Our study adheres to Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA; http://prisma-statement.
org/) guidelines. To identify studies on outcomes of endovas-
cular treatment of VOGMs, we performed a computerized
MEDLINE search of the literature from January 1980 to January
2017. Three data bases were searched from January 1980 to April
2017: Ovid MEDLINE, Ovid Embase, and the Web of Science as
described in On-line Table 1. Initial search terms included “Vein
of Galen,” “malformation,” “aneurysm,” “endovascular,” “coil,”
“embolization,” and “occlusion.” Identified studies from the
search were then further evaluated for inclusion in the systematic
review. Inclusion criteria were the following: 1) studies reporting
a consecutive series of endovascular treatment of VOGMs (!4
patients), including case series and clinical trials; and 2) studies
reporting angiographic and/or clinical outcomes following treat-
ment. Case reports were excluded from this study. Two indepen-
dent reviewers selected studies for this analysis.

Data Extraction and Outcomes
Each study was analyzed by 2 independent reviewers to collect the
following data: 1) patient presentation (congestive heart failure,
hydrocephalus, seizure); 2) patient demographics (age, sex); 3)
treatment type (transarterial versus transvenous); 4) number of
treatments/stages; 5) perioperative complications (technical mor-
tality, perioperative ischemia, and perioperative hemorrhage); 6)
complete/near-complete embolization rate; 7) long-term clinical
outcomes, including good clinical outcome (defined as no or mi-
nor developmental delay and no permanent disability), poor clin-
ical outcome, and all-cause mortality; and 8) angioarchitecture of
the lesion (mural versus choroidal). The primary outcome of this
study was good neurologic outcome rates. Good neurologic out-
come was defined as a child with normal development.

In addition to determining overall rates of the outcomes listed
above, we performed subgroup analyses dividing patients by age
group. The 3 age groups studied were neonates (younger than 1
month of age), infants (1 month to 2 years of age), and children (2
years of age and older). We also performed subgroup analyses to
determine whether the following variables were associated with
rates of good neurologic outcome: 1) use of the Bicêtre neonatal
evaluation score (BNES) for patient selection, 2) the presence of
CHF, 3) a prenatal diagnosis of VOGM, 4) hydrocephalus, and 5)
type of VOGM (mural versus choroidal). A subgroup analysis by
follow-up time ("2 years versus !2 years) was also performed.

Risk of Bias Assessment
Risk of bias assessment of the studies was performed with a mod-
ified Newcastle-Ottawa Scale. This tool is used for assessing the
quality of nonrandomized studies included in systematic reviews
and/or meta-analyses. Each study is judged on 8 items categorized
into 3 groups: 1) selection of the study groups, 2) comparability of

the study groups, and 3) ascertainment of the outcome of inter-
est.48 Factors that would make a study at low risk of bias would
include the following: 1) well-defined selection criteria, 2) well-
defined treatment regimen, 3) rates of long-term follow-up of
!90% for surviving patients, and 4) age-based stratification of
outcomes.

Statistical Analysis
We estimated, from each study, the cumulative incidence (event
rate) and 95% confidence interval for each outcome. Event rates
were pooled across studies with a random-effects meta-analysis.49

Heterogeneity across studies was evaluated with the I2 statistic.50

Analysis of outcomes for children older than 2 years of age could
not be performed due to the lack of sufficient studies. Analysis was
conducted with STATA Statistical Software, Release 14 (Stata-
Corp, College Station, Texas).

RESULTS
Literature Search, Study Characteristics, and Risk of Bias
The initial literature searched yielded 350 unique articles. On re-
view of the abstracts and titles, 292 articles were immediately ex-
cluded. Fifty-eight articles were retrieved for full-text evaluation.
Of these, 13 were excluded because they were review articles or
conference abstracts with insufficent information. Forty-five ar-
ticles were then evaluated. Of these, 14 were excluded for overlap-
ping patient populations, failure to distinguish vein of Galen mal-
formations from arteriovenous malformations draining directly
into the vein of Galen, or failure to discriminate between endo-
vascular and surgical outcomes. In total, 31 articles reflective of
the experiences of 27 centers were included. There were 4 articles
that had overlapping patient populations, but these were included
because they provided additional data not available in other arti-
cles from the institution. In total, 578 unique patients were in-
cluded. These findings are summarized in Fig 1.

Six institution experiences were found to have a low risk of
bias, 7 institution experiences had a moderate risk of bias, and 14
studies had a high risk of bias. Eight institution experiences used
the BNES in determining patient eligibility for treatment. The
number of patients ranged from 4 to 216. Mean follow-up ranged
from 0.5 to 6.8 years with a median of 2 years. These data are
summarized in On-line Table 2.

FIG 1. PRISMA flow diagram.
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have good neurologic outcomes than infants (48.0%; 95% CI, 35.0%– 62.0% versus 77.0%; 95% CI, 70.0%– 84.0%; P ! .01). Treatment
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LIMITATIONS: Limitations were selection and publication biases.

CONCLUSIONS: Patients receiving endovascular embolization of vein of Galen malformations experienced good long-term clinical
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Vein of Galen arteriovenous malformations (VOGMs) are
shunts that form in utero between the choroidal arteries and

the precursor of the vein of Galen, the median prosencephalic
vein of Markowski.1-3 Current prevalence estimates of VOGM are
quite low, often cited at !1 of 25,000 deliveries.4,5 A number of

studies have shown that the natural history of VOGMs is very
poor, with many patients succumbing to complications related to
congestive heart failure (CHF), hydrocephalus, and brain paren-
chymal injury.

Endovascular embolization of VOGMs has emerged as a stan-
dard of care in this patient population; however, long-term out-
comes after endovascular embolization, as well as predictors of
good neurologic outcomes, are still poorly understood.2-4,6-47Received June 14, 2017; accepted after revision August 7.
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• January 1980-January 2017: all studies reporting >=4 patients and reporting angiographic 
and/or clinical outcomes. Case reports were excluded

• Variables tracked: clinical presentation, demographics, embolization technique (venous 
versus arterial), number of treatment sessions, perioperative complications, 
complete/near complete embolization rate, long term clinical outcome, mural versus 
choroidal architecture

• “Good” outcome defined as no or minor developmental delay and no permanent disability

• Various subgroup analyses were performed as well, including stratification into neonates 
versus infants versus children

20
18

 ©
 A

BC - 
W

IN
 S

em
ina

r. A
ll r

igh
ts 

re
se

rve
d -

 A
ny

 re
pr

od
uc

tio
n e

ve
n i

n p
ar

t is
 pr

oh
ibi

ted
.

20
18

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
All r

igh
ts 

re
se

rve
d -

 A
ny

 re
pr

od
uc

tio
n e

ve
n i

n p
ar

t is
 pr

oh
ibi

ted
.

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] . 
  

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .



• 31 articles remained, describing 578 patients

• Yan et al. 2015: 34 studies (out of 421 screened) describing 667 patients

Thus, to assess the status of endovascular treatment for VOGMs,
we performed a systematic review and meta-analysis with an em-
phasis on determining factors associated with good neurologic
outcome in this patient population.

MATERIALS AND METHODS
Literature Search
Our study adheres to Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA; http://prisma-statement.
org/) guidelines. To identify studies on outcomes of endovas-
cular treatment of VOGMs, we performed a computerized
MEDLINE search of the literature from January 1980 to January
2017. Three data bases were searched from January 1980 to April
2017: Ovid MEDLINE, Ovid Embase, and the Web of Science as
described in On-line Table 1. Initial search terms included “Vein
of Galen,” “malformation,” “aneurysm,” “endovascular,” “coil,”
“embolization,” and “occlusion.” Identified studies from the
search were then further evaluated for inclusion in the systematic
review. Inclusion criteria were the following: 1) studies reporting
a consecutive series of endovascular treatment of VOGMs (!4
patients), including case series and clinical trials; and 2) studies
reporting angiographic and/or clinical outcomes following treat-
ment. Case reports were excluded from this study. Two indepen-
dent reviewers selected studies for this analysis.

Data Extraction and Outcomes
Each study was analyzed by 2 independent reviewers to collect the
following data: 1) patient presentation (congestive heart failure,
hydrocephalus, seizure); 2) patient demographics (age, sex); 3)
treatment type (transarterial versus transvenous); 4) number of
treatments/stages; 5) perioperative complications (technical mor-
tality, perioperative ischemia, and perioperative hemorrhage); 6)
complete/near-complete embolization rate; 7) long-term clinical
outcomes, including good clinical outcome (defined as no or mi-
nor developmental delay and no permanent disability), poor clin-
ical outcome, and all-cause mortality; and 8) angioarchitecture of
the lesion (mural versus choroidal). The primary outcome of this
study was good neurologic outcome rates. Good neurologic out-
come was defined as a child with normal development.

In addition to determining overall rates of the outcomes listed
above, we performed subgroup analyses dividing patients by age
group. The 3 age groups studied were neonates (younger than 1
month of age), infants (1 month to 2 years of age), and children (2
years of age and older). We also performed subgroup analyses to
determine whether the following variables were associated with
rates of good neurologic outcome: 1) use of the Bicêtre neonatal
evaluation score (BNES) for patient selection, 2) the presence of
CHF, 3) a prenatal diagnosis of VOGM, 4) hydrocephalus, and 5)
type of VOGM (mural versus choroidal). A subgroup analysis by
follow-up time ("2 years versus !2 years) was also performed.

Risk of Bias Assessment
Risk of bias assessment of the studies was performed with a mod-
ified Newcastle-Ottawa Scale. This tool is used for assessing the
quality of nonrandomized studies included in systematic reviews
and/or meta-analyses. Each study is judged on 8 items categorized
into 3 groups: 1) selection of the study groups, 2) comparability of

the study groups, and 3) ascertainment of the outcome of inter-
est.48 Factors that would make a study at low risk of bias would
include the following: 1) well-defined selection criteria, 2) well-
defined treatment regimen, 3) rates of long-term follow-up of
!90% for surviving patients, and 4) age-based stratification of
outcomes.

Statistical Analysis
We estimated, from each study, the cumulative incidence (event
rate) and 95% confidence interval for each outcome. Event rates
were pooled across studies with a random-effects meta-analysis.49

Heterogeneity across studies was evaluated with the I2 statistic.50

Analysis of outcomes for children older than 2 years of age could
not be performed due to the lack of sufficient studies. Analysis was
conducted with STATA Statistical Software, Release 14 (Stata-
Corp, College Station, Texas).

RESULTS
Literature Search, Study Characteristics, and Risk of Bias
The initial literature searched yielded 350 unique articles. On re-
view of the abstracts and titles, 292 articles were immediately ex-
cluded. Fifty-eight articles were retrieved for full-text evaluation.
Of these, 13 were excluded because they were review articles or
conference abstracts with insufficent information. Forty-five ar-
ticles were then evaluated. Of these, 14 were excluded for overlap-
ping patient populations, failure to distinguish vein of Galen mal-
formations from arteriovenous malformations draining directly
into the vein of Galen, or failure to discriminate between endo-
vascular and surgical outcomes. In total, 31 articles reflective of
the experiences of 27 centers were included. There were 4 articles
that had overlapping patient populations, but these were included
because they provided additional data not available in other arti-
cles from the institution. In total, 578 unique patients were in-
cluded. These findings are summarized in Fig 1.

Six institution experiences were found to have a low risk of
bias, 7 institution experiences had a moderate risk of bias, and 14
studies had a high risk of bias. Eight institution experiences used
the BNES in determining patient eligibility for treatment. The
number of patients ranged from 4 to 216. Mean follow-up ranged
from 0.5 to 6.8 years with a median of 2 years. These data are
summarized in On-line Table 2.

FIG 1. PRISMA flow diagram.
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from 0.5 to 6.8 years with a median of 2 years. These data are
summarized in On-line Table 2.
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Vein of Galen arteriovenous malformations (VOGMs) are
shunts that form in utero between the choroidal arteries and

the precursor of the vein of Galen, the median prosencephalic
vein of Markowski.1-3 Current prevalence estimates of VOGM are
quite low, often cited at !1 of 25,000 deliveries.4,5 A number of

studies have shown that the natural history of VOGMs is very
poor, with many patients succumbing to complications related to
congestive heart failure (CHF), hydrocephalus, and brain paren-
chymal injury.

Endovascular embolization of VOGMs has emerged as a stan-
dard of care in this patient population; however, long-term out-
comes after endovascular embolization, as well as predictors of
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Thus, to assess the status of endovascular treatment for VOGMs,
we performed a systematic review and meta-analysis with an em-
phasis on determining factors associated with good neurologic
outcome in this patient population.

MATERIALS AND METHODS
Literature Search
Our study adheres to Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA; http://prisma-statement.
org/) guidelines. To identify studies on outcomes of endovas-
cular treatment of VOGMs, we performed a computerized
MEDLINE search of the literature from January 1980 to January
2017. Three data bases were searched from January 1980 to April
2017: Ovid MEDLINE, Ovid Embase, and the Web of Science as
described in On-line Table 1. Initial search terms included “Vein
of Galen,” “malformation,” “aneurysm,” “endovascular,” “coil,”
“embolization,” and “occlusion.” Identified studies from the
search were then further evaluated for inclusion in the systematic
review. Inclusion criteria were the following: 1) studies reporting
a consecutive series of endovascular treatment of VOGMs (!4
patients), including case series and clinical trials; and 2) studies
reporting angiographic and/or clinical outcomes following treat-
ment. Case reports were excluded from this study. Two indepen-
dent reviewers selected studies for this analysis.

Data Extraction and Outcomes
Each study was analyzed by 2 independent reviewers to collect the
following data: 1) patient presentation (congestive heart failure,
hydrocephalus, seizure); 2) patient demographics (age, sex); 3)
treatment type (transarterial versus transvenous); 4) number of
treatments/stages; 5) perioperative complications (technical mor-
tality, perioperative ischemia, and perioperative hemorrhage); 6)
complete/near-complete embolization rate; 7) long-term clinical
outcomes, including good clinical outcome (defined as no or mi-
nor developmental delay and no permanent disability), poor clin-
ical outcome, and all-cause mortality; and 8) angioarchitecture of
the lesion (mural versus choroidal). The primary outcome of this
study was good neurologic outcome rates. Good neurologic out-
come was defined as a child with normal development.

In addition to determining overall rates of the outcomes listed
above, we performed subgroup analyses dividing patients by age
group. The 3 age groups studied were neonates (younger than 1
month of age), infants (1 month to 2 years of age), and children (2
years of age and older). We also performed subgroup analyses to
determine whether the following variables were associated with
rates of good neurologic outcome: 1) use of the Bicêtre neonatal
evaluation score (BNES) for patient selection, 2) the presence of
CHF, 3) a prenatal diagnosis of VOGM, 4) hydrocephalus, and 5)
type of VOGM (mural versus choroidal). A subgroup analysis by
follow-up time ("2 years versus !2 years) was also performed.

Risk of Bias Assessment
Risk of bias assessment of the studies was performed with a mod-
ified Newcastle-Ottawa Scale. This tool is used for assessing the
quality of nonrandomized studies included in systematic reviews
and/or meta-analyses. Each study is judged on 8 items categorized
into 3 groups: 1) selection of the study groups, 2) comparability of

the study groups, and 3) ascertainment of the outcome of inter-
est.48 Factors that would make a study at low risk of bias would
include the following: 1) well-defined selection criteria, 2) well-
defined treatment regimen, 3) rates of long-term follow-up of
!90% for surviving patients, and 4) age-based stratification of
outcomes.

Statistical Analysis
We estimated, from each study, the cumulative incidence (event
rate) and 95% confidence interval for each outcome. Event rates
were pooled across studies with a random-effects meta-analysis.49

Heterogeneity across studies was evaluated with the I2 statistic.50

Analysis of outcomes for children older than 2 years of age could
not be performed due to the lack of sufficient studies. Analysis was
conducted with STATA Statistical Software, Release 14 (Stata-
Corp, College Station, Texas).

RESULTS
Literature Search, Study Characteristics, and Risk of Bias
The initial literature searched yielded 350 unique articles. On re-
view of the abstracts and titles, 292 articles were immediately ex-
cluded. Fifty-eight articles were retrieved for full-text evaluation.
Of these, 13 were excluded because they were review articles or
conference abstracts with insufficent information. Forty-five ar-
ticles were then evaluated. Of these, 14 were excluded for overlap-
ping patient populations, failure to distinguish vein of Galen mal-
formations from arteriovenous malformations draining directly
into the vein of Galen, or failure to discriminate between endo-
vascular and surgical outcomes. In total, 31 articles reflective of
the experiences of 27 centers were included. There were 4 articles
that had overlapping patient populations, but these were included
because they provided additional data not available in other arti-
cles from the institution. In total, 578 unique patients were in-
cluded. These findings are summarized in Fig 1.

Six institution experiences were found to have a low risk of
bias, 7 institution experiences had a moderate risk of bias, and 14
studies had a high risk of bias. Eight institution experiences used
the BNES in determining patient eligibility for treatment. The
number of patients ranged from 4 to 216. Mean follow-up ranged
from 0.5 to 6.8 years with a median of 2 years. These data are
summarized in On-line Table 2.

FIG 1. PRISMA flow diagram.
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Vein of Galen arteriovenous malformations (VOGMs) are
shunts that form in utero between the choroidal arteries and

the precursor of the vein of Galen, the median prosencephalic
vein of Markowski.1-3 Current prevalence estimates of VOGM are
quite low, often cited at !1 of 25,000 deliveries.4,5 A number of

studies have shown that the natural history of VOGMs is very
poor, with many patients succumbing to complications related to
congestive heart failure (CHF), hydrocephalus, and brain paren-
chymal injury.

Endovascular embolization of VOGMs has emerged as a stan-
dard of care in this patient population; however, long-term out-
comes after endovascular embolization, as well as predictors of
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mortality, mortality for the embolized patients, techni-
cal mortality, other reasons), and complications (cerebral 
hemorrhage, cerebral ischemia, hydrocephalus, and devel-
opmental delay) (p < 0.05).

discussion
Vein of Galen aneurysmal malformations are arteriove-

nous malformations of the choroidal system that develop 
in the early embryonic stage.1 They represent 30% of vas-
cular malformations in the pediatric age group.

Routine prenatal ultrasound screening has become 
more and more common. All patients in this review were 
evaluated with imaging studies, such as MRI and CT. The 

diagnosis can be confirmed by vascular studies, such as 
MR angiography, CT angiography, or DSA. However, the 
therapeutic method was classified into 4 groups, includ-
ing endovascular therapy, microsurgery (craniotomy and 
clip occlusion of the vessel), Gamma Knife surgery, and 
conservative management. As is well known, endovascu-
lar treatment has long been accepted as the first option for 
the treatment VGAMs.15,20,30,36,49 High mortality and mor-
bidity of microsurgery, exceeding 90% in some studies, 
has led to the development of endovascular techniques that 
more effectively and safely treat VGAMs.2,26,29,43 However, 
Gamma Knife surgery achieved favorable outcomes in 
88.9% of cases for long-term effects, as reported by Payne 

Fig. 3. Estimates of the proportion of the poor outcome, including the 95% CI from the random-effects model and the number of 
patients for each study.
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• Analysis of outcomes for children older than 2 years of age could not be performed due 
to lack of sufficient studies

• Mean f/u ranged from 0.5 to 6.8 years (median 2 years)

• 42% neonates, 45% infants, 13% children (Yan et al., neonates: 44%, infants 41%, children 
and adults 12%)

• 68.7% were male (sex data available for 252/578 patients)

• Presentation (available for 318/578 patients): CHF (63%), hydrocephalus (27%), seizure 
(11.6%). ICH was present in 8.2%

Thus, to assess the status of endovascular treatment for VOGMs,
we performed a systematic review and meta-analysis with an em-
phasis on determining factors associated with good neurologic
outcome in this patient population.

MATERIALS AND METHODS
Literature Search
Our study adheres to Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA; http://prisma-statement.
org/) guidelines. To identify studies on outcomes of endovas-
cular treatment of VOGMs, we performed a computerized
MEDLINE search of the literature from January 1980 to January
2017. Three data bases were searched from January 1980 to April
2017: Ovid MEDLINE, Ovid Embase, and the Web of Science as
described in On-line Table 1. Initial search terms included “Vein
of Galen,” “malformation,” “aneurysm,” “endovascular,” “coil,”
“embolization,” and “occlusion.” Identified studies from the
search were then further evaluated for inclusion in the systematic
review. Inclusion criteria were the following: 1) studies reporting
a consecutive series of endovascular treatment of VOGMs (!4
patients), including case series and clinical trials; and 2) studies
reporting angiographic and/or clinical outcomes following treat-
ment. Case reports were excluded from this study. Two indepen-
dent reviewers selected studies for this analysis.

Data Extraction and Outcomes
Each study was analyzed by 2 independent reviewers to collect the
following data: 1) patient presentation (congestive heart failure,
hydrocephalus, seizure); 2) patient demographics (age, sex); 3)
treatment type (transarterial versus transvenous); 4) number of
treatments/stages; 5) perioperative complications (technical mor-
tality, perioperative ischemia, and perioperative hemorrhage); 6)
complete/near-complete embolization rate; 7) long-term clinical
outcomes, including good clinical outcome (defined as no or mi-
nor developmental delay and no permanent disability), poor clin-
ical outcome, and all-cause mortality; and 8) angioarchitecture of
the lesion (mural versus choroidal). The primary outcome of this
study was good neurologic outcome rates. Good neurologic out-
come was defined as a child with normal development.

In addition to determining overall rates of the outcomes listed
above, we performed subgroup analyses dividing patients by age
group. The 3 age groups studied were neonates (younger than 1
month of age), infants (1 month to 2 years of age), and children (2
years of age and older). We also performed subgroup analyses to
determine whether the following variables were associated with
rates of good neurologic outcome: 1) use of the Bicêtre neonatal
evaluation score (BNES) for patient selection, 2) the presence of
CHF, 3) a prenatal diagnosis of VOGM, 4) hydrocephalus, and 5)
type of VOGM (mural versus choroidal). A subgroup analysis by
follow-up time ("2 years versus !2 years) was also performed.

Risk of Bias Assessment
Risk of bias assessment of the studies was performed with a mod-
ified Newcastle-Ottawa Scale. This tool is used for assessing the
quality of nonrandomized studies included in systematic reviews
and/or meta-analyses. Each study is judged on 8 items categorized
into 3 groups: 1) selection of the study groups, 2) comparability of

the study groups, and 3) ascertainment of the outcome of inter-
est.48 Factors that would make a study at low risk of bias would
include the following: 1) well-defined selection criteria, 2) well-
defined treatment regimen, 3) rates of long-term follow-up of
!90% for surviving patients, and 4) age-based stratification of
outcomes.

Statistical Analysis
We estimated, from each study, the cumulative incidence (event
rate) and 95% confidence interval for each outcome. Event rates
were pooled across studies with a random-effects meta-analysis.49

Heterogeneity across studies was evaluated with the I2 statistic.50

Analysis of outcomes for children older than 2 years of age could
not be performed due to the lack of sufficient studies. Analysis was
conducted with STATA Statistical Software, Release 14 (Stata-
Corp, College Station, Texas).

RESULTS
Literature Search, Study Characteristics, and Risk of Bias
The initial literature searched yielded 350 unique articles. On re-
view of the abstracts and titles, 292 articles were immediately ex-
cluded. Fifty-eight articles were retrieved for full-text evaluation.
Of these, 13 were excluded because they were review articles or
conference abstracts with insufficent information. Forty-five ar-
ticles were then evaluated. Of these, 14 were excluded for overlap-
ping patient populations, failure to distinguish vein of Galen mal-
formations from arteriovenous malformations draining directly
into the vein of Galen, or failure to discriminate between endo-
vascular and surgical outcomes. In total, 31 articles reflective of
the experiences of 27 centers were included. There were 4 articles
that had overlapping patient populations, but these were included
because they provided additional data not available in other arti-
cles from the institution. In total, 578 unique patients were in-
cluded. These findings are summarized in Fig 1.

Six institution experiences were found to have a low risk of
bias, 7 institution experiences had a moderate risk of bias, and 14
studies had a high risk of bias. Eight institution experiences used
the BNES in determining patient eligibility for treatment. The
number of patients ranged from 4 to 216. Mean follow-up ranged
from 0.5 to 6.8 years with a median of 2 years. These data are
summarized in On-line Table 2.

FIG 1. PRISMA flow diagram.
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BACKGROUND: Outcomes after endovascular embolization of vein of Galen malformations remain relatively poorly described.

PURPOSE: We performed a systematic review of the literature to determine outcomes and predictors of good outcomes following
endovascular treatment of vein of Galen malformations.

DATA SOURCES: We used Ovid MEDLINE, Ovid Embase, and the Web of Science.

STUDY SELECTION: Our study consisted of all case series with !4 patients receiving endovascular treatment of vein of Galen malfor-
mations published through January 2017.

DATA ANALYSIS: We studied the following outcomes: complete/near-complete occlusion rates, technical complications, perioperative
stroke, perioperative hemorrhage, technical mortality, all-cause mortality, poor neurologic outcomes, and good neurologic outcomes.
Outcomes were stratified by age-group (neonate, infant, child). A random-effects meta-analysis was performed.

DATA SYNTHESIS: A total of 27 series with 578 patients were included; 41.9% of patients were neonates, 45.0% of patients were infants,
and 13.1% of patients were children. All-cause mortality was 14.0% (95% CI, 8.0%–22.0%). Overall good neurologic outcome rates were 62.0%
(95% CI, 57.0%– 67.0%). Overall poor neurologic outcome rates were 21.0% (95% CI, 17.0%–26.0%). Neonates were significantly less likely to
have good neurologic outcomes than infants (48.0%; 95% CI, 35.0%– 62.0% versus 77.0%; 95% CI, 70.0%– 84.0%; P ! .01). Treatment
indications following the Bicêtre neonatal evaluation score resulted in significantly higher rates of good neurologic outcome (P " .04).
Patients with congestive heart failure had significantly lower rates of good neurologic outcome (OR, 0.50; 95% CI, 0.28 – 0.88; P " .01).

LIMITATIONS: Limitations were selection and publication biases.

CONCLUSIONS: Patients receiving endovascular embolization of vein of Galen malformations experienced good long-term clinical
outcomes in #60% of cases. Appropriate patient selection is key as treatment guided by the Bicêtre neonatal evaluation score was
associated with improved neurologic outcomes.

ABBREVIATIONS: BNES " Bicêtre neonatal evaluation score; CHF " congestive heart failure; PRISMA " Preferred Reporting Items for Systematic Reviews and
Meta-Analyses; VOGM " vein of Galen arteriovenous malformation

Vein of Galen arteriovenous malformations (VOGMs) are
shunts that form in utero between the choroidal arteries and

the precursor of the vein of Galen, the median prosencephalic
vein of Markowski.1-3 Current prevalence estimates of VOGM are
quite low, often cited at !1 of 25,000 deliveries.4,5 A number of

studies have shown that the natural history of VOGMs is very
poor, with many patients succumbing to complications related to
congestive heart failure (CHF), hydrocephalus, and brain paren-
chymal injury.

Endovascular embolization of VOGMs has emerged as a stan-
dard of care in this patient population; however, long-term out-
comes after endovascular embolization, as well as predictors of
good neurologic outcomes, are still poorly understood.2-4,6-47Received June 14, 2017; accepted after revision August 7.
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Yan et al.

• Pooled outcome: 68% good (3-4), 31% poor (0-2)

• Overall mortality: 16%

Thus, to assess the status of endovascular treatment for VOGMs,
we performed a systematic review and meta-analysis with an em-
phasis on determining factors associated with good neurologic
outcome in this patient population.

MATERIALS AND METHODS
Literature Search
Our study adheres to Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA; http://prisma-statement.
org/) guidelines. To identify studies on outcomes of endovas-
cular treatment of VOGMs, we performed a computerized
MEDLINE search of the literature from January 1980 to January
2017. Three data bases were searched from January 1980 to April
2017: Ovid MEDLINE, Ovid Embase, and the Web of Science as
described in On-line Table 1. Initial search terms included “Vein
of Galen,” “malformation,” “aneurysm,” “endovascular,” “coil,”
“embolization,” and “occlusion.” Identified studies from the
search were then further evaluated for inclusion in the systematic
review. Inclusion criteria were the following: 1) studies reporting
a consecutive series of endovascular treatment of VOGMs (!4
patients), including case series and clinical trials; and 2) studies
reporting angiographic and/or clinical outcomes following treat-
ment. Case reports were excluded from this study. Two indepen-
dent reviewers selected studies for this analysis.

Data Extraction and Outcomes
Each study was analyzed by 2 independent reviewers to collect the
following data: 1) patient presentation (congestive heart failure,
hydrocephalus, seizure); 2) patient demographics (age, sex); 3)
treatment type (transarterial versus transvenous); 4) number of
treatments/stages; 5) perioperative complications (technical mor-
tality, perioperative ischemia, and perioperative hemorrhage); 6)
complete/near-complete embolization rate; 7) long-term clinical
outcomes, including good clinical outcome (defined as no or mi-
nor developmental delay and no permanent disability), poor clin-
ical outcome, and all-cause mortality; and 8) angioarchitecture of
the lesion (mural versus choroidal). The primary outcome of this
study was good neurologic outcome rates. Good neurologic out-
come was defined as a child with normal development.

In addition to determining overall rates of the outcomes listed
above, we performed subgroup analyses dividing patients by age
group. The 3 age groups studied were neonates (younger than 1
month of age), infants (1 month to 2 years of age), and children (2
years of age and older). We also performed subgroup analyses to
determine whether the following variables were associated with
rates of good neurologic outcome: 1) use of the Bicêtre neonatal
evaluation score (BNES) for patient selection, 2) the presence of
CHF, 3) a prenatal diagnosis of VOGM, 4) hydrocephalus, and 5)
type of VOGM (mural versus choroidal). A subgroup analysis by
follow-up time ("2 years versus !2 years) was also performed.

Risk of Bias Assessment
Risk of bias assessment of the studies was performed with a mod-
ified Newcastle-Ottawa Scale. This tool is used for assessing the
quality of nonrandomized studies included in systematic reviews
and/or meta-analyses. Each study is judged on 8 items categorized
into 3 groups: 1) selection of the study groups, 2) comparability of

the study groups, and 3) ascertainment of the outcome of inter-
est.48 Factors that would make a study at low risk of bias would
include the following: 1) well-defined selection criteria, 2) well-
defined treatment regimen, 3) rates of long-term follow-up of
!90% for surviving patients, and 4) age-based stratification of
outcomes.

Statistical Analysis
We estimated, from each study, the cumulative incidence (event
rate) and 95% confidence interval for each outcome. Event rates
were pooled across studies with a random-effects meta-analysis.49

Heterogeneity across studies was evaluated with the I2 statistic.50

Analysis of outcomes for children older than 2 years of age could
not be performed due to the lack of sufficient studies. Analysis was
conducted with STATA Statistical Software, Release 14 (Stata-
Corp, College Station, Texas).

RESULTS
Literature Search, Study Characteristics, and Risk of Bias
The initial literature searched yielded 350 unique articles. On re-
view of the abstracts and titles, 292 articles were immediately ex-
cluded. Fifty-eight articles were retrieved for full-text evaluation.
Of these, 13 were excluded because they were review articles or
conference abstracts with insufficent information. Forty-five ar-
ticles were then evaluated. Of these, 14 were excluded for overlap-
ping patient populations, failure to distinguish vein of Galen mal-
formations from arteriovenous malformations draining directly
into the vein of Galen, or failure to discriminate between endo-
vascular and surgical outcomes. In total, 31 articles reflective of
the experiences of 27 centers were included. There were 4 articles
that had overlapping patient populations, but these were included
because they provided additional data not available in other arti-
cles from the institution. In total, 578 unique patients were in-
cluded. These findings are summarized in Fig 1.

Six institution experiences were found to have a low risk of
bias, 7 institution experiences had a moderate risk of bias, and 14
studies had a high risk of bias. Eight institution experiences used
the BNES in determining patient eligibility for treatment. The
number of patients ranged from 4 to 216. Mean follow-up ranged
from 0.5 to 6.8 years with a median of 2 years. These data are
summarized in On-line Table 2.

FIG 1. PRISMA flow diagram.
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Vein of Galen arteriovenous malformations (VOGMs) are
shunts that form in utero between the choroidal arteries and

the precursor of the vein of Galen, the median prosencephalic
vein of Markowski.1-3 Current prevalence estimates of VOGM are
quite low, often cited at !1 of 25,000 deliveries.4,5 A number of

studies have shown that the natural history of VOGMs is very
poor, with many patients succumbing to complications related to
congestive heart failure (CHF), hydrocephalus, and brain paren-
chymal injury.

Endovascular embolization of VOGMs has emerged as a stan-
dard of care in this patient population; however, long-term out-
comes after endovascular embolization, as well as predictors of
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DATA SYNTHESIS: A total of 27 series with 578 patients were included; 41.9% of patients were neonates, 45.0% of patients were infants,
and 13.1% of patients were children. All-cause mortality was 14.0% (95% CI, 8.0%–22.0%). Overall good neurologic outcome rates were 62.0%
(95% CI, 57.0%– 67.0%). Overall poor neurologic outcome rates were 21.0% (95% CI, 17.0%–26.0%). Neonates were significantly less likely to
have good neurologic outcomes than infants (48.0%; 95% CI, 35.0%– 62.0% versus 77.0%; 95% CI, 70.0%– 84.0%; P ! .01). Treatment
indications following the Bicêtre neonatal evaluation score resulted in significantly higher rates of good neurologic outcome (P " .04).
Patients with congestive heart failure had significantly lower rates of good neurologic outcome (OR, 0.50; 95% CI, 0.28 – 0.88; P " .01).

LIMITATIONS: Limitations were selection and publication biases.

CONCLUSIONS: Patients receiving endovascular embolization of vein of Galen malformations experienced good long-term clinical
outcomes in #60% of cases. Appropriate patient selection is key as treatment guided by the Bicêtre neonatal evaluation score was
associated with improved neurologic outcomes.

ABBREVIATIONS: BNES " Bicêtre neonatal evaluation score; CHF " congestive heart failure; PRISMA " Preferred Reporting Items for Systematic Reviews and
Meta-Analyses; VOGM " vein of Galen arteriovenous malformation

Vein of Galen arteriovenous malformations (VOGMs) are
shunts that form in utero between the choroidal arteries and

the precursor of the vein of Galen, the median prosencephalic
vein of Markowski.1-3 Current prevalence estimates of VOGM are
quite low, often cited at !1 of 25,000 deliveries.4,5 A number of

studies have shown that the natural history of VOGMs is very
poor, with many patients succumbing to complications related to
congestive heart failure (CHF), hydrocephalus, and brain paren-
chymal injury.

Endovascular embolization of VOGMs has emerged as a stan-
dard of care in this patient population; however, long-term out-
comes after endovascular embolization, as well as predictors of
good neurologic outcomes, are still poorly understood.2-4,6-47Received June 14, 2017; accepted after revision August 7.
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Baseline Characteristics and Patient Presentation
The median age of patients included in this study was 0.1 month.
Age data were available for 547 patients; 229 patients were neo-
nates (41.9%), 246 patients were infants (45.0%), and 72 patients
were children (13.2%). Sex data were available for 252 patients,
and 173 patients (68.7%) were male. Patient presentation data
were available for 318 patients. The most common presentation
was CHF (201 patients, 63.2%), followed by hydrocephalus (86
patients, 27.0%) and seizure (37 patients, 11.6%). Intracranial
hemorrhage was present in 26 patients (8.2%). An age-related
breakdown of patient presentation is provided in Fig 2. Briefly,
the most common presentation in neonates was CHF (88.2%).
The most common presentation in infants and children was in-
creased head circumference (53.3% and 37.5%, respectively). An-
gioarchitectural characteristics were available for 276 patients,
with 103 being mural (37.3%) and 173 being choroidal (62.7%).

Angiographic Outcomes
Twelve studies primarily used transarterial embolization for
treatment of VOGMs. The median number of treatments ranged
from 1.5 to 4.1, with the overall median of included studies being
2.25; 27.9% of patients received 1 treatment, 29.1% received 2
treatments, and 43.0% received !3 treatments. The overall com-
plete occlusion rate was 56.0% (95% CI, 46.0%– 66.0%), with no
difference between neonates and infants.

Perioperative Complications
The overall technical complication rate was 19.0% (95% CI,
12.0%–27.0%), with a trend toward a significantly higher rate of
technical complications among neonates (29.0%; 95% CI,
17.0%– 41.0%) compared with infants (10.0%; 95% CI, 0.0%–
27.0%; P ! .07). Overall perioperative hemorrhage rates were
9.0% (95% CI, 4.0%–15.0%), with no difference between age
groups (P ! .25). Overall perioperative ischemia rates were 1.0%
(95% CI, 0.0%–2.0%), with a higher rate among neonates (3.0%;
95% CI, 0.0%–10.0%) compared with infants (0.0%; 95% CI,
0.0%–2.0%; P ! .03). Non-neurologic complicate rates were
2.0% (95% CI, 0.0%– 4.0%), with no difference among groups
(P ! 1.0). The overall technical mortality rate was 1.0% (95% CI,
0.0%–5.0%), with higher rates in neonates (2.0%; 95% CI, 0.0%–
8.0%) than in infants (0.0%; 95% CI, 0.0%–2.0%; P ! .03). These
data are summarized in the Table.

Long-Term Outcomes
The overall rate of good neurologic outcome was 62.0% (95% CI,
57.0%– 67.0%). Neonates had significantly lower rates of good
neurologic outcomes (48.0%; 95% CI, 35.0%– 62.0%) compared
with infants (77.0%; 95% CI, 70.0%– 84.0%; P " .0001). Overall
rates of poor neurologic outcome were 21.0% (95% CI, 17.0%–
26.0%), with higher rates among neonates (22.0%; 95% CI,
15.0%–31.0%) compared with infants (16.0%; 95% CI, 10.0%–
23.0%; P ! .01). The all-cause mortality rate was 14.0% (95% CI,
8.0%–20.0%), with significantly higher rates among neonates
(27.0%; 95% CI, 15.0%– 41.0%) compared with infants (1.0%;
95% CI, 0.0%– 4.0%; P " .0001). These data are summarized in
the Table. The forest plot for good neurologic outcomes is pro-
vided in Fig 3.

Follow-Up Time, Patient Selection, and Baseline
Characteristics and Outcomes
Seven studies reported the use of the BNES in selecting patients
for treatment of VOGMs. Studies that reported the use of the
BNES had significantly higher rates of good neurologic outcome
than those that did not (62%; 95% CI, 50.0%–72.0% versus 57%;
95% CI, 51.0%– 65.0%; P ! .04).

Patients with CHF were significantly less likely to experience
good neurologic outcomes than those without CHF (49.4%; 95%
CI, 21.7%–57.1% versus 66.2%; 95% CI, 55.1%–75.8%; P ! .01).
Patients with hydrocephalus (61.0%; 95% CI, 45.7%–74.4%) had
similar rates of good neurologic outcome as those without it
(62.0%; 95% CI, 53.4%–70.0%; P ! .92). Patients with mural-

FIG 2. Presentation by age group. HCP indicates hydrocephalus; HC,
head circumference; ICH, intracranial hemorrhage; inc, increase.

Systematic review outcomes

Overall Rate
(95% CI) I2 (%)

Neonate Rate
(95% CI) I2 (%)

Infant Rate
(95% CI) I2 (%)

P Value,
Neonate
vs Infant

Technical complications 19.0 (12.0–27.0) 48.9 29.0 (17.0–41.0) 7 10.0 (0.0–27.0) 45 .07
Perioperative hemorrhage 9.0 (4.0–15.0) 52 12.0 (3.0–23.0) 21 4.0 (0.0–16.0) 21 .25
Perioperative ischemia 1.0 (0.0–2.0) 0 3.0 (0.0–10.0) 0 0.0 (0.0–2.0) 0 .03
Non-neurologic complications 2.0 (0.0–4.0) 0 1.0 (0.0–7.0) 0 1.0 (0.0–8.0) 0 1
Technical mortality 1.0 (0.0–5.0) 37 2.0 (0.0–8.0) 0 0.0 (0.0–2.0) 10 .03
Complete occlusion 56.0 (46.0–66.0) 49 59.0 (45.0–73.0) 0 56.0 (17.0–91.0) 74 1
All-cause mortality 14.0 (8.0–20.0) 47 27.0 (15.0–41.0) 57 1.0 (0.0–4.0) 0 ".0001
Poor neurologic outcome 21.0 (17.0–26.0) 0 22.0 (15.0–31.0) 0 16.0 (10.0–23.0) 0 .01
Good neurologic outcome 62.0 (57.0–67.0) 3 48.0 (35.0–62.0) 50 77.0 (70.0–84.0) 0 ".0001
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• Studies reporting the use of the Bicêtre neonatal evaluation score for patient selection 
had higher rates of good neurologic outcome versus those that did not (62% vs 57%)

• Patients with CHF were significantly less likely to achieve good neurologic outcome than 
those without CHF (49.4% vs 66.2%) 

• Patients with hydrocephalus had similar rates of good outcome as those without it (62%)

• There was no association between prenatal diagnosis and good neurologic outcome 
(66.7% vs 63.1%)

Thus, to assess the status of endovascular treatment for VOGMs,
we performed a systematic review and meta-analysis with an em-
phasis on determining factors associated with good neurologic
outcome in this patient population.

MATERIALS AND METHODS
Literature Search
Our study adheres to Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA; http://prisma-statement.
org/) guidelines. To identify studies on outcomes of endovas-
cular treatment of VOGMs, we performed a computerized
MEDLINE search of the literature from January 1980 to January
2017. Three data bases were searched from January 1980 to April
2017: Ovid MEDLINE, Ovid Embase, and the Web of Science as
described in On-line Table 1. Initial search terms included “Vein
of Galen,” “malformation,” “aneurysm,” “endovascular,” “coil,”
“embolization,” and “occlusion.” Identified studies from the
search were then further evaluated for inclusion in the systematic
review. Inclusion criteria were the following: 1) studies reporting
a consecutive series of endovascular treatment of VOGMs (!4
patients), including case series and clinical trials; and 2) studies
reporting angiographic and/or clinical outcomes following treat-
ment. Case reports were excluded from this study. Two indepen-
dent reviewers selected studies for this analysis.

Data Extraction and Outcomes
Each study was analyzed by 2 independent reviewers to collect the
following data: 1) patient presentation (congestive heart failure,
hydrocephalus, seizure); 2) patient demographics (age, sex); 3)
treatment type (transarterial versus transvenous); 4) number of
treatments/stages; 5) perioperative complications (technical mor-
tality, perioperative ischemia, and perioperative hemorrhage); 6)
complete/near-complete embolization rate; 7) long-term clinical
outcomes, including good clinical outcome (defined as no or mi-
nor developmental delay and no permanent disability), poor clin-
ical outcome, and all-cause mortality; and 8) angioarchitecture of
the lesion (mural versus choroidal). The primary outcome of this
study was good neurologic outcome rates. Good neurologic out-
come was defined as a child with normal development.

In addition to determining overall rates of the outcomes listed
above, we performed subgroup analyses dividing patients by age
group. The 3 age groups studied were neonates (younger than 1
month of age), infants (1 month to 2 years of age), and children (2
years of age and older). We also performed subgroup analyses to
determine whether the following variables were associated with
rates of good neurologic outcome: 1) use of the Bicêtre neonatal
evaluation score (BNES) for patient selection, 2) the presence of
CHF, 3) a prenatal diagnosis of VOGM, 4) hydrocephalus, and 5)
type of VOGM (mural versus choroidal). A subgroup analysis by
follow-up time ("2 years versus !2 years) was also performed.

Risk of Bias Assessment
Risk of bias assessment of the studies was performed with a mod-
ified Newcastle-Ottawa Scale. This tool is used for assessing the
quality of nonrandomized studies included in systematic reviews
and/or meta-analyses. Each study is judged on 8 items categorized
into 3 groups: 1) selection of the study groups, 2) comparability of

the study groups, and 3) ascertainment of the outcome of inter-
est.48 Factors that would make a study at low risk of bias would
include the following: 1) well-defined selection criteria, 2) well-
defined treatment regimen, 3) rates of long-term follow-up of
!90% for surviving patients, and 4) age-based stratification of
outcomes.

Statistical Analysis
We estimated, from each study, the cumulative incidence (event
rate) and 95% confidence interval for each outcome. Event rates
were pooled across studies with a random-effects meta-analysis.49

Heterogeneity across studies was evaluated with the I2 statistic.50

Analysis of outcomes for children older than 2 years of age could
not be performed due to the lack of sufficient studies. Analysis was
conducted with STATA Statistical Software, Release 14 (Stata-
Corp, College Station, Texas).

RESULTS
Literature Search, Study Characteristics, and Risk of Bias
The initial literature searched yielded 350 unique articles. On re-
view of the abstracts and titles, 292 articles were immediately ex-
cluded. Fifty-eight articles were retrieved for full-text evaluation.
Of these, 13 were excluded because they were review articles or
conference abstracts with insufficent information. Forty-five ar-
ticles were then evaluated. Of these, 14 were excluded for overlap-
ping patient populations, failure to distinguish vein of Galen mal-
formations from arteriovenous malformations draining directly
into the vein of Galen, or failure to discriminate between endo-
vascular and surgical outcomes. In total, 31 articles reflective of
the experiences of 27 centers were included. There were 4 articles
that had overlapping patient populations, but these were included
because they provided additional data not available in other arti-
cles from the institution. In total, 578 unique patients were in-
cluded. These findings are summarized in Fig 1.

Six institution experiences were found to have a low risk of
bias, 7 institution experiences had a moderate risk of bias, and 14
studies had a high risk of bias. Eight institution experiences used
the BNES in determining patient eligibility for treatment. The
number of patients ranged from 4 to 216. Mean follow-up ranged
from 0.5 to 6.8 years with a median of 2 years. These data are
summarized in On-line Table 2.

FIG 1. PRISMA flow diagram.
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ABSTRACT

BACKGROUND: Outcomes after endovascular embolization of vein of Galen malformations remain relatively poorly described.

PURPOSE: We performed a systematic review of the literature to determine outcomes and predictors of good outcomes following
endovascular treatment of vein of Galen malformations.

DATA SOURCES: We used Ovid MEDLINE, Ovid Embase, and the Web of Science.
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mations published through January 2017.
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stroke, perioperative hemorrhage, technical mortality, all-cause mortality, poor neurologic outcomes, and good neurologic outcomes.
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Patients with congestive heart failure had significantly lower rates of good neurologic outcome (OR, 0.50; 95% CI, 0.28 – 0.88; P " .01).

LIMITATIONS: Limitations were selection and publication biases.

CONCLUSIONS: Patients receiving endovascular embolization of vein of Galen malformations experienced good long-term clinical
outcomes in #60% of cases. Appropriate patient selection is key as treatment guided by the Bicêtre neonatal evaluation score was
associated with improved neurologic outcomes.
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Vein of Galen arteriovenous malformations (VOGMs) are
shunts that form in utero between the choroidal arteries and

the precursor of the vein of Galen, the median prosencephalic
vein of Markowski.1-3 Current prevalence estimates of VOGM are
quite low, often cited at !1 of 25,000 deliveries.4,5 A number of

studies have shown that the natural history of VOGMs is very
poor, with many patients succumbing to complications related to
congestive heart failure (CHF), hydrocephalus, and brain paren-
chymal injury.

Endovascular embolization of VOGMs has emerged as a stan-
dard of care in this patient population; however, long-term out-
comes after endovascular embolization, as well as predictors of
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University, Assistance Publique-Hôpitaux de Paris, Hôpital Necker Enfants, Paris, France; †Department of Pediatric Imaging, Paris
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ABSTRACT

Objective To evaluate the prognosis of prenatally
diagnosed vein of Galen aneurysmal malformation
(VGAM) in a large cohort with this condition and to
review the literature on prenatally diagnosed VGAM.

Methods This was a retrospective study of all cases of
prenatally diagnosed VGAM managed in our referral
center during a 12-year period. VGAM was categorized
as being either isolated or associated with any other
abnormality, based on fetal ultrasound and magnetic
resonance imaging findings. Poor outcomes comprised
termination of pregnancy with confirmation of antenatal
findings, perinatal death and severe cardiac and/or
neurological impairment in survivors. The literature was
also reviewed for similar cases.

Results Twenty-one cases of prenatally diagnosed VGAM
were managed in our center. Four (19.0%) cases were
isolated and 17 (81.0%) were associated with other
anomalies. There were nine terminations (42.9%) and
six neonatal deaths (28.6%). Six children (28.6%) were
still alive at last follow-up, of whom three had abnormal
neurological development. VGAM associated with other
anomalies was strongly associated with a poor outcome
compared with isolated forms (P < 0.0001). One hundred
and nine cases from the literature were also reviewed.

Conclusion Fetuses with prenatally diagnosed VGAM
have unexpectedly poor outcomes in the presence
of cardiac or cerebral anomalies, while those with
strictly isolated VGAM tend to have more favorable
outcomes. Our literature review corroborates these
findings. Copyright © 2012 ISUOG. Published by John
Wiley & Sons, Ltd.

Correspondence to: Dr L. J. Salomon, Hôpital Necker-Enfants-Malades, 149 rue de Sèvres, 75015 Paris, France
(e-mail: laurentsalomon@gmail.com)
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INTRODUCTION

Vein of Galen aneurysmal malformation (VGAM) is
a rare congenital anomaly of the cerebral vasculature,
representing less than 1% of all intracranial arteriovenous
malformations1,2. Nevertheless, VGAM is the most
frequent cerebral arteriovenous malformation detected
prenatally, representing 30% of all pediatric vascular
malformations. VGAM results from an arteriovenous
connection between the primitive choroidal vessels and
the median prosencephalic vein of Markowski, occurring
between the 6th and 11th weeks of gestation. This
leads to abnormal flow, preventing involution of the
embryonic vein and subsequent development of the vein
of Galen1,3–6.

Prenatal diagnosis is usually made during the third
trimester, with color Doppler ultrasonography demon-
strating turbulent arterial and venous flow within a
hypoechogenic structure located in the midline of the
posterior part of the third ventricle3,7–11. Fetal mag-
netic resonance imaging (MRI) is important to confirm
VGAM, to detect associated brain abnormalities and to
rule out differential diagnoses including arachnoid, poren-
cephalic or choroid plexus cysts, pineal tumors, choroid
papilloma and intracerebral hematoma8,12–14. The cere-
bral shunt created by the aneurysm can increase cardiac
preload and lead to congestive heart failure. Intrauterine
ultrasound signs of heart failure, such as cardiomegaly,
triscuspid insufficiency, polyhydramnios, pericardial and
pleural effusion, edema and ascites carry a poor prognosis,
indicating an intractable high-flow anomaly1,3,7,9,11,15,16.

The value of MRI and ultrasound examination for
predicting the outcome of antenatally diagnosed VGAM
has rarely been reported15–17. Here we report our

Copyright © 2012 ISUOG. Published by John Wiley & Sons, Ltd. ORIGINAL PAPER
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‘Associated’
aneurysm
(n = 17)

‘Isolated’
aneurysm

(n = 4)

Good outcome
(n = 3)

(3 embolizations)

Poor outcome
(n = 17)

Termination of
pregnancy
(n = 9)∗

Neonatal death
(n = 5)

(1 embolization)

Survived with mental
retardation

(n = 3)
(1 embolization)

Vein of
Galen aneurysm

(n = 21)

Poor outcome
(n = 1)

(1 embolization)

Figure 3 Outcomes of 21 cases of vein of Galen aneurysmal malformation; see also Tables 3* and 4†. ‡This infant underwent embolization
at 3 months of age but the coil migrated through the venous system, causing fatal thrombosis of the central venous system of the brain.

Table 3 Autopsy findings in nine cases of vein of Galen aneurysmal malformation (VGAM) that underwent termination of pregnancy

Case
Antenatal
classification

Ultrasound and
MRI abnormalities

Cardiac
abnormalities Autopsy findings

1 Associated Hydrocephaly Cardiomegaly Triventricular cerebral
dilatation, ischemic brain
lesion, cardiomegaly

2 Associated Porencephaly,
ventriculomegaly

Major cardiac dysfunction Hydrocephaly,
cerebral necrosis lesions,
cardiac lesions

3 Associated Ventriculomegaly Cardiac dysfunction,
cardiomegaly,
subcutaneous edema

Intracerebral hemorrhage,
cardiomegaly

4 Associated Polymicrogyria,
ventriculomegaly

Cardiomegaly,
tricuspid dysfunction

Extensive cerebral necrosis,
cardiomegaly

5 Associated Periventricular leukomalacia Fetal hydrops,
cardiomegaly

Fetal hydrops,
extensive ischemic brain
lesion

6 Associated Schizencephaly,
ventriculomegaly, IUGR

Cardiomegaly,
tricuspid insufficiency

Extensive cerebral necrosis,
cardiomegaly, IUGR

7 Associated Hydrocephaly Cardiomegaly Polymicrogyria,
hydrocephaly,
cardiomegaly

8 Associated Ventriculomegaly Cardiomegaly Intracerebral hemorrhage,
fetal hydrops

9 Associated Porencephaly,
ventriculomegaly

Cardiomegaly Intracerebral necrosis,
intracerebral hemorrhage,
cardiomegaly

Associated, VGAM associated with other neurological and/or cardiac abnormalities; IUGR, intrauterine growth restriction; MRI, magnetic
resonance imaging.

The prognostic value of prenatal ultrasound findings
is summarized in Table 5. VGAM with associated
abnormalities was strongly associated with a poor
outcome (P < 0.0001) compared to isolated VGAM.

Our literature search retrieved the details of 109
cases of antenatally diagnosed VGAM described in
publications from 1994 to 2011 (full details in Table
S1 online)1–3,7,9–14,17–40. After exclusion of TOP cases,
the total number of cases with known outcome was 90,

and of these there were 49 (54%) perinatal deaths; 29
(32%) patients were alive and well and 13 (14%) were
alive with mental retardation.

DISCUSSION

The prognosis of prenatally diagnosed VGAM was far
poorer in this series than generally reported15,17. Outcome

Copyright © 2012 ISUOG. Published by John Wiley & Sons, Ltd. Ultrasound Obstet Gynecol 2012; 40: 652–658.

Literature review: 109 antenatally diagnosed cases between 1994 and 2011. Excluding TOP, 
outcome was known in 90 cases: 49 perinatal deaths (54%), 13 alive but severely impaired 
(14%), 29 patients are alive and well (32%)
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ABSTRACT

Objective Vein of Galen aneurysmal malformation
(VGAM) is a rare fetal anomaly, the neurological
outcome of which can be good with appropriate perinatal
management. However, most fetal series are too small to
allow reliable statistical assessment of potential prognostic
indicators. Our aim was to assess, in a two-center series of
49 cases, the prognostic value of several prenatal variables,
in order to identify possible prenatal indicators of poor
outcome, in terms of mortality and cerebral disability.

Methods This was a retrospective study involving 49
cases of VGAM diagnosed prenatally and managed at
two centers over a 17-year period (1999–2015). All
cases had undergone detailed prenatal cerebral and
cardiac assessment by grayscale ultrasound, color and
pulsed-wave Doppler and magnetic resonance imaging
(MRI). Ultrasound and MRI examination reports and
images were reviewed and outcome information was
obtained from medical reports. Volume of the VGAM (on
ultrasound and MRI) was calculated and development
of straight-sinus dilatation, ventriculomegaly and other
major brain abnormalities was noted. Cardiothoracic
ratio, tricuspid regurgitation and reversed blood flow
across the aortic isthmus were evaluated on fetal
echocardiography. Major brain lesions were considered
by definition to be associated with poor outcome in all
cases. Pregnancy and fetoneonatal outcome were known
in all cases. Fetoneonatal outcome and brain damage
were considered as dependent variables in the statistical
evaluation. Poor outcome was defined as death, late

Correspondence to: Prof. D. Paladini, Fetal Medicine and Surgery Unit, Instituto Giannina Gaslini, Genoa, Italy (e-mail:
dpaladini49@gmail.com)

Accepted: 8 August 2016

termination of pregnancy due to association with related
severe brain anomalies or severe neurological impairment.

Results At a mean follow-up time of 20 (range, 0–72)
months, 36.7% of the whole series and 52.9% of the
cases which did not undergo late termination were
alive and free of adverse sequelae. Five (10.2%) cases
showed progression of the lesion between diagnosis
and delivery. On univariate analysis, dilatation of
the straight sinus, VGAM volume ≥ 20 000 mm3 and
tricuspid regurgitation were all significantly related to
poor outcome. However, on logistic regression analysis,
the only variables associated significantly with poor
outcome were tricuspid regurgitation and, to a lesser
extent, VGAM volume ≥ 20 000 mm3. The former was
also the only variable associated with brain damage.

Conclusions Major brain lesions, tricuspid regurgitation
and, to a lesser extent, VGAM volume ≥ 20 000 mm3 are
the only prenatal variables associated with poor outcome
in fetal VGAM. Prenatal multidisciplinary counseling
should be based on these variables. Copyright © 2016
ISUOG. Published by John Wiley & Sons Ltd.

INTRODUCTION

Vein of Galen aneurysmal malformation (VGAM)
represents the most common cerebral arteriovenous
malformation detected prenatally and accounts for
30% of all pediatric vascular malformations1. This
malformation results from a connection between the
primitive choroidal vessels and the median prosencephalic

Copyright © 2016 ISUOG. Published by John Wiley & Sons Ltd. ORIGINAL PAPER
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Table 6 Relationship according to univariate analysis between different predictors and poor outcome in a series of 49 cases of vein of Galen
aneurysmal malformation (VGAM)

Variable Missing cases (n (%)) Poor outcome Good outcome P

Straight sinus dilatation 11 (22.4) < 0.0001†
Yes (n = 21) 16/21 (76.2) 5/21 (23.8)
No (n = 17) 2/17 (11.8) 15/17 (88.2)

Mean VGAM volume (mm3) 7 (14.3) 0.06‡33 963 (22 678–44 594) 19 216 (11 990–35 114)
VGAM volume ≥ 20 000 mm3* 7 (14.3) 0.001†

Yes (n = 29) 20/29 (69.0) 9/29 (31.0)
No (n = 13) 2/13 (15.4) 11/13 (84.6)

Tricuspid regurgitation 0 (0) < 0.0001†
Yes (n = 16) 15/16 (93.8) 1/16 (6.3)
No (n = 33) 13/33 (39.4) 20/33 (60.6)

Aortic isthmus reversed flow 20 (40.8) 0.096†
Yes (n = 14) 8/14 (57.1) 6/14 (42.9)
No (n = 15) 4/15 (26.7) 11/15 (73.3)

Data are given as n/N (%) or median (interquartile range). Poor outcome defined by death, late termination due to association with related
severe brain anomalies or severe neurological impairment. Good outcome defined by normal cardiac and neurological status at last
neonatal/infant follow-up. *Actual value according to receiver–operating characteristics curve = 19 807.1 mm3. †Chi-square test.
‡Mann–Whitney U-test.

Table 7 Vein of Galen aneurysmal malformation (VGAM) in the
fetus: best fitted logistic regression model for poor outcome
(n = 22/42; 52.4%)* and brain damage (n = 13/42; 40.0%)†

OR (95% CI) P‡

Dependent variable: poor outcome
VGAM vol ≥ 20 000 vs < 20 000 mm3§ 15.5 (1.6–155.7) 0.004
TR present vs absent 33.8 (2.5–450.6) 0.0003

Dependent variable: brain damage
VGAM vol ≥ 20 000 vs < 20 000 mm3§ 6.2 (0.6–63.0) 0.08
TR present vs absent 9.0 (1.8–43.9) 0.001

Poor outcome defined by death, late termination due to association
with related severe brain anomalies or severe neurological
impairment. Brain damage defined as development of any kind of
brain lesion possibly related to VGAM. *Area under location
receiver–operating characteristics curve (LROC) of model: 0.86.
†LROC of model: 0.82. ‡Log-likelihood ratio test. §Actual value
according to ROC curve = 19 807.1 mm3. OR, odds ratio; TR,
tricuspid regurgitation; vol, volume.

DISCUSSION

VGAM is a complex malformation, the natural history
of which is not understood completely1. To predict at the
time of prenatal diagnosis which case will develop severe
brain necrotic lesions and which will not remains challeng-
ing. Several prognostic factors have been proposed, both
in the neonate7,8 and in the fetus2–5,9, the latter based on
small series5 or anecdotal descriptions of single cases2,3.
The need to identify prognostic indicators in the fetus has
become more pressing over recent years for two reasons:
(1) the availability of endovascular techniques in conjunc-
tion with specialized perinatal intensive care management
have made VGAM a potentially curable condition6,7; and
(2) the earlier recognition of fetal anomalies, including
late-onset ones such as VGAM, due to advancements in
ultrasound technology, may enable the identification and
delivery of cases that would otherwise deteriorate over
the last few gestational weeks prior to term. In the latter
scenario (delivery before term), it should be borne in mind

Table 8 Relationship according to univariate analysis between
different predictors and brain damage in a series of 49 cases of vein
of Galen aneurysmal malformation (VGAM)

Brain damage (n/N (%))

Yes No P

Straight sinus dilatation 0.0099†
Yes (n = 21) 10/21 (47.6) 11/21 (52.4)
No (n = 17) 1/17 (5.9) 16/17 (94.1)

VGAM vol ≥ 20 000 mm3* 0.036†
Yes (n = 29) 12/29 (41.4) 17/29 (58.6)
No (n = 13) 1/13 (7.7) 9/29 (31.0)

Tricuspid regurgitation 0.0012‡
Yes (n = 16) 11/16 (68.8) 5/16 (31.3)
No (n = 33) 7/33 (21.2) 26/33 (78.8)

Aortic isthmus reversed flow 0.035†
Yes (n = 14) 6/14 (42.9) 8/14 (57.1)
No (n = 15) 1/15 (6.7) 14/15 (93.3)

Brain damage defined as development of any kind of brain lesion
possibly related to VGAM. *Actual value according to
receiver–operating characteristics curve = 19 807.1 mm3. †Fisher’s
exact test. ‡Chi-square test. vol, volume.

that early neonatal embolization attempts are associated
with a higher risk of death and complications4–14.

The present study has the strength of including a
substantial number of cases, all with prenatal diagnosis
and autoptic or postnatal confirmation and follow-up,
seen at two referral centers over a relatively limited
period, considering the rarity of the malformation:
17 years for Necker Hospital and 8 years for Gaslini
Hospital. Another advantage of this investigation is that
prenatal data included detailed fetal neurosonographic,
echocardiographic and MRI evaluation in all cases. A
limitation of the study is that survivors with severe neu-
rodevelopmental sequelae, neonatal deaths and late TOPs
were grouped under a single variable: poor outcome.
This was due to the need to reach a minimum number of
events to run the statistics, but we nonetheless believe that
all of these variables do indeed represent poor outcome

Copyright © 2016 ISUOG. Published by John Wiley & Sons Ltd. Ultrasound Obstet Gynecol 2017; 50: 192–199.
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only the presence of tricuspid regurgitation remained
associated significantly with brain damage (Table 7).

Prenatal progression of VGAM

A VGAM-related brain lesion appeared between prenatal
diagnosis and delivery in five (10.2%) cases (Table 5).
The numbers are too small to allow statistical analysis,
but comparison of the VGAM volume in the four with
this information available vs the remaining cases without
progression showed VGAM volume to be > 40 000 mm3

in all four cases showing late-onset prenatal brain insults
but in only 14.3% (4/28) of those with no progression
(Figure 3). Of these four, one neonate died at 3 months
and another was alive at the time of writing but
underwent ventriculoperitoneal shunt placement due to
hydrocephalus.

Table 3 Descriptive statistics for continuous variables in a series of
49 cases of vein of Galen aneurysmal malformation (VGAM)

Variable n Min Max Mean SD

VGAM volume (mm3)* 42 4423 168 911 35 794 30 590
Afferent vessels (n)† 41 1 6 3.93 1.44
Efferent vessels (n)† 41 1 2 1.12 0.33

*On prenatal magnetic resonance imaging (MRI). †On postnatal
MRI. Max, maximum; Min, minimum.

Table 4 Fetoneonatal outcome in 49 cases of vein of Galen
aneurysmal malformation

Outcome n %
% of

ongoing pregnancies

Late TOP 15 30.6 —
Intrauterine fetal death 1 2.0 2.9
Neonatal death 11 22.4 32.3
Infant death 1 2.0 2.9
Alive and well* 18 36.7 52.9
Alive with sequelae*† 3 6.1 8.8

*Mean follow-up, 20 (range, 0–72) months. †One case each of:
seizures in a case of hydrocephalus treated with ventriculo-
peritoneal shunt; periventricular leukomalacia; spastic tetraparesis,
which is currently being investigated for genetic mutations due to
recurrence of cerebral arteriovenous malformation in second
pregnancy (not included in present report) 5 years after index case.
TOP, termination of pregnancy.
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Figure 2 Vein of Galen aneurysmal malformation (VGAM) volume
calculation: scatterplot showing correlation between prenatal
ultrasound (US) and magnetic resonance imaging (MRI)
(R2 linear = 0.858).
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Figure 3 Box-and-whiskers plot showing relationship between vein
of Galen aneurysmal malformation (VGAM) volume measured on
magnetic resonance imaging and prenatal progression of lesion.
Boxes and internal lines represent median and range, whiskers
represent interquartile range and circles represent outliers.
Reference line is at 40 000 mm3.

Table 5 Characteristics of the five cases of vein of Galen aneurysmal malformation (VGAM) showing progression of lesion from diagnosis
to delivery

GA at diagnosis
(weeks)

Straight sinus
dilatation

VGAM
volume (mm3 ) TR

Abnormal
CTR

Heart
failure

GA at
progression

(weeks) New finding

31 Yes 168 910 No Yes No 32 Necrosis, porencephaly
32 No 52 675 No Yes No 36 Severe ventriculomegaly
35 N/A 33 504 No Yes No 37 Necrosis, porencephaly
31 N/A N/A No No No 36 Necrosis, porencephaly
31 Yes 43 345 Yes No No 38 Necrosis, porencephaly

CTR, cardiothoracic ratio; GA, gestational age; N/A, not available; TR, tricuspid regurgitation.

Copyright © 2016 ISUOG. Published by John Wiley & Sons Ltd. Ultrasound Obstet Gynecol 2017; 50: 192–199.
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only the presence of tricuspid regurgitation remained
associated significantly with brain damage (Table 7).
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A VGAM-related brain lesion appeared between prenatal
diagnosis and delivery in five (10.2%) cases (Table 5).
The numbers are too small to allow statistical analysis,
but comparison of the VGAM volume in the four with
this information available vs the remaining cases without
progression showed VGAM volume to be > 40 000 mm3

in all four cases showing late-onset prenatal brain insults
but in only 14.3% (4/28) of those with no progression
(Figure 3). Of these four, one neonate died at 3 months
and another was alive at the time of writing but
underwent ventriculoperitoneal shunt placement due to
hydrocephalus.

Table 3 Descriptive statistics for continuous variables in a series of
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% of

ongoing pregnancies

Late TOP 15 30.6 —
Intrauterine fetal death 1 2.0 2.9
Neonatal death 11 22.4 32.3
Infant death 1 2.0 2.9
Alive and well* 18 36.7 52.9
Alive with sequelae*† 3 6.1 8.8

*Mean follow-up, 20 (range, 0–72) months. †One case each of:
seizures in a case of hydrocephalus treated with ventriculo-
peritoneal shunt; periventricular leukomalacia; spastic tetraparesis,
which is currently being investigated for genetic mutations due to
recurrence of cerebral arteriovenous malformation in second
pregnancy (not included in present report) 5 years after index case.
TOP, termination of pregnancy.
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of Galen aneurysmal malformation (VGAM) volume measured on
magnetic resonance imaging and prenatal progression of lesion.
Boxes and internal lines represent median and range, whiskers
represent interquartile range and circles represent outliers.
Reference line is at 40 000 mm3.

Table 5 Characteristics of the five cases of vein of Galen aneurysmal malformation (VGAM) showing progression of lesion from diagnosis
to delivery

GA at diagnosis
(weeks)

Straight sinus
dilatation

VGAM
volume (mm3 ) TR

Abnormal
CTR

Heart
failure

GA at
progression

(weeks) New finding

31 Yes 168 910 No Yes No 32 Necrosis, porencephaly
32 No 52 675 No Yes No 36 Severe ventriculomegaly
35 N/A 33 504 No Yes No 37 Necrosis, porencephaly
31 N/A N/A No No No 36 Necrosis, porencephaly
31 Yes 43 345 Yes No No 38 Necrosis, porencephaly

CTR, cardiothoracic ratio; GA, gestational age; N/A, not available; TR, tricuspid regurgitation.

Copyright © 2016 ISUOG. Published by John Wiley & Sons Ltd. Ultrasound Obstet Gynecol 2017; 50: 192–199.
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VEIN of Galen aneurysmal malformations (VGAMs) 
are cerebral arteriovenous malformations of the 
choroidal system draining into the vein of Ga-

len forerunner. Although they represent approximately 
1% of all intracranial vascular lesions, they account 

for 30% of vascular malformations in the pediatric age 
group.7 Endovascular embolization is the first option for 
VGAMs.15,20,30,36 The development of endovascular tech-
niques began in the early 1980s. There have been many re-
ports about their use in treating VGAMs since then. Given 

abbreviatioNs DSA = digital subtraction angiography; VGAM = vein of Galen aneurysmal malformation.
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obJect There have been many multidisciplinary approaches to the treatment of vein of Galen malformations. Endo-
vascular embolization is the first option for treatment. However, the effects of the treatment remain controversial. The 
aim of this study is to assess the efficacy and safety of endovascular embolization to treat patients with vein of Galen 
malformations.
methods This paper includes a retrospective analysis of a sample of 667 patients who underwent endovascular em-
bolization to treat vein of Galen malformations. The data were obtained through a literature search of PubMed databas-
es. The authors also evaluate the efficacy and safety of the treatment. Mortality within the follow-up period is analyzed. 
Pooled estimates of proportions with corresponding 95% CIs were calculated using raw (i.e., untransformed) proportions 
(PRAW).
results In the 34 studies evaluated, neonates accounted for 44% of the sample (95% CI 31%–57%; I2 = 92.5%), 
infants accounted for 41% (95% CI 30%–51%; I2 = 83.3%), and children and adults accounted for 12% (95% CI 7%–16%; 
I2 = 52.9%). The meta-analysis revealed that complete occlusion was performed in 57% (95% CI 48%–65%; I2 = 68.2%) 
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outcome was 68% (95% CI 61%–76%; I2 = 77.8%), while 31% showed a poor outcome (95% CI 24%–38%; I2 = 75.6%). 
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coNclusioNs The successful treatment of vein of Galen malformations remains a complex therapeutic challenge. 
The authors’ analysis of clinical history and research literature suggests that vein of Galen malformations treated with 
endovascular embolization can result in an acceptable mortality rate, complications, and good clinical outcome. Future 
large-scale, multicenter, randomized trials are necessary to confirm these findings.
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Neonates:
All small series, short F/U av. 2 yrs, heterogeneous, crude 
markers of outcome 

48% good outcome, 22% poor outcome, 27% mortality

outcome and complications for vein of galen malformations

CI 24%–69%; I2 = 90.7%). At the same time, we analyzed 
the causes of death with the embolized patients, including 
the technical reasons related to embolization (2% [95% CI 
1%–3%], I2 = 0%), such as cerebral hemorrhage, broken 
catheter, catheter perforation, intractable congestive heart 
failure due to failed embolization, and other causes (co-
morbidities) (6% [95% CI 4%–8%], I2 = 33.7%), such as 
persistent heart failure, subdural hematoma, pulmonary 
infarct, progressive neurological deterioration, rejected 
treatment, melting brain syndrome, severe seizures, and 
multiple organ failure (Table 6).

Postembolization Complications
The analysis included the following postembolization 

complications: cerebral hematoma, cerebral ischemia, 
macrocephaly or hydrocephalus, mental retardation or 
developmental delay, leg ischemia, and vessel perforation. 
The proportional meta-analysis showed a pooled propor-
tion of 37% (95% CI 29%–45%; I2 = 79.1%) (Fig. 5).

Cerebral hemorrhage was reported most frequently as 
a postembolization complication. Cerebral hemorrhage 
data were available for all studies. The proportional meta-
analysis showed that a pooled proportion of 5% (95% CI 

table 1. outcome of studies included in the meta-analysis

Age Group at Treatment Treatment Result Mortality
Clinical 
Outcome

Authors & Year Country Total
Neonate  
(<1 mo)

Infant (≥1 mo  
to <2 yrs)

Child or Adult  
(≥2 yrs)

Complete  
Occlusion

Partial  
Occlusion

Technical 
Mortality Other  Good Poor

Ellis et al., 2012 US 5 2 2 1 4 1 0 0 5 0
Berenstein et al., 2012 US 9 9 0 0 6 2 1 0 6 3
Meila et al., 2012 Germany 14 8 6 0 11 3 0 1 11 3
Li et al., 2011 Canada 21 7 10 4 4 17 2 2 10 11
Moon et al., 2011 Korea 5 3 2 0 1 4 2 0 3 2
Pongpech et al., 2010 Thailand 5 0 4 1 2 3 0 0 3 2
Zuccaro et al., 2010 Argentina 8 4 4 0 5 3 0 1 5 3
Heuer et al., 2010 US 11 7 3 1 7 6 1 1 8 4
Hassan et al., 2010 Egypt 8 0 5 3 6 1 0 0 7 1
McSweeney et al., 2010 England 28 21 3 4 11 17 1 1 20 8
Lasjaunias et al., 2006 France 216 23 153 40 119 97 3 20 173 43
Gupta et al., 2006 India 15 0 6 9 13 2 0 0 15 0
Wong et al., 2006 Australia 9 9 0 0 5 4 1 2 4 5
Fullerton et al., 2003 US 27 21 5 1 21 6 0 4 23 4
Jones et al., 2002 US 13 8 4 1 NA NA 1 4 7 6
Chevret et al., 2002 France 18 18 0 0 NA NA 0 6 10 8
Frawley et al., 2002 Australia 9 9 0 0 NA NA 0 3 6 3
Komiyama et al., 2001 Japan 6 3 1 0 NA NA 1 2 1 3
Mitchell et al., 2001 Australia 5 4 1 0 3 2 1 1 3 2
Campi et al., 1998 France 3 2 1 0 2 1 1 0 2 1
Halbach et al., 1998 US 8 2 6 0 4 4 0 0 8 0
Iizuka et al., 1998 Japan 3 2 1 0 NA NA 0 2 1 2
Borthne et al., 1997 Norway 14 5 5 4 NA NA 1 3 10 4
Lasjaunias et al., 1995 France 52 31 16 5 NA NA 3 10 31 21
Rodesch et al., 1994 France 12 0 12 0 8 4 0 0 8 4
Lylyk et al., 1993 US 28 11 13 4 13 15 3 2 17 11
Friedman et al., 1993 US 11 11 0 0 NA NA 0 0 8 3
Lasjaunias et al., 1991 Canada 34 13 14 7 16 18 1 1 18 16
Garcia-Monaco et al.,  
 1991

France 22 19 7 4 16 6 2 0 20 2

Casasco et al., 1991 Argentina 7 1 5 1 5 2 1 0 7 0
Ciricillo et al., 1990 US 8 8 0 0 NA NA 1 1 2 6
Lasjaunias et al., 1989 France 15 NA NA NA 10 5 0 2 4 11
Hanner et al., 1988 US 15 NA NA NA 6 8 1 2 12 3
Burrows et al., 1987 Canada 3 1 1 1 0 3 1 0 1 2

NA = not available.

J Neurosurg  Volume 123 • October 2015 875

Vijeya Ganesan, Fergus Robertson, Adam Rennie
Paediatric Neurovascular Unit
Great Ormond Street Hospital

London UK
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1/3rd don’t survive
1/3rd good neurocognitive outcome
1/3rd poor neurocognitive outcome

UK VGAM cohort study
• 2006-2016 : National service - all UK neonatal 

VGAMs 2 centres (GOSH London / Glasgow)

• 87 consecutive neonatal VGAMs, unselected

• 54 survivors, 33 non-survivors (>1/3 untreated) 

• Long-term comprehensive neurocognitive 

assessment study of survivors @ 2017

Vijeya Ganesan, Fergus Robertson, Adam Rennie
Paediatric Neurovascular Unit
Great Ormond Street Hospital

London UK
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Predictors of poor neurocognitive outcome in survivors:
• Low Bicetre score at presentation
• abnormal brain scan at outset (esp. white matter 

volume loss) 
• Open AV shunt at follow-up

Vijeya Ganesan, Fergus Robertson, Adam Rennie
Paediatric Neurovascular Unit
Great Ormond Street Hospital

London UK

UK VGAM cohort study
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So, how are we doing?

From the perspective of the pregnant mother, 
learning that her fetus has a VGAM is no longer 
analogous to learning that her child has a GBM

But in terms of the likelihood of (i) surviving to 
adulthood, and (ii) surviving without major 

neurocognitive compromise, it is fairly analogous to 
learning that her child has a medulloblastoma
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What is a Vein of Galen Malformation?

New Horizons
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Capillary Malformation–Arteriovenous Malformation, a New Clinical
and Genetic Disorder Caused by RASA1 Mutations
Iiro Eerola,1 Laurence M. Boon,1,2 John B. Mulliken,3,4 Patricia E. Burrows,3,5

Anne Dompmartin,6 Shoji Watanabe,7 Romain Vanwijck,2 and Miikka Vikkula1

1Laboratory of Human Molecular Genetics, Christian de Duve Institute of Cellular Pathology, and 2Centre for Vascular Anomalies, Division of
Plastic Surgery, Cliniques Universitaires Saint-Luc, Université Catholique de Louvain, Brussels; 3Vascular Anomalies Center, 4Division of
Plastic Surgery, and 5Division of Interventional Radiology, Children’s Hospital, Harvard Medical School, Boston; 6Division of Dermatology,
CHU Caen, France; and 6Department of Plastic and Reconstructive Surgery, Showa University School of Medicine, Tokyo

Capillary malformation (CM), or “port-wine stain,” is a common cutaneous vascular anomaly that initially appears
as a red macular stain that darkens over years. CM also occurs in several combined vascular anomalies that exhibit
hypertrophy, such as Sturge-Weber syndrome, Klippel-Trenaunay syndrome, and Parkes Weber syndrome. Occa-
sional familial segregation of CM suggests that there is genetic susceptibility, underscored by the identification of
a large locus, CMC1, on chromosome 5q. We used genetic fine mapping with polymorphic markers to reduce the
size of the CMC1 locus. A positional candidate gene, RASA1, encoding p120-RasGAP, was screened for mutations
in 17 families. Heterozygous inactivating RASA1 mutations were detected in six families manifesting atypical CMs
that were multiple, small, round to oval in shape, and pinkish red in color. In addition to CM, either arteriovenous
malformation, arteriovenous fistula, or Parkes Weber syndrome was documented in all the families with a mutation.
We named this newly identified association caused by RASA1 mutations “CM-AVM,” for capillary malformation–
arteriovenous malformation. The phenotypic variability can be explained by the involvement of p120-RasGAP in
signaling for various growth factor receptors that control proliferation, migration, and survival of several cell types,
including vascular endothelial cells.

Introduction

Dermal vascular development involves penetration of
capillary vessels that is induced by vascular endothelial
growth factor (VEGF) secreted by keratinocytes in the
avascular epidermis (Brown et al. 1992; Ballaun et al.
1995). This invasion and the subsequent arterial differ-
entiation is also guided by VEGF originating from sen-
sory nerves in the dermis (Mukouyama et al. 2002).
Defective cutaneous vascular development manifests as
malformed vessels that vary in size, location, blood flow,
and clinical severity (Mulliken and Glowacki 1982).
Capillary malformation (CM), or “port-wine stain,”
(MIM 163000) is the most common vascular malfor-
mation, occurring in 0.3% of newborns (Jacobs and
Walton 1976). CM is a flat, cutaneous, slow-flow lesion
that is composed of dermal capillary-venular–like chan-
nels that are dilated and/or increased in number (Jacobs

Received July 10, 2003; accepted for publication September 9, 2003;
electronically published November 24, 2003.
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and Walton 1976; Barsky et al. 1980). Arteriovenous
malformation (AVM) and arteriovenous fistula (AVF)
are fast-flow vascular anomalies that can arise in skin,
muscle, bone, internal organs, and the brain and can
cause life-threatening complications such as bleeding,
congestive heart failure, or neurologic consequences
(Mulliken and Young 1988). Parkes Weber syndrome is
characterized by a cutaneous blush with underlying mul-
tiple micro-AVFs, in association with soft-tissue and
skeletal hypertrophy of the affected limb (Mulliken and
Young 1988). Sturge-Weber syndrome can present with
fast-flow leptomeningeal and choroid anomalies in as-
sociation with a facial CM involving the V1 dermatomic
area. Klippel-Trenaunay syndrome manifests as a slow-
flow capillary lymphaticovenous malformation most
commonly affecting lower extremities with soft-tissue
hypertrophy.

In a previous study of 13 families with familial CM,
we identified a susceptibility locus, CMC1, on chro-
mosome 5q14-21, with a minimally linked region of 23
cM between markers D5S1962 and D5S652 (Eerola et
al. 2002). In this study, a new family (family CM45)
(figs. 1A and 2) made it possible to narrow the locus
to 5 cM between markers D5S459 and GATA5F09. This
interval contains eight characterized genes, three of
which, RASA1, EDIL3 (EGF-like repeats and discoidin
I–like domains 3), and MEF2C (myocyte enhancer fac-

Genetic Testing
Two patients were found to have a de novo mutation in the
RASA1 gene; the other 3 patients had familial RASA1 muta-
tions (Table). Only 1 patient (case 3 in the Table) was diag-
nosed with RASA1 mutation on the basis of his atypical capil-
lary malformations before he became neurologically
symptomatic with severe headaches and intermittent motor
tics involving repetitive jaw thrusting.

Radiographic Appearance, Treatment, and Outcome
One patient presented with headaches and motor tics (case 3
in the Table). Given the known presence of the RASA1 muta-
tion in this patient (Fig 1), there was a low threshold for ob-
taining cross-sectional imaging, and brain and spine MR im-
aging revealed marked ectasia of the deep venous system of the
posterior fossa and posterior intradural space (Fig 2). Subse-
quent cerebral and spinal angiography revealed a fast-flow
posterior spinal artery pial AVF, and combined endovascular/
surgical treatment was undertaken (Figs 3– 6).

In the other patient (case 2 in the Table) with cervical AVF,
the right vertebral artery and thyrocervical trunk provided the
main supply to a complex AVM, which was treated by endo-
vascular methods only (Fig 7). The patient had a good
recovery.

In the 2 patients with flaccid paralysis and bladder dysfunc-
tion, a fast-flow AVM was identified at the conus, treated sur-
gically in 1 patient and via n-BCA embolization in the other.
The fifth patient, with severe sensorimotor deficits, had a fast-

Fig 2. Sagittal T2-weighted image of the cervical and upper thoracic spine. Ectatic veins
in the posterior intradural space extend from the cervicomedullary junction to T6, causing
cervical and thoracic cord compression.

Fig 1. Atypical capillary malformation on the patient’s thigh and the mother!s forearm (A) and the mother!s back (B). The patient’s uncle had a history of pontine hemorrhage from brain
AVM, and genetic screening for a RASA1 mutation was positive in this patient

Collaborative collection of patients

Case
No. Age Sex Clinical Signs and Symptoms Spinal AVM/AVF Mutation
1 6 F 2 CMs at birth, new lesions appeared later,

most on the extremities and " 1 cm;
lower extremity weakness
(nonambulatory), neurogenic bladder at
4 yr

AVM at conus medullaris (level L1) treated
with n-BCA embolization

De novo, c.1386_1387insCTp.
Ile463LeufsX21

2 6 M Multifocal CMs at birth AVF supplied by R vertebral artery and
thyrocervical trunk

Familial, c.1453 # 1delG,
splicing altered

3 6 M CM on R plantar foot at birth, macular
lesions appeared with time along with
motor tics

AVF at level of C7-T1, treated with
combined endovascular/surgical
approach

De novo, c.2329G$ Tp.Glu777X

4 34 M Multifocal CMs at birth, acute sensorimotor
deficits at 23 yr

Spinal AVM at L5-S1 treated with n-BCA
embolization

Familial, c.1717C$ Tp.Gln573X

5 36 F Multifocal CMs at birth, flaccid paraplegia
of lower extremities, and neurogenic
bladder at 16 months

AVM at conus medullaris (L2 level),
treated surgically

Familial, c.1666_1698 # 15 del,
splicing altered

776 Thiex ! AJNR 31 ! Apr 2010 ! www.ajnr.org

Two conceptual problems here:
1. A genetic etiology clashes with the 

idea of malformations as accidents of 
development

2. VGAM’s privileged status as emerging 
from the unique choroidal primordial 
vascular environment is questioned
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HHT

ACVRL1 gene variant in a patient with vein
of Galen aneurysmal malformation

Ayako Chidaa,b, Masaki Shintanib, Hajime Wakamatsua, Yoshiyuki Tsutsumic, Yuo Iizukad,
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bDepartment of Pediatric Cardiology, Tokyo Women’s Medical University, Shinjuku-ku, Tokyo, Japan
cDepartment of Radiology, National Center for Child Health and Development, Setagaya-ku Tokyo, Japan
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Abstract. Although mutations in the RASA1 gene in vein of Galen aneurysmal malformation (VGAM) and an endoglin gene
mutation in a VGAM patient with a family history of hereditary hemorrhagic telangiectasia (HHT) have been identified, most
VGAM cases have no mutation in these genes. We sought to detect mutations in other genes related to HHT. We screened for
mutations in RASA1 and three genes (endoglin, activin receptor-like kinase 1 (ACVRL1), encoding ALK1, and SMAD4) related
to HHT in four VGAM patients. One variant (c.652 C>T p.R218W) in ACVRL1 was identified. Immunoblotting revealed that
the ALK1-R218W protein could not promote SMAD1/5/8 phosphorylation by BMP9 stimulation. On the other hand, wild-type
ALK1 could enhance the phosphorylation as expected. Furthermore, the transcriptional activation of ALK1-R218W was less
efficient than that of wild-type ALK1. We identified 1 variant in ACVRL1 in a VGAM patient. These findings suggest that
the ACVRL1 variant-R218W may be associated with the pathogenesis of VGAM.

Keywords: ACVRL1, gene variant, vein of Galen aneurysmal malformation

1. Introduction

Vein of Galen aneurysmal malformation (VGAM)
is a rare intracranial arteriovenous malformation with
connections between choroidal arteries and the median
prosencephalic vein, representing less than 1% of all
intracranial arteriovenous malformations [1,2]. In chil-
dren, VGAM represents 30% of all vascular malforma-
tions [2]. The outcome of VGAM used to be very
poor, but current techniques including endovascular
treatment have resulted in longer survival times [1,3].

Lasjaunias et al. [4] investigated clinical outcome of
216 VGAM patients and revealed that 193 patients
(89.35%) survived and 143 of them (74% of survivors)
were neurologically normal on follow-up. In addition,
brain magnetic resonance imaging (MRI) contributes
to early detection and prompt treatment [5]. The VGAM
pathogenesis remains unclear. In 2008, Revencu et al. [6]
reported the presence of a RASA1 [MIM 139150] gene
mutation in two VGAM patients. Furthermore, Xu
et al. [7] published a case report of familial-associated
VGAM. Thus, the pathogenesis of VGAMmay be based
on hereditary genetics.

We previously reported an endoglin (ENG) [MIM
131195] gene mutation in a VGAM patient with a
family history of hereditary hemorrhagic telangiecta-
sia (HHT) [8]. In that case, we hypothesized that the
genes related to HHT may have been associated with

*Corresponding author: Dr. Toshio Nakanishi, Department of
Pediatric Cardiology, Tokyo Women’s Medical University, 8-1
Kawada-cho, Shinjuku-ku, Tokyo 162-8666, Japan. Tel.: +81 3
3353 8112 ext. 24067; Fax: +81 3 3352 3088; E-mail: pnakanis@
hij.twmu.ac.jp.
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development was normal at 4 yr of age. There have been
no cardiac or neurological complications. Developmen-
tally, she is meeting all her milestones. As assessed by
an expert pediatrician, their conclusion was that she
and her family have no symptoms of HHT.

3.3. The ACVRL1 R218W variant reduced SMAD
1/5/8 phosphorylation

The ACVRL1 R218W variant reduced SMAD 1/5/8
phosphorylation. The addition of BMP9 strongly
induced endogenous SMAD1/5/8 phosphorylation in
the presence of wild-type ALK1. BMP9 also slightly
enhanced SMAD1/5/8 phosphorylation in the presence
of ALK1-R218W (Fig. 3A). By densitometry, we found
that the ratio of phosphorylated-Smad1/5/8 to beta-actin
with wild-type ALK1 was significantly higher than that
with ALK1-R218W (Fig. 3B).

3.4. Luciferase assay showed impaired BMP signal
with variant

We investigated the transcriptional activity mediated
by wild-type ALK1 or ALK1-R218W to determine

whether ALK1-R218W could increase BMP-responsive
promoter-reporter activity. The luciferase assay showed
that, after stimulation with human BMP9, ALK1-
R218W induced significantly lower activity than wild-
type ALK1 (Fig. 4).

3.5. Comparison of ALK1 localization by flow
cytometry

We investigated whether the variant affects ALK1
protein expression. A beta-gal expressing plasmid was
used as a control. ALK1-R218Wwas expressed at simi-
lar levels as wild-type ALK1 (Fig. 5).

4. Discussion

In this study, we for the first time, describe one
ACVRL1 variant in a VGAM patient. The patient
and family had no symptoms of HHT as described
above. Although we detected ACVRL1-R218W in one
of 460 healthy controls by direct sequencing, R218W
was located in a functional domain of ACVRL1. Further-
more, estimations with Polyphen-2 and SIFT algorithm

Fig. 2. Analysis of images from proband. (A) Axial (left) non-enhanced reconstruction computed tomography on the day of birth demonstrating
subarachnoid hemorrhage with a hematoma around galenic cistern. Three-dimensional computed tomography (right) demonstrating bleeding in
the parietal superior sagittal sinus, confluence, right transverse sinus, and right sigmoid sinus. (B) Axial (left) and sagittal (right) color Doppler
imaging at 1-day-old demonstrating a large hematoma around the median vein of prosencephalon. There was turbulent flow in the malformation
and superior sagittal sinus. (C) Axial (left) and sagittal (right) brain magnetic resonance imaging at 1-day-old demonstrating a hematoma around
the median vein of prosencephalon. (D) There was no abnormal arteriovenous shunt in axial (left) and sagittal (right) brain magnetic resonance
imaging at 38 d after surgical intervention. There were no scar findings at brain parenchyma.

186 A. Chida et al. / ACVRL1 variant in vein of Galen aneurysmal malformation
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Neurovascular Manifestations in Hereditary Hemorrhagic
Telangiectasia: Imaging Features and Genotype-

Phenotype Correlations
T. Krings, H. Kim, S. Power, J. Nelson, M.E. Faughnan, W.L. Young, K.G. terBrugge,

and the Brain Vascular Malformation Consortium HHT Investigator Group

ABSTRACT

BACKGROUND AND PURPOSE: Hereditary hemorrhagic telangiectasia is an autosomal dominant disease that presents in 10%–20% of
patients with various brain vascular malformations. We aimed to report the radiologic features (phenotype) and the genotype-phenotype
correlations of brain vascular malformations in hereditary hemorrhagic telangiectasia.

MATERIALS AND METHODS: Demographic, clinical, genotypic, and imaging information of 75 patients with hereditary hemorrhagic telangi-
ectasia with brain arteriovenous malformations enrolled in the Brain Vascular Malformation Consortium from 2010 to 2012 were reviewed.

RESULTS: Nonshunting, small, superficially located conglomerates of enhancing vessels without enlarged feeding arteries or draining veins
called “capillary vascular malformations” were the most commonly observed lesion (46 of 75 patients; 61%), followed by shunting
“nidus-type” brain AVMs that were typically located superficially with a low Spetzler-Martin Grade and a small size (32 of 75 patients; 43%).
Direct high-flow fistulous arteriovenous shunts were present in 9 patients (12%). Other types of vascular malformations (dural AVF and
developmental venous anomalies) were present in 1 patient each. Multiplicity of vascular malformations was seen in 33 cases (44%). No
statistically significant correlation was observed between hereditary hemorrhagic telangiectasia gene mutation and lesion type or lesion
multiplicity.

CONCLUSIONS: Depending on their imaging features, brain vascular malformations in hereditary hemorrhagic telangiectasia can be
subdivided into brain AVF, nidus-type AVM, and capillary vascular malformations, with the latter being the most common phenotype in
hereditary hemorrhagic telangiectasia. No genotype-phenotype correlation was observed among patients with this condition.

ABBREVIATIONS: CVM ! capillary vascular malformation; HHT ! hereditary hemorrhagic telangiectasia

Hereditary hemorrhagic telangiectasia (HHT) or Rendu-We-
ber-Osler disease is a familial disorder that occurs with a

prevalence of approximately 1/10,000.1-3 The diagnostic certainty
of HHT is determined by the number of characteristic clinical
findings present in an individual patient. These clinical findings

are the following: 1) nosebleeds, 2) mucocutaneous telangiecta-
sias (of the lips, oral cavity, nose, or fingers), 3) AVMs (of the
lungs, the gastrointestinal system, or the CNS), and 4) an affected
first-degree relative. In “definite” HHT, 3 of these clinical criteria
are present, while “suspected” or “unlikely” HHT diagnoses con-
sist of 2 or 1 item present, respectively. It is estimated that 10%–
20% of patients with HHT have brain vascular malformations4

with additional neurovascular complications from pulmonary
AVMs (stroke and cerebral abscess).5

HHT is inherited as an autosomal dominant disorder, caused
by mutation in 1 of 3 genes identified to date: endoglin (HHT1) on
chromosome 9q34; activin receptor-like kinase 1 or ALK1 (HHT2)
on chromosome 12q13; and SMAD4 on chromosome 18q21 (ju-
venile polyposis, HHT overlap syndrome).6-10 The associated
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located supratentorially and superficially. Given the superficial
location and the small size, their Spetzler-Martin grade was typi-
cally 1–2, with the higher grades mainly driven by their potential
location in eloquent cortex. Feeding arteries were almost always
pial vessels (we encountered only 1 choroidal AVM in this series)
and were classically fed by terminal-type feeders. Associated
aneurysms or other signs for high flow (pial-to-pial collaterals,
venous ectasias, and so forth) were uncommon. On the venous
side, venous reflux or corkscrew-like dilated veins as signs of
long-standing venous hypertension were typically absent.
Eleven AVFs were present in 9 patients; these were typically
high-flow single-hole macrofistulas that were located in the
supratentorial superficial brain with significant venous ectasia

and signs of high flow with consecutive perilesional hypoxemia
(Figs 6 and 7).

We found that patients with AVFs tended to be diagnosed at
younger ages than those without AVFs (P ! .028); the average age
at diagnosis for patients with AVFs was 15 years compared with an
average age of 32 years for patients without AVFs. There was no
significant association between the presence of AVFs and sex (P !
.723) or HHT gene mutation (P ! 1.000). No significant differ-
ence was observed with age, sex, or HHT gene mutation in those
patients with capillary vascular malformations versus no CVMs
or in patients with AVMs versus those without AVMs. Lesion
multiplicity was also not significantly associated with age (P !
.736), sex (P ! .484), or HHT gene mutation (P ! 1.000).

DISCUSSION
We report herein the largest series and
most comprehensive description of
brain AVM phenotype among patients
with HHT.

On the basis of radiologic and angio-
graphic information, we were able to
subclassify 3 different brain vascular
malformations in patients with HHT
that had some common and distinctive
imaging features: The common finding
was that brain vascular malformations
in HHT tended to be located in supra-
tentorial and superficial compartments.
Deep or infratentorial locations were

FIG 3. Lateral view of a right ICA angiogram in a 43-year-old male patient with HHT demonstrates
a capillary vascular malformation in the right anterior parietal region. A subcentimeter blush is
seen in the arterial phase (A, arrow), which persists in the late arterial phase (B) without evidence
of arteriovenous shunting.

FIG 4. Left ICA catheter angiogram (A and B), microcatheter injection (C and D), axial T2-weighted (E), and contrast-enhanced T1-weighted MR
imaging (F) demonstrate imaging findings of a typical arteriovenous malformation. Anteroposterior projection of a left ICA injection demon-
strates filling of the AVM nidus through an enlarged anterior temporal branch of the left MCA in the early arterial phase (A, arrow). There is
arteriovenous shunting with early venous drainage through an enlarged left inferior temporal vein (B, arrows). Microcatheter injection in frontal
(C) and lateral (D) projections demonstrates a typical glomerular well-defined compact nidus supplied by a single terminal arterial feeder with
shunting into a dilated vein. MR imaging shows the superficial location of the AVM, with vascular flow voids seen on T2-weighted imaging (E,
arrow) and enhancement on postgadolinium T1-weighted imaging (F, arrow). Evidence of previous hemorrhage related to AVM rupture, with a
slit-like hematoma cavity in the left inferior frontal lobe, and surrounding hemosiderin staining (E, black arrow).
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series that reported clinical data of the various types of brain vascular
malformations in HHT were there any hemorrhages reported for
patients with capillary vascular malformations.21

Whether the rate of hemorrhage of vascular malformations
associated with HHT is different from that of sporadic brain

AVMs in the non-HHT population re-
mains a matter of debate22: In Dutch
and American HHT populations, a
hemorrhagic risk of !1% was re-
ported,22,23 a risk that was deemed sig-
nificantly smaller than the presumed
risk of hemorrhage in the population
with sporadic AVM. However, in a ret-
rospective study of 22,061 patient-years,
similar hemorrhage rates between both
groups (approximately 2.0% per pa-
tient-year) were found.24 Finally, Mor-
gan et al25 stated that, in particular, in-
fants and children are at high risk of
sudden intracranial hemorrhage, which
was further supported by the Bicêtre se-
ries,16 in which only 13 of the 50 patients
had no symptoms attributable to their
neurovascular manifestations. How-

ever, because these 2 latter studies are single-center studies, data
may be biased due to referral base.

A potential problem of the large-scale population-based studies is
that the type of vascular malformation was not further evaluated. It
was assumed that all HHT-related brain vascular malformations be-

FIG 6. Right ICA catheter angiogram in lateral (A) and frontal (B) projections demonstrates 2 separate high-flow single-hole pial arteriovenous
fistulas, 1 in the right frontal lobe and 1 in the right temporal lobe. Arterial supply to each fistula is through a single enlarged right MCA branch,
which empties directly into a large venous pouch. Venous drainage is superficial, with both fistulas draining through enlarged cortical veins to
the superior sagittal sinus. On axial T2-weighted MR imaging (C and D) venous pouches appear as flow voids and exert mass effect on the
adjacent right temporal lobe. Evidence of venous congestion with venous reflux through dilated transdmedullary veins to the deep venous
system is demonstrated on a coronal reconstruction of CTA (arrows).

FIG 7. Lateral view of a left ICA angiogram in an 8-year-old male patient with HHT. Angiography
in early arterial (A) and venous (B) phases demonstrates a high-flow single-hole pial arteriovenous
fistula in the left frontal lobe. Arterial supply is through a single enlarged prefrontal branch of the
left MCA, which empties directly into a large venous pouch. Venous drainage is superficial
through an enlarged cortical vein to the superior sagittal sinus.
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Table 1. VOGM-associated genetic variants 

#  Gene Coding variant Exon Type of 
mutation Protein variant Year Source 

 
1 RASA1 c.2977del 24 frameshift 

deletion p.Arg993Valfs 2013 Revencu et al 

2 RASA1 c.2125C>T† 16 stop gain p.Arg709* 2013 Revencu et al, 
Heuchan et al 

3 RASA1 c.3024del 24 frameshift 
deletion p.Glu1008Aspfs 2013 Revencu et al 

4 RASA1 c.2288A>T 17 missense p.Glu763Val 2008 Revencu et al 

5 RASA1 c.2532_2536del 19 frameshift 
deletion p.Leu845Thrfs 2008 Revencu et al 

6 RASA1 c.2119C>T 16 missense p.Arg707Cys 2013 Heuchan et al 

7 RASA1 c.2912T>C 23 missense p.Leu971Ser 2013 Heuchan et al 

8 RASA1 c.1678G>T 12 stop gain p.Glu560* 2013 Chida et al 

9 ACVRL1 c.652C>T 6 missense p.Arg218Trp 2013 Chida et al 

10 ENG c.1672_1684del 12 frameshift 
deletion p.Gln558fs 2011 Tsutsumi et al 

† Reported separately by two publications 
 
 
  

Molecular genetics of Vein of Galen malformations 
 

Daniel Duran1, Philipp Karschnia1, Jonathan Gaillard1, Jason K. Karimy1, Mark W. 
Youngblood1, Michael L. DiLuna1, Charles C. Matouk1, Beverly Aagaard-Kienitz2, Edward 
R. Smith3, Darren B. Orbach4, Georges Rodesch5, Alejandro Berenstein6, Murat Gunel1,7,8, 

and Kristopher T. Kahle1,8,9 
 
1Department of Neurosurgery, Yale School of Medicine, New Haven CT, USA. 
2Department of Neurological Surgery, University of Wisconsin, Madison WI, USA. 
3Department of Neurosurgery, Children’s Hospital Boston, Harvard Medical School, Boston 
MA, USA. 
4Department of Neurointerventional Radiology, Boston Children’s Hospital, Boston MA, 
USA. 
5Service de Neuroradiologie Diagnostique et Thérapeutique, Hôpital Foch, Suresnes, France. 
6Department of Neurosurgery, Icahn School of Medicine at Mount Sinai, New York NY, 
USA. 
7Department of Genetics, Yale School of Medicine, New Haven CT, USA. 
8Centers for Mendelian Genomics and Yale Program on Neurogenetics, Yale School of 
Medicine, New Haven CT, USA. 
9Department of Pediatrics and Cellular & Molecular Physiology, Yale School of Medicine, 
New Haven CT, USA. 
 
Corresponding author:  
Kristopher T. Kahle, M.D., Ph.D.  
Yale School of Medicine 
300 Cedar Street, New Haven CT, 06519 
TAC S311 
Phone: 203-737-6895 
Email: kristopher.kahle@yale.edu 
 
Running title:  
Genetics of Vein of Galen Malformations 
 
Financing:  
K.T.K. is supported by March of Dimes, The Simons Foundation. K.T.K and M.G. are 
supported by the NIH Centers for Mendelian Genomics (Yale University). 
 
Authors declare no conflict of interest. 
 
  

Molecular genetics of Vein of Galen malformations 
 

Daniel Duran1, Philipp Karschnia1, Jonathan Gaillard1, Jason K. Karimy1, Mark W. 
Youngblood1, Michael L. DiLuna1, Charles C. Matouk1, Beverly Aagaard-Kienitz2, Edward 
R. Smith3, Darren B. Orbach4, Georges Rodesch5, Alejandro Berenstein6, Murat Gunel1,7,8, 

and Kristopher T. Kahle1,8,9 
 
1Department of Neurosurgery, Yale School of Medicine, New Haven CT, USA. 
2Department of Neurological Surgery, University of Wisconsin, Madison WI, USA. 
3Department of Neurosurgery, Children’s Hospital Boston, Harvard Medical School, Boston 
MA, USA. 
4Department of Neurointerventional Radiology, Boston Children’s Hospital, Boston MA, 
USA. 
5Service de Neuroradiologie Diagnostique et Thérapeutique, Hôpital Foch, Suresnes, France. 
6Department of Neurosurgery, Icahn School of Medicine at Mount Sinai, New York NY, 
USA. 
7Department of Genetics, Yale School of Medicine, New Haven CT, USA. 
8Centers for Mendelian Genomics and Yale Program on Neurogenetics, Yale School of 
Medicine, New Haven CT, USA. 
9Department of Pediatrics and Cellular & Molecular Physiology, Yale School of Medicine, 
New Haven CT, USA. 
 
Corresponding author:  
Kristopher T. Kahle, M.D., Ph.D.  
Yale School of Medicine 
300 Cedar Street, New Haven CT, 06519 
TAC S311 
Phone: 203-737-6895 
Email: kristopher.kahle@yale.edu 
 
Running title:  
Genetics of Vein of Galen Malformations 
 
Financing:  
K.T.K. is supported by March of Dimes, The Simons Foundation. K.T.K and M.G. are 
supported by the NIH Centers for Mendelian Genomics (Yale University). 
 
Authors declare no conflict of interest. 
 
 
J Neurosurgery Pediatrics, in press  

20
18

 ©
 A

BC - 
W

IN
 S

em
ina

r. A
ll r

igh
ts 

re
se

rve
d -

 A
ny

 re
pr

od
uc

tio
n e

ve
n i

n p
ar

t is
 pr

oh
ibi

ted
.

20
18

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
All r

igh
ts 

re
se

rve
d -

 A
ny

 re
pr

od
uc

tio
n e

ve
n i

n p
ar

t is
 pr

oh
ibi

ted
.

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] . 
  

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .



Molecular genetics of Vein of Galen malformations 
 

Daniel Duran1, Philipp Karschnia1, Jonathan Gaillard1, Jason K. Karimy1, Mark W. 
Youngblood1, Michael L. DiLuna1, Charles C. Matouk1, Beverly Aagaard-Kienitz2, Edward 
R. Smith3, Darren B. Orbach4, Georges Rodesch5, Alejandro Berenstein6, Murat Gunel1,7,8, 

and Kristopher T. Kahle1,8,9 
 
1Department of Neurosurgery, Yale School of Medicine, New Haven CT, USA. 
2Department of Neurological Surgery, University of Wisconsin, Madison WI, USA. 
3Department of Neurosurgery, Children’s Hospital Boston, Harvard Medical School, Boston 
MA, USA. 
4Department of Neurointerventional Radiology, Boston Children’s Hospital, Boston MA, 
USA. 
5Service de Neuroradiologie Diagnostique et Thérapeutique, Hôpital Foch, Suresnes, France. 
6Department of Neurosurgery, Icahn School of Medicine at Mount Sinai, New York NY, 
USA. 
7Department of Genetics, Yale School of Medicine, New Haven CT, USA. 
8Centers for Mendelian Genomics and Yale Program on Neurogenetics, Yale School of 
Medicine, New Haven CT, USA. 
9Department of Pediatrics and Cellular & Molecular Physiology, Yale School of Medicine, 
New Haven CT, USA. 
 
Corresponding author:  
Kristopher T. Kahle, M.D., Ph.D.  
Yale School of Medicine 
300 Cedar Street, New Haven CT, 06519 
TAC S311 
Phone: 203-737-6895 
Email: kristopher.kahle@yale.edu 
 
Running title:  
Genetics of Vein of Galen Malformations 
 
Financing:  
K.T.K. is supported by March of Dimes, The Simons Foundation. K.T.K and M.G. are 
supported by the NIH Centers for Mendelian Genomics (Yale University). 
 
Authors declare no conflict of interest. 
 
  

Molecular genetics of Vein of Galen malformations 
 

Daniel Duran1, Philipp Karschnia1, Jonathan Gaillard1, Jason K. Karimy1, Mark W. 
Youngblood1, Michael L. DiLuna1, Charles C. Matouk1, Beverly Aagaard-Kienitz2, Edward 
R. Smith3, Darren B. Orbach4, Georges Rodesch5, Alejandro Berenstein6, Murat Gunel1,7,8, 

and Kristopher T. Kahle1,8,9 
 
1Department of Neurosurgery, Yale School of Medicine, New Haven CT, USA. 
2Department of Neurological Surgery, University of Wisconsin, Madison WI, USA. 
3Department of Neurosurgery, Children’s Hospital Boston, Harvard Medical School, Boston 
MA, USA. 
4Department of Neurointerventional Radiology, Boston Children’s Hospital, Boston MA, 
USA. 
5Service de Neuroradiologie Diagnostique et Thérapeutique, Hôpital Foch, Suresnes, France. 
6Department of Neurosurgery, Icahn School of Medicine at Mount Sinai, New York NY, 
USA. 
7Department of Genetics, Yale School of Medicine, New Haven CT, USA. 
8Centers for Mendelian Genomics and Yale Program on Neurogenetics, Yale School of 
Medicine, New Haven CT, USA. 
9Department of Pediatrics and Cellular & Molecular Physiology, Yale School of Medicine, 
New Haven CT, USA. 
 
Corresponding author:  
Kristopher T. Kahle, M.D., Ph.D.  
Yale School of Medicine 
300 Cedar Street, New Haven CT, 06519 
TAC S311 
Phone: 203-737-6895 
Email: kristopher.kahle@yale.edu 
 
Running title:  
Genetics of Vein of Galen Malformations 
 
Financing:  
K.T.K. is supported by March of Dimes, The Simons Foundation. K.T.K and M.G. are 
supported by the NIH Centers for Mendelian Genomics (Yale University). 
 
Authors declare no conflict of interest. 
 
 
J Neurosurgery Pediatrics, in press  

• Familial VGAM – index case in Xu et al. with an infant who died of VGAM
• 2 families have been reported with multiple VGAM in the same generation: successive pregnancies in Kwong et 

al. (identical RASA1 mutation in both siblings and the asymptomatic mother) and no identifiable mutation in 
the twins in Chida et al.
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Abstract
Purpose Vein of Galen malformations are rare and are
usually detected in utero using ultrasonography. No definite
genetic predisposition has been described in the literature.
We present a case with two successive pregnancies compli-
cated by vein of Galen malformations, which were assessed
using fetal MRI. The putative role of genetic mutations is
also discussed.
Methods A 30-year-old primigravida presented in the third
trimester with a fetus diagnosed with vein of Galen malforma-
tion on sonography. MRI and MR angiography were per-
formed for further assessment. The subsequent pregnancy
was again complicated by vein of Galen malformation. In
addition to MRI, genetic analysis was carried out on both
fetuses and on the parents.
Results MR angiography revealed that both fetuses suffered
from the choroidal sub-type of vein of Galen malformation,
with multiple arterial feeders fistulating onto a midline venous
pouch. The visualised anatomy obtained was far superior than
on sonography and allowed categorisation of vein of Galen

malformation sub-type. Genetic analysis on the mother and
both fetuses showed variant RASA1 gene mutation.
Conclusions This case demonstrates that fetal MRI is a pow-
erful tool in the investigation of in utero neurovascular
malformations. A genetic mutation was identified, but this
was of uncertain significance.

Keywords Human . Intervention . Paediatrics .Vein ofGalen
malformation

Introduction

Fetal MRI is being rapidly embraced to demonstrate in utero
central nervous system abnormalities, as it has several advan-
tages over ultrasonography [1]. In addition to depicting struc-
tural abnormalities, improvements in MR techniques mean
that advanced MR angiography (MRA) sequences can now
be applied to demonstrate vascular malformations. In this case
report, we describe a 30-year-old woman with two successive
pregnancies complicated by vein of Galen aneurysmal
malformations (VGAM). This has never been previously re-
ported in the literature. Also, the use of cranial MRA in fetal
MRI has been rarely reported; we illustrate how MRI and
angiography findings impact on prenatal counselling.

Case report

A30-year-old primigravidawomanwas referred to the region-
al fetal MRI service following an abnormal prenatal ultra-
sound at 32 weeks gestation. There was no consanguinity,
and the pregnancy had been uncomplicated up to this point.
FetalMRI was performed at 1.5 T (Intera, Philips Eindhoven),
with ultrafast single-shot T2 weighted images acquired in

* Yune Kwong
dryune@hotmail.com

1 Regional Imaging, 3 Ramsay Place, West Albury, NSW 2640,
Australia

2 Department of Neurosurgery, Queen’s Medical Centre, Nottingham
University Hospitals, Derby Road, Nottingham NG72UH, UK

3 Department of Neuroradiology, Queen’s Medical Centre,
Nottingham University Hospitals, Derby Road,
Nottingham NG72UH, UK

4 Nottingham Clinical Genetics Service, City Hospital Campus,
Nottingham University Hospitals, Hucknall Road, Nottingham NG5
1PB, UK
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Fetal MRI demonstrating vein of Galen malformations in two
successive pregnancies—a previously unreported occurrence

Yune Kwong1 & Maria Cartmill2 & Tim Jaspan3 & Mohnish Suri4

Table 1
Summary of VGAM patients

Patient
number

Serial
number

Gene mutation
or variant

Sex Age at
diagnosis

History and
presentation

Complication and
family history

Unique imaging
findings

Treatment Outcome Reference

1 P3389 - M Fetal age of
34 wk

Bradycardia,
hypoxia

- - Catheter
embolization

İntact -

2 P3431 RASA1
(c.1678 G>T

E560X)

M Fetal age of
35 wk

Retractive
breathing, groaning,

cardiomegaly

- - Catheter
embolization

Mental and
motor retardation,

epilepsy

-

3 P3858 - F 2 d of age Hypoglycemia,
cardiomegaly

Patient’s twin
sibling : VGAM

suspected

- Catheter
embolization

Severe mental and
motor retardation,

epilepsy

-

4 P3865 ACVRL1
(c.652 C>T
R218W)

F 1 d of age Pale skin,
bradycardia, anemia,

hypothemia

- SAH, hematoma
around VGAM

Craniotomy
for removal
hematoma

İntact This study

VGAM = Vein of Galen aneurysmal malformation; RASA1 = RAS p21 GTPase activating protein 1; ACVRL1 = Activin receptor-like kinase 1; M = Male; F = Female; SAH = Subarachnoid hemorrhage.

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.

ACVRL1 gene variant in a patient with vein
of Galen aneurysmal malformation
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Abstract. Although mutations in the RASA1 gene in vein of Galen aneurysmal malformation (VGAM) and an endoglin gene
mutation in a VGAM patient with a family history of hereditary hemorrhagic telangiectasia (HHT) have been identified, most
VGAM cases have no mutation in these genes. We sought to detect mutations in other genes related to HHT. We screened for
mutations in RASA1 and three genes (endoglin, activin receptor-like kinase 1 (ACVRL1), encoding ALK1, and SMAD4) related
to HHT in four VGAM patients. One variant (c.652 C>T p.R218W) in ACVRL1 was identified. Immunoblotting revealed that
the ALK1-R218W protein could not promote SMAD1/5/8 phosphorylation by BMP9 stimulation. On the other hand, wild-type
ALK1 could enhance the phosphorylation as expected. Furthermore, the transcriptional activation of ALK1-R218W was less
efficient than that of wild-type ALK1. We identified 1 variant in ACVRL1 in a VGAM patient. These findings suggest that
the ACVRL1 variant-R218W may be associated with the pathogenesis of VGAM.

Keywords: ACVRL1, gene variant, vein of Galen aneurysmal malformation

1. Introduction

Vein of Galen aneurysmal malformation (VGAM)
is a rare intracranial arteriovenous malformation with
connections between choroidal arteries and the median
prosencephalic vein, representing less than 1% of all
intracranial arteriovenous malformations [1,2]. In chil-
dren, VGAM represents 30% of all vascular malforma-
tions [2]. The outcome of VGAM used to be very
poor, but current techniques including endovascular
treatment have resulted in longer survival times [1,3].

Lasjaunias et al. [4] investigated clinical outcome of
216 VGAM patients and revealed that 193 patients
(89.35%) survived and 143 of them (74% of survivors)
were neurologically normal on follow-up. In addition,
brain magnetic resonance imaging (MRI) contributes
to early detection and prompt treatment [5]. The VGAM
pathogenesis remains unclear. In 2008, Revencu et al. [6]
reported the presence of a RASA1 [MIM 139150] gene
mutation in two VGAM patients. Furthermore, Xu
et al. [7] published a case report of familial-associated
VGAM. Thus, the pathogenesis of VGAMmay be based
on hereditary genetics.

We previously reported an endoglin (ENG) [MIM
131195] gene mutation in a VGAM patient with a
family history of hereditary hemorrhagic telangiecta-
sia (HHT) [8]. In that case, we hypothesized that the
genes related to HHT may have been associated with
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Kawada-cho, Shinjuku-ku, Tokyo 162-8666, Japan. Tel.: +81 3
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Adult Presentation of a Familial-Associated Vein of
Galen Aneurysmal Malformation: Case Report

BACKGROUND AND IMPORTANCE: Vein of Galen aneurysmal malformations (VGAMs)
arise from persistent arteriovenous shunting from primitive choroidal vessels into the
median prosencephalic vein of Markowski, the embryonic precursor of the vein of Galen.
VGAMs rarely present past infancy, and their natural history in adults is unknown. We
report the first case of a familial-associated VGAM in an asymptomatic adult female
patient. The clinical features of this case are presented alongside a systematic review of
the literature on adult VGAM cases to assess the natural history, clinical management,
and genetic basis of this rare neurovascular lesion.

CLINICAL PRESENTATION: A previously healthy 44-year-old woman with a family his-
tory of a VGAM in a stillborn presented with an 8-week onset of dizziness and vertigo
that spontaneously resolved. Time-resolved magnetic resonance angiography identified
a choroidal VGAM. No intervention was undertaken at this time because of the patient’s
asymptomatic status after 9 months of follow-up.

CONCLUSION: Based on our review of the literature, this is the first case report of
a familial-associated VGAM in an adult patient and suggests that VGAM development
can be genetically linked. Of 15 adult VGAM cases previously reported, all patients were
either symptomatic or treated, thus precluding determination of VGAM natural history in
adults. Patient outcomes correlated with the severity of presenting symptoms, which
ranged from asymptomatic to immediately life-threatening. We hypothesize that self-
selection may render VGAMs to be more benign for them to persist past childhood.
Further investigation of the molecular biology underlying VGAM development is war-
ranted.

KEY WORDS: Adult, Vein of Galen Malformation, Vein of Markowski, Venous Malformation
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Vein of Galen aneurysmal malformations
(VGAMs) arise from persistent arterio-
venous shunting from primitive choroidal

vessels into the median prosencephalic vein of
Markowski, the embryonic precursor of the vein
of Galen.1 VGAMs present predominantly
during the neonatal or infancy period and rarely
persist into adulthood, whereupon their natural
history is unknown.2-4 The case presented in this
report represents the first documented case of
a familial-associated VGAM in an asymptomatic
44-year-old woman whom also lost a child be-
cause of a VGAM. Our patient’s asymptomatic
status as well as the apparent hereditary

associated nature of her lesion offered insights
into the natural history and the possible genetic
underpinnings of VGAMs, which we discuss in
addition to the results of a systemic review of
literature on adult VGAM cases.

CASE PRESENTATION

A 44-year-old right-handed woman was re-
ferred to our center for neurological consultation
regarding a recently diagnosed VGAM. The
patient initially reported an 8-week new onset of
dizziness and vertigo that fortuitously resolved
on the same day that she was to undergo di-
agnostic magnetic resonance imaging. At her
presentation to our institution, the patient
demonstrated normal growth and development
without any evidence of mental retardation or
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• However, phenotypic discordance in monozygotic twins, with one individual presenting with VGAM, has been 
reported twice. Twin-twin transfusion syndrome ensued in the case from The Netherlands, with the donor twin 
having VGAM and the recipient twin having transposition of the great vessels and a large VSD

• We had a case in Boston (unpublished) of monozygotic twins with twin-twin transfusion, where the recipient
had a VGAM
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ABSTRACT
The pathogenetic mechanisms leading to the development
of congenital heart disease and congenital intracranial
arteriovenous malformation are still unclear. We report on
a monochorionic twin pregnancy with twin-to-twin trans-
fusion syndrome (TTTS), in which vein of Galen
malformation (VGM) was diagnosed in the donor twin
and transposition of the great arteries (TGA) in the
recipient twin. The development of TTTS, VGM, and
TGA in a single monochorionic pregnancy could be pure
coincidence, but there might also be a causative link. We
discuss the possible contribution of genetic factors, fetal
flow fluctuations, vascular endothelial growth factors, and
the process of twinning itself to the development of these
congenital anomalies.

Key words: twin-to-twin transfusion syndrome, trans-
position of great arteries, vein of Galen malformation,
etiology

INTRODUCTION

Vein of Galen malformation (VGM) is a rare
congenital intracranial vascular malformation that
often leads to intractable high output cardiac failure
in the newborn. VGM affects approximately 1 per
25,000 births [1,2]. Transposition of the great
arteries (TGA) is a congenital heart defect in which
both the aorta and pulmonary trunk are connected to
the wrong ventricle, resulting in separated systemic
and pulmonary circulation. TGA accounts for 5% to
7% of all congenital heart defects, affecting 1 per
3000 live births [3]. Twin-to-twin transfusion
syndrome (TTTS) complicates about 15% of mono-
chorionic twin pregnancies and results from unbal-
anced blood flow between the donor and recipient
twin via placental vascular anastomoses [4].

We report a case of a monochorionic twin
pregnancy complicated by these three disorders:*Corresponding author, e-mail: s.j.steggerda@lumc.nl
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INTRODUCTION
Vein of Galen aneurysmal malformations
(VGAMs) are rare pediatric vascular mal-
formations of the brain. These malforma-
tions account for 1% of all intracranial
vascular malformations and 30% of pedi-
atric ones.1 Embryologic events occurring
between 6 and 11 weeks’ gestation in the
choroidal venous system of
prosencephalon are presumed to result
in this arteriovenous (AV) malformation.2

Although genetic backgrounds are not
well elucidated, the RASA1 (MIM #139150)
mutation was reported to be associated
with VGAM in 5 cases, and the Endoglin
(ENG ; MIM #187300) mutation was

reported to be associated with VGAM 1
case.3e5 Because monozygotic twins have
essentially the same genomes,
development of VGAM in only one twin
could be attributable to environmental or
epigenetic factors. We report on a
patient with VGAM among monozygotic
twins in monochorionic, diamniotic
pregnancy. The patient underwent
successful endovascular treatment.
Detailed genetic analyses of the twins
and parents were also discussed.

CASE PRESENTATION
The pregnancy of monochorionic, dia-
mniotic twins was detected by ultrasound
at the gestational period of 12 weeks and 5
days in a 28-year-old healthy woman who
had no remarkable medical or family his-
tory. This was the first spontaneous
pregnancy for the mother, and it was not
induced by fertility drugs or treatment.
Although both twins grew in the uterus
without the complication of twin-twin

transfusion syndrome (TTTS), fetal
distress of a smaller twin (twin A)
prompted an emergency caesarian section
at 25 weeks’ and 4 days’ gestation. The
birth weight of twin A was 774 g (e2.1 SD)
with Apgar scores being 3 and 8 at 5 and
10 minutes, respectively. The larger twin
(twin B) weighed 1200 g. No birthmarks or
superficial anomalies were noticed in
either twin at birth or thereafter. Although
a postnatal cranial ultrasound failed to
detect VGAM in twin A, mild car-
diomegaly was depicted by a cardiotho-
racic ratio of 59% on plain X-ray film and
reverse diastolic flow in the descending
aorta showed by ultrasound persisted.
Because a brain ultrasound detected a
vascular anomaly on day 82, twin A un-
derwent a brain magnetic resonance (MR)
examination, which revealed choroidal
VGAM (Figure 1). A brain MR examination
of twin B on the same day was normal
without any AV shunts. Heart failure in
twin A was further managed with
diuretics.

-BACKGROUND: Vein of Galen aneurysmal malformation (VGAM) is a rare
pediatric vascular malformation of the brain. Genetic backgrounds are not well
elucidated. We report on a monozygotic twin with VGAM and his endovascular
treatment, and the genetic analyses of the twins and their parents.

-CASE DESCRIPTION: In a monochorionic, diamniotic pregnancy of a 28-year-
old healthy woman, monozygotic twins were born by emergency caesarian
section because of fetal distress of the smaller twin at 25 weeks’ and 4 days’
gestation. Although a postnatal cranial ultrasound failed to detect VGAM in the
smaller twin, mild heart failure persisted. A brain magnetic resonance (MR)
examination of this twin on day 82 revealed choroidal VGAM. The twin was
treated successfully by two sessions of embolization at 6 and 8 months of age.
An MR examination at 1 year showed minimal residual arteriovenous shunts. He
developed normally similar to the normal co-twin, with a follow-up period of 1
year and 6 months. As for the affected twin, no germline mutation or copy
number variations were identified in ENG, ALK1, SMAD4, BMPR2, PTEN, RASA1,
KRIT1, Marcavernin, or PDCD10 through whole-exome sequencing (WES).

-CONCLUSION: We have reported a rare combination of a monozygotic twin
and VGAM and the successful endovascular treatment. Phenotypic discordance
in monozygotic twins established early in embryogenesis could be attributable
to environmental or epigenetic factors.
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• Revencu et al.’s initial association of RASA1 with VGAM included a set of monozygotic twins with the identical 
mutation but VGAM in only one

Hispanic. No mutation was identified in the five patients with
isolated PKWS; 3 out of 5 were sporadic and two had at least one
first-degree relative with a solitary CM.
Genotyping the 44 probands’ relatives identified 57 additional

individuals with a RASA1 mutation (in total 101; 58% females,
42% males). All mutations cosegregated with vascular anomalies
and were absent in 200 control chromosomes. There were two

unaffected carriers (Families F26 and F27) and three phenocopies
with a typical solitary CM (Family 10; and two in Family 37)
(Table 2).

We identified 42 distinct RASA1 mutations: 39 were novel and
private, two were novel and present in two apparently unlinked
families, and one was previously published (Table 2; Fig. 1) [Eerola
et al., 2003]. The genetic alterations were distributed in 15 out of

TABLE 2. Phenotype of IndividualsWith CM-AVMwith (I) orWithout (II) RASA1Mutation!

RASA1mutation
Phenotype of individuals with CM-AVMwith (I) or without (II) RASA1

mutation

Family Nucleotide change
Putative e¡ect at amino

acid level
Mutation
carriersa CMa

AVM/
AVFa PKWSa Symptoms and associated featuresb

1 c.613_617delCTTAT p.Leu205LysfsX4 4 4 0 0 Optic glioma (before12y); lipoma (before10y)
2 c.656C4G p.Ser219X 1 1 0 0
3 c.806_810delTTTAC p.Leu269ProfsX11 1(dn) 1 0 1 CO
4 c.82813A4T Splicing a¡ected 1(dn) 1 1 0
5 c.951dupG p.Met318AspfsX10 1(dn?) 1 0 0
6 c.957G4A p.Trp319X 2 2 0 1 CO
7 c.101711G4T Splicing a¡ected 6 6 0 2 CO
8 c.1192C4T p.Arg398X 2 2 1 0 Epilepsy; hydrocephaly
9 c.1208dupC p.Thr404AsnfsX14 1(dn) 1 1 0
10 c.1277A4G p.Tyr426Cys 8 9 0 0
11 c.1279C4T p.Arg427X 2 2 0 0
12 c.1279C4T p.Arg427X 1 1 1 0
13 c.133215G4A Splicing a¡ected 4 4 0 0
14 c.1336C4T p.Gln446X 1(dn) 1 0 1
15 c.1350_1351insT p.Asn451X 3 3 0 2
16 c.1362_1363insTCAGT p.Asp455SerfsX30 1(dn) 1 0 0
17 c.1480dupT p.Tyr494LeufsX7 2 2 0 1
18 c.1490T4G p.Leu497X 1(dn?) 1 1 0
19 c.1572_1575dup p.Ser526MetfsX8 4 4 0 1 CO;TOF, super¢cial basal cell carcinoma (33y)
20 c.1636C4T p.Gln546X 1(dn?) 1 1 0
21 c.1682_1683dup Pro562LeufsX9 1(dn?) 1 1 0 CF; epilepsy; hemorrhages; ASDII/PFO
22 c.169813_169814insT Splicing a¡ected 2 2 0 1 P St
23 c.1870C4T p.Gln624X 2 2 1 0
24 c.2026C4T p.Gln676X 3 3 0 0
25 c.2125C4T p.Arg709X 5 5 1 1 VV
26 c.2125C4T p.Arg709X 6 5 0 2 CF
27 c.218411delG Splicing a¡ected 4 3 0 1 PDA, ASD, P St, prolapsed tricuspid valve
28 c.2185^1G4A Splicing a¡ected 1(dn?) 1 0 0
29 c.2288A4T p.Glu763Val 1(dn?) 1 1 0 VGAM;CF, epilepsy; died rapidly after birth
30 c.2341G4T p.Glu781X 2 2 1 0 Hydrocephaly
31 C4T p.Arg789X 3 3 2 0 Angiolipoma (1y)
32 C4T p.Gln808X 2 2 0 1
33 c.2450_2451delCT p.Ser817TyrfsX12 2 2 1 0
34 c.2488-2A4G Splicing a¡ected 2 2 0 0
35 c.2488-1delGTTA Splicing a¡ected 1(dn?) 1 1 0 Non-small-cell lung cancer (32y); hemoptysis
36 c.2514_2515insA p.Glu839ArgfsX6 1 1 0 0
37 c.2532_2536delTTTAA p.Leu845ThrfsX38 2(dn) 4 1 0 De novomutation inmonozygotic twins;VGAM

andCF in one
38 c.2579_2582delTCAT p.Phe860TrpfsX10 1(dn?) 1 1 0 Ectopic thyroid and parathyroid
39 c.260311G4A Splicing a¡ected 2 2 0 0 Chylous ascites
40 c.260312_26031

3insT
Splicing a¡ected 2 2 0 0 Ureteral re£ux, epispadias

41 c.260314_26031
5insA

Splicing a¡ected 3 3 0 0

42 c.260315G4T Splicing a¡ected 1 1 0 1 Neuro¢bromas (53y)
43 C4T p.Arg1010X 3 3 0 0 Vestibular Schwannoma (26y)
44 c.3052delG p.Ala1018HisfsX6 2 2 0 0
45 Nomutation identi¢ed 7 0 1
46 Nomutation identi¢ed 1 1 0
47 Nomutation identi¢ed 1 0 0
48 Nomutation identi¢ed 1 0 0
49 Nomutation identi¢ed 1 0 1
50 Nomutation identi¢ed 1 0 1
51 Nomutation identi¢ed 2 0 0
52 Nomutation identi¢ed 1 1 0
53 Nomutation identi¢ed 1 0 0
54 Nomutation identi¢ed 1 0 0
55 Nomutation identi¢ed 1 1 0
56 Nomutation identi¢ed 1 0 0

!Numbering of nucleotides was based on cDNA sequence NM_002890.1with theA of theATG start codon marked as11. Mutations were named according to the international
recommendations (www.hgvs.org/mutnomen/).
aNumber of individuals concerned.
bThe age of onset for the tumors is in parentheses.
dn, de novomutation; dn?, likely de novomutation, but one or both parents’DNAwas not available for testing; CO, cardiac overload; CF, cardiac failure;VV, varicose veins;TOF,
tetralogy of Fallot; PDA, patent ductus arteriosus; ASD, atrial septal defect; PFO, patent foramen ovale; P St, pulmonary stenosis;VGAM, vein of Galen aneurysmal malforma-
tion.
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Capillary malformation-arteriovenous malformation (CM-AVM) is a newly recognized autosomal dominant
disorder, caused by mutations in the RASA1 gene in six families. Here we report 42 novel RASA1 mutations
and the associated phenotype in 44 families. The penetrance and de novo occurrence were high. All affected
individuals presented multifocal capillary malformations (CMs), which represent the hallmark of the disorder.
Importantly, one-third had fast-flow vascular lesions. Among them, we observed severe intracranial AVMs,
including vein of Galen aneurysmal malformation, which were symptomatic at birth or during infancy,
extracranial AVM of the face and extremities, and Parkes Weber syndrome (PKWS), previously considered
sporadic and nongenetic. These fast-flow lesions can be differed from the other two genetic AVMs seen in
hereditary hemorrhagic telangiectasia (HHT) and in phosphatase and tensin homolog (PTEN) hamartomatous
tumor syndrome. Finally, some CM-AVM patients had neural tumors reminiscent of neurofibromatosis type 1
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Christine Labrèze,18 Loreto Martorell,19 Harriet J. Paltiel,4 Annette Pohl,20 Julie Prendiville,21

Isabelle Quere,22 Dawn H. Siegel,14 Enza Maria Valente,10 Annet Van Hagen,23 Liselot Van Hest,23

Keith K. Vaux,24 Asuncion Vicente,25 Lisa Weibel,16 David Chitayat,26 and Miikka Vikkula1!

1Laboratory of Human Molecular Genetics, de Duve Institute, Université catholique de Louvain, Brussels, Belgium; 2Center for Human Genetics,
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• A RASA1 somatic mutation in a skin punch biopsy was found in a CM-AVM patient who also harbored a 
separate germline mutation in RASA1

• This suggests that RASA1 germline mutations may predispose to the development of specific syndromes, with 
expression due to additional somatic mutations (or epigenetic effects?) arising in target tissue
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Germline mutations in RASA1 are associated with capillary
malformation-arteriovenous malformation (CM-AVM) syn-
drome. CM-AVM syndrome is characterized by multi-focal
capillary malformations and arteriovenous malformations.
Lymphatic anomalies have been proposed as part of the phe-
notype. Intrafamilial variability has been reported, suggesting
modifiers and somatic events. The objective of the study was to
identify somatic RASA1 “second hits” from vascular malfor-
mations associated with CM-AVM syndrome, and describe
phenotypic variability. Participants were examined and phe-
notyped. Genomic DNA was extracted from peripheral blood
on all participants. Whole-exome sequencing was performed
on the proband. Using Sanger sequencing, RASA1 exon 8 was
PCR-amplified to track the c.1248T>G, p.Tyr416X germline
variant through the family. A skin biopsy of a capillary mal-
formation from the proband’s mother was also obtained, and
next-generation sequencing was performed on DNA from the
affected tissue. A familial germline heterozygous novel patho-
genic RASA1 variant, c.1248T>G (p.Tyr416X), was identified in
the proband and her mother. The proband had capillary
malformations, chylothorax, lymphedema, and overgrowth,
while her affected mother had only isolated capillary malfor-
mations. Sequence analysis of DNA extracted from a skin
biopsy of a capillary malformation of the affected mother
showed a second RASA1 somatic mutation (c.2245C>T,
p.Arg749X). These results and the extreme variable expressivity
support the hypothesis that somatic “second hits” are required
for the development of vascular anomalies associated with
CM-AVM syndrome. In addition, the phenotypes of the af-
fected individuals further clarify that lymphatic manifestations
are also part of the phenotypic spectrum of RASA1-related
disorders. ! 2016 Wiley Periodicals, Inc.

Key words: capillary malformation; RASA1; arteriovenous
malformation; somatic mutation

INTRODUCTION

RASA1-related disorders include capillary malformation-
arteriovenous malformation (CM-AVM) syndrome and some
cases of Parkes Weber syndrome (PKWS) [Eerola et al., 2003].
RASA1 codes for the Ras GTPase-activating protein 1, which has
been shown to be important in vascular development [Henke-
meyer et al., 1995]. It is a negative regulator of the RAS/MAP kinase
signal transduction pathway, enhances the weak intrinsic GTPase,
and plays a role in both cellular differentiation and cellular
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Metameres - Cobb Syndrome

Capillary malformation
of the skin

20
18

 ©
 A

BC - 
W

IN
 S

em
ina

r. A
ll r

igh
ts 

re
se

rve
d -

 A
ny

 re
pr

od
uc

tio
n e

ve
n i

n p
ar

t is
 pr

oh
ibi

ted
.

20
18

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
All r

igh
ts 

re
se

rve
d -

 A
ny

 re
pr

od
uc

tio
n e

ve
n i

n p
ar

t is
 pr

oh
ibi

ted
.

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] . 
  

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .



CASE REPORT

Angiogenic and inflammatory factor expressions
in cutaneomeningospinal angiomatosis (Cobb’s syndrome):
case report

Peng Gao & Hongqi Zhang & Feng Ling

Received: 6 January 2011 /Accepted: 6 April 2011 /Published online: 26 April 2011
# Springer-Verlag 2011

Abstract We report on a case of cervical cutaneomeningo-
spinal angiomatosis (Cobb’s syndrome), a rare somatic
disorder, characterized by vascular abnormalities of the
spinal cord, with a triad of associated vascular skin, muscle,
bone, and dura involvement at the same somite. This case
follows an 18-year-old male patient presenting with left
extremity weakness and back cervical pain. Magnetic reso-
nance imaging (MRI) revealed a spinal cord arteriovenous
malformation (AVM) at the C3-C5 level. Cobb’s syndrome
was diagnosed by coexistence of cutaneous naevi in a
dermatomal pattern and neurological signs of a spinal cord
lesion together with cervical MRI and angiography. The
patient underwent a combination of staged endovascular
embolization and microsurgical resection. Multiple biopsies
of the mass including the skin, muscle, dura, and spinal cord at
the same somite revealed that the lesions had a similar
pathology. Post-operative immunohistochemical character-
izations on specimen included CD31, smooth muscle actin
(SMA), vascular endothelial growth factor (VEGF), and
matrix metalloproteinase (MMP-9). The unique associations
of somatic and spinal cord lesion as well as angiogenic and
inflammatory factor expressions in all specimens are reported.

Keywords Cobb’s syndrome . Angiogenesis . Inflammation

Introduction

Cutaneomeningospinal angiomatosis, or Cobb’s syndrome,
was first described in 1895, and reported by Cobb [4] in

1915, who described the syndrome of a somatic angiomatosis
with segmental involvement of the skin, subcutaneous tissue,
vertebral column, dura and spinal cord. To date, no more than
100 reports of Cobb’s syndrome exist in the literature [1, 2, 4,
5, 7, 8, 10, 11, 13, 14]. Spinal cord angiomatosis has been
even rarely characterized by immunohistochemistry [6].
Here, we report a case describing the angiogenic factor and
inflammatory expressions of the angiomatosis lesions that
Cobb involved at the same somite, and examined their
homological correlation.

Case description

An 18-year-old male patient was admitted for progressive
left extremity weakness and neck pain. Neurological
examination showed decreased muscle strength of left
lower extremity (4+/5). Bladder or bowel function was
normal. No familial history was observed. Cervical MRI
demonstrated lesions within the spinal cord parenchyma,
and multiple flow void signals along the dorsal interface
(Fig. 1). Angiogram analysis showed an arteriovenous
malformation (AVM) at the C3-C5 segment, involving the
spinal cord and associated paravertebral tissues at the same
level. The AVM feeders, including intra-spinal and para-
vertebral tissues, arose from bilateral vertebral artery (VA),
bilateral costocervical trunk (CCT), and right thyrocervical
trunk (TCT). For the spinal cord AVM: PSA (posterior spinal
artery), fed mainly by L-VA, was followedwith aneurysm-like
structure within the spinal cord parenchyma; ASA derived
fromR-VA and R-TCT. Paravertebral soft tissues were mainly
fed by bilateral CCT and right TCT (Fig. 2).

A multidisciplinary approach to the patient’s care was
undertaken, including staged embolization and microsurgical
resection. Endovascular embolization was performed with
GLUBRAN (GLUBRAN 2 acrylic glue) via bilateral CCT

P. Gao :H. Zhang : F. Ling (*)
Department of Neurosurgery, Xuanwu Hospital,
Capital University of Medical Sciences,
45 Changchun Street, Xicheng District,
Beijing 100053, China
e-mail: lingfengdoc@yahoo.com.cn

Acta Neurochir (2011) 153:1657–1661
DOI 10.1007/s00701-011-1025-2

and right TCT route (Fig. 2). Systemic heparinization was
administrated after a 5-F sheath was introduced into the right
femoral artery. A Marathon™ microcatheter (ev3, Irvine,
CA, USA) over a SilverSpeed 0.010-in microguidewire was
advanced at the bilateral CCT and right TCT, respectively.
Stepwise superselective angiography was performed to
ensure that the para-vertebral branches made no contributing
flow for the spinal cord AVM. An appropriate mixture of
glue was used (GLUBRAN glue in 20%). Feeding flow was
decreased significantly, and nidus was not remarkably
opacified. The patient was scheduled for microsurgical
resection 24 h after embolization. Vigorous bleeding was
encountered during the surgery from skin incision to
laminectomy. The extradural-intradural AVMs corresponded

with metameric lesions, which involved the soft tissue, spinal
canal, spinal cord, spinal canal, and nerve root along an
entire spinal level. Intra-operative findings showed that the
dura, rich with blood supply, was grossly thickened by
infiltration of tiny vessels (Fig. 3a). Dilated arterialized
venous plexus was located between subarachnoid and pia
mater, and moved along the dorsal interface of the spinal
cord (Fig. 3b). PSA as the main feeder along the nerve root
sleeve was dissected and applied with temporary block to
provide for flow control and minimize hemorrhage. Non-
stick bipolar cauterization and microscissors were used to
interrupt the nidus angioarchitecture. The nidus beneath the
pia mater was then resected (Fig. 4). During the operation,
multiple biopsies of the skin, muscle (paravertebral muscle),

Fig. 2 Superselective angiography and endovascular embolization.
Left column: angiography for bilateral VA, CCT and TCT; right
column: post-emb angiography; the embolization was performed via
the following feeders: R-CCT, L-CCT, and R-TCT, respectively. The
feeding flow was decreased significantly, and nidus was not

remarkably opacified. AP anterior-posterior view; LAT lateral view;
Pre-emb pre-embolization; Post-emb post-embolization; R right; L
left; VA vertebral artery; CCT costocervical trunk; TCT thyrocervical
trunk

Fig. 1 MRI delineates the cer-
vical spinal cord. Note the flow
void signals mass occupying the
spinal cord and paravertebral
lesions (white arrow). a Sagittal
T1-weighted image. b Sagittal
T2-weighted image. c Axial
view

1658 Acta Neurochir (2011) 153:1657–1661

dura, and spinal cord at the same somite were performed.
SEM (somatosensory evoked potential), MEP (motor evoked
potential), and sphincter electromyography were stable
throughout the procedure. Postoperatively, physical exami-
nation revealed no neurologic deficit, and the patient
resumed independent ambulation. The patient has been
followed-up for 7 months. Cervical MRI showed multiple
flow void signals in the spinal cord and paravertebral lesions
disappeared (Fig. 5). Angiography demonstrated that the
feeding flow for paravertebral tissues was decreased signifi-

cantly, and no nidus could be remarkably identified within the
spinal cord (Fig. 6).

We used immunocytochemistry to characterize the
tissues. Tissues from the same somite (skin, muscle, dura,
and spinal cord) were embedded in paraffin and cut at a
thickness of 10 μm. Sections were stained with the
following markers, including CD31, SMA, VEGF, and
MMP-9. As shown in Fig. 4, AVM-like structures were
identified in skin, dura, muscle, and spinal cord (H&E
staining). CD31- and SMA-positive signals were present in

Fig. 3 Intra-operative finding.
The dura was grossly thickened
(arrow, a), and an arterialized
tortuous vein coursed beneath
the subarachnoid space along
the dorsal interface of the spinal
cord (arrow, b)

Fig. 4 Panels a, b, c, and d represent the AVM-like tissue from skin,
muscle, dura, and spinal cord tissues, respectively. H&E staining (left
column) shows the nidus of the AVM-like structure (a1-d1). Tissues
were stained with CD31, SMA, VEGF, and MMP-9, respectively. All
the marker stainings are a higher magnification of the boxed area from
the H&E staining, respectively. For panels a–d, CD31, SMA, VEGF,
and MMP-9-positive signals were all observed in all tissue nidus
(brown color indicated by arrows). CD31-positive staining was
specifically found in the lumen of the vessel (a2-d2). SMA markers

were mainly found within the vessel wall in skin, muscle, dura, and
spinal cord (a3-d3). VEGF can be found either on the surface of the
lumen or in the vessel wall of the AVM-like nidus or in the
parenchymal tissues adjacent to the vascular wall (a4-d4). MMP-9-
positive signals can be mainly found in the lumen of the vessel wall
(a5-d5), and occasionally in the parenchyma (c5). Sections were
counterstained with hematoxylin to show blue nuclei. Scale bar for
H&E, 500 μm; for CD31, SMA, VEGF, and MMP-9 staining, 100 μm

Acta Neurochir (2011) 153:1657–1661 1659

Metameres - Cobb Syndrome

20
18

 ©
 A

BC - 
W

IN
 S

em
ina

r. A
ll r

igh
ts 

re
se

rve
d -

 A
ny

 re
pr

od
uc

tio
n e

ve
n i

n p
ar

t is
 pr

oh
ibi

ted
.

20
18

 ©
 A

BC - 
W

IN
 S

em
ina

r.  
All r

igh
ts 

re
se

rve
d -

 A
ny

 re
pr

od
uc

tio
n e

ve
n i

n p
ar

t is
 pr

oh
ibi

ted
.

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] . 
  

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 A

BC-W
IN

 S
em

ina
r. A

ll r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .



T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 368;21 nejm.org may 23, 2013 1971

original article

Sturge–Weber Syndrome and Port-Wine Stains 
Caused by Somatic Mutation in GNAQ
Matthew D. Shirley, Ph.D., Hao Tang, Ph.D., Carol J. Gallione, B.A.,  

Joseph D. Baugher, Ph.D., Laurence P. Frelin, M.S., Bernard Cohen, M.D.,  
Paula E. North, M.D., Ph.D., Douglas A. Marchuk, Ph.D., Anne M. Comi, M.D., 

and Jonathan Pevsner, Ph.D.

From the Biochemistry, Cellular and Mo-
lecular Biology Program (M.D.S., J.D.B., 
J.P.) and the Departments of Dermatolo-
gy (B.C.), Neurology (A.M.C.), Pediatrics 
(A.M.C.), and Psychiatry and Behavioral 
Sciences (J.P.), Johns Hopkins School of 
Medicine, and the Department of Neurol-
ogy and Developmental Medicine, Hugo 
W. Moser Research Institute at Kennedy 
Krieger (M.D.S., J.D.B., L.P.F., A.M.C., 
J.P.) — all in Baltimore; the Department 
of Molecular Genetics and Microbiology, 
Duke University Medical Center, Dur-
ham, NC (H.T., C.J.G., D.A.M.); and the 
Department of Pathology, Division of Pe-
diatric Pathology, Medical College of Wis-
consin, Milwaukee (P.E.N.). Address reprint 
requests to Dr. Pevsner at the Department 
of Neurology, Kennedy Krieger Institute, 
707 N. Broadway, Baltimore, MD 21205, 
or at pevsner@kennedykrieger.org.

Drs. Marchuk, Comi, and Pevsner con-
tributed equally to this article.

This article was published on May 8, 2013, 
at NEJM.org.

N Engl J Med 2013;368:1971-9. 
DOI: 10.1056/NEJMoa1213507
Copyright © 2013 Massachusetts Medical Society.

A bs tr ac t

Background
The Sturge–Weber syndrome is a sporadic congenital neurocutaneous disorder 
characterized by a port-wine stain affecting the skin in the distribution of the oph-
thalmic branch of the trigeminal nerve, abnormal capillary venous vessels in the 
leptomeninges of the brain and choroid, glaucoma, seizures, stroke, and intellectual 
disability. It has been hypothesized that somatic mosaic mutations disrupting vas-
cular development cause both the Sturge–Weber syndrome and port-wine stains, 
and the severity and extent of presentation are determined by the developmental time 
point at which the mutations occurred. To date, no such mutation has been identified.

Methods
We performed whole-genome sequencing of DNA from paired samples of visibly 
affected and normal tissue from 3 persons with the Sturge–Weber syndrome. We 
tested for the presence of a somatic mosaic mutation in 97 samples from 50 persons 
with the Sturge–Weber syndrome, a port-wine stain, or neither (controls), using 
amplicon sequencing and SNaPshot assays, and investigated the effects of the mu-
tation on downstream signaling, using phosphorylation-specific antibodies for rel-
evant effectors and a luciferase reporter assay.

Results
We identified a nonsynonymous single-nucleotide variant (c.548G→A, p.Arg183Gln) 
in GNAQ in samples of affected tissue from 88% of the participants (23 of 26) with 
the Sturge–Weber syndrome and from 92% of the participants (12 of 13) with ap-
parently nonsyndromic port-wine stains, but not in any of the samples of affected 
tissue from 4 participants with an unrelated cerebrovascular malformation or in 
any of the samples from the 6 controls. The prevalence of the mutant allele in af-
fected tissues ranged from 1.0 to 18.1%. Extracellular signal-regulated kinase activ-
ity was modestly increased during transgenic expression of mutant Gαq.

Conclusions
The Sturge–Weber syndrome and port-wine stains are caused by a somatic activating 
mutation in GNAQ. This finding confirms a long-standing hypothesis. (Funded by 
the National Institutes of Health and Hunter’s Dream for a Cure Foundation.)
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rate of 0.1%). Details regarding sequencing adapt-
ers, barcodes, and primer sequences are provided 
in the Supplementary Appendix.

Plasmids
Two specific mutations, c.548G→A (encoding 
p.Arg183Gln) and c.626A→T (encoding p.Gln209 
Leu), were introduced separately into GNAQ with 
the use of primers for site-directed mutagenesis 
(Table S4 in the Supplementary Appendix). Serum 
response element plasmid (pSRE)–Luc (Agilent 
Technologies) and pSV40-RL (Roche) were used as 
reporter plasmids for the luciferase assay.

Cell Culture and Western Blotting
Human embryonic kidney (HEK) 293T cell ly-
sates were analyzed by means of Western blot-
ting with the use of standard methods. Details of 

culture conditions, antibodies, and methods of 
Western blotting are provided in the Supplemen-
tary Appendix.

Luciferase Assay
GNAQ, GNAQ p.Arg183Gln or GNAQ encoding 
p.Gln209Leu, pSRE-Luc, and pSV40-RL were trans-
fected into HEK293T cells, which were lysed  after 
20 to 24 hours of incubation. At the end of the in-
cubation period, luciferase activity was measured.

primer extension-based Assay
DNA was extracted from formalin-fixed, paraffin-
embedded samples from participants with port-
wine stains. Primers designed to amplify exon 4 
of GNAQ (Table S5 in the Supplementary Appen-
dix) were used to amplify genomic DNA from 
each of the samples. Amplicons were interrogat-

A B C

E FD

Figure 1. Representative Photographs and Magnetic Resonance Imaging (MRI) Scans from Study Participants 
with the Sturge–Weber Syndrome or Isolated Port-Wine Stains.

Photographs of a participant with the Sturge–Weber syndrome (Patient 36), obtained at birth, show a facial port-
wine stain with a left-sided V1 distribution (Panels A and B). The child began having seizures at 7 months of age. 
An isolated port-wine stain birthmark on the left shoulder from a participant without the Sturge–Weber syndrome 
(Patient 10) shows a birthmark that is flat and red without evidence of hypertrophy or cobblestoning or any other 
associated vascular or lymphatic anomaly (Panel C). Axial contrast-enhanced MRI scans of the brain in a participant 
with the Sturge–Weber syndrome (Panels D, E, and F; Patient 36 at 17 months of age) show left-sided hemispheric 
leptomeningeal enhancement (yellow arrows), an enlarged and enhancing left-sided choroid plexus (red arrow), and 
left hemispheric brain atrophy (white arrows).
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Figure' S2:' Somatic' mutations' in' genes' that' are' associated' with' congenital' vascular' tumors' and' malformations' in' humans.'
Mutations! in! genes! encoding! several! different!protein! components! of!MAP!kinase! and!mTOR! signaling!pathways!have!been! identified! in!
affected!tissue!from!individuals!with!a!vascular!tumor!or!malformation.!Relative!locations!and!connections!between!different!components!in!
the!signaling!pathways!are!indicated!by!grey!lines!(arrowheads!indicate!a!component!that!normally!increases!signaling!and!bars!indicate!a!
component! that! normally! inhibits! signaling).! ! Colored! text! indicates! the! specific! disorders! and! colored! arrows! point! to! pathway!
component(s)!that!can!be!responsible!for!causing!the!disorder!1D18.!A!condition!for!which!a!germline!mutation!may!also!be!causal!is!indicated!
with!an!asterisk.!
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Somatic Activating Mutations in GNAQ and GNA11
Are Associated with Congenital Hemangioma

Ugur M. Ayturk,1,2,9 Javier A. Couto,3,9 Steven Hann,1 John B. Mulliken,3,4 Kaitlin L. Williams,1

August Yue Huang,1,2 Steven J. Fishman,4,5 Theonia K. Boyd,6 Harry P.W. Kozakewich,4,6

Joyce Bischoff,5,7 Arin K. Greene,3,4 and Matthew L. Warman1,2,4,8,*

Congenital hemangioma is a rare vascular tumor that forms in utero. Postnatally, the tumor either involutes quickly (i.e., rapidly invo-

luting congenital hemangioma [RICH]) or partially regresses and stabilizes (i.e., non-involuting congenital hemangioma [NICH]). We

hypothesized that congenital hemangiomas arise due to somatic mutation and performed massively parallel mRNA sequencing on

affected tissue from eight participants. We identified mutually exclusive, mosaic missense mutations that alter glutamine at amino

acid 209 (Gln209) in GNAQ or GNA11 in all tested samples, at variant allele frequencies (VAF) ranging from 3% to 33%. We verified

the presence of the mutations in genomic DNA using a combination of molecular inversion probe sequencing (MIP-seq) and digital

droplet PCR (ddPCR). The Gln209 GNAQ and GNA11 missense variants we identified are common in uveal melanoma and have

been shown to constitutively activate MAPK and/or YAP signaling. When we screened additional archival formalin-fixed paraffin-

embedded (FFPE) congenital cutaneous and hepatic hemangiomas, 4/8 had GNAQ or GNA11 Gln209 variants. The same GNAQ or

GNA11 mutation is found in both NICH and RICH, so other factors must account for these tumors’ different postnatal behaviors.

Congenital hemangiomas are rare vascular tumors that are
present at birth. They are different from common infantile
hemangiomas that rapidly enlarge postnatally and immu-
nostain for the cell surface marker GLUT1.1 In contrast,
congenital hemangiomas are GLUT1 negative and display
one of two clinical patterns: ‘‘rapidly involuting congenital
hemangioma’’ (RICH)2,3 or ‘‘non-involuting congenital
hemangioma’’ (NICH).4 RICH can be detected prenatally
(as early as 12 weeks gestation) and presents in a newborn
as a raised, gray-violaceous solitary cutaneous tumor with
fine telangiectasias, ectatic veins, and a pale halo (Figure 1).
RICH demonstrates fast-flow and can be associated with
congestive cardiac failure and transient low-grade throm-
bocytopenia. If there are not overwhelming complications
from heart failure or hemorrhagic ulceration, the tumor
rapidly regresses by 6–14months, leaving a patch of subcu-
taneous atrophy, dilated veins, and persistent fast-flow.
RICH is also well documented to occur in the liver
(Figure 1), where it spontaneously regresses just as in
skin.5 The second category of congenital hemangioma
(NICH) presents as a well-circumscribed, plaque-like tumor
with a purple-pink hue, pale rim, coarse telangiectasia, and
fast-flow (Figure 1). It remains unchanged throughout
childhood; however, there are uncommon examples of
growth and expansion in adolescence.6 In some cases
RICH can cease regressing and transform into NICH.7,8

There are histopathological similarities between RICH
and NICH (Figure 1) and between congenital hemangioma
and placental chorangioma, suggesting that chorangioma

might be the placental counterpart of cutaneous and intra-
hepatic congenital hemangioma.9

We hypothesized that somaticmutations initiate the for-
mation of congenital hemangiomas and searched for these
mutations by performing massively parallel sequencing on
fresh frozen specimens.
The Committee on Clinical Investigation of Boston

Children’s Hospital approved this study. Congenital hem-
angioma samples were collected during a clinically indi-
cated procedure, and all participants provided written con-
sent. Tissues were immediately flash-frozen or placed in
RNAlater (Thermo Fisher Scientific) and stored at !80"C
until further processing. The original intent was to perform
RNA-seq looking for coding sequence mutations or genetic
alterations that might produce chimeric or miss-spliced
transcripts and to perform whole-exome sequencing
(WES) looking for coding sequence mutations in genes
that were not highly expressed in affected tissue. RNA-
seq libraries were prepared via standard Illumina TruSeq
protocols and sequenced on one flowcell of an Illumina
HiSeq 2500 system. We did not perform WES because we
were able to successfully identify mutations with RNA-seq.
We generated 32–47million 100-bp paired-end reads per

RNA-seq library. Following the Genome Analysis Toolkit
(GATK) best practices workflow,10 we mapped each set of
reads to the reference human genome (GRCh37) with
STAR aligner,11 removed PCR duplicates with Picard, real-
igned the reads around small insertions and deletions,
and recalibrated the base quality scores with GATK.12 We
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sent. Tissues were immediately flash-frozen or placed in
RNAlater (Thermo Fisher Scientific) and stored at !80"C
until further processing. The original intent was to perform
RNA-seq looking for coding sequence mutations or genetic
alterations that might produce chimeric or miss-spliced
transcripts and to perform whole-exome sequencing
(WES) looking for coding sequence mutations in genes
that were not highly expressed in affected tissue. RNA-
seq libraries were prepared via standard Illumina TruSeq
protocols and sequenced on one flowcell of an Illumina
HiSeq 2500 system. We did not perform WES because we
were able to successfully identify mutations with RNA-seq.
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endothelial cells to terminally differentiate into capillary
beds or prevent the regrowth of AVMs after resection or
embolization.

Supplemental Data

Supplemental Data include one table and can be found with this

article online at http://dx.doi.org/10.1016/j.ajhg.2017.01.018.
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Figure 3. AVM Endothelial Cells Enriched for the MAP2K1 Mutation
(A) Photograph of an upper labial AVM (participant 13) from which CD31þ and CD31" cells were separated.
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ple are indicated (droplet counts are provided in Table 2).

The American Journal of Human Genetics 100, 1–9, March 2, 2017 7

Please cite this article in press as: Couto et al., Somatic MAP2K1 Mutations Are Associated with Extracranial Arteriovenous Malformation,
The American Journal of Human Genetics (2017), http://dx.doi.org/10.1016/j.ajhg.2017.01.018

REPORT

Somatic MAP2K1 Mutations Are Associated
with Extracranial Arteriovenous Malformation

Javier A. Couto,1,6 August Y. Huang,2,6 Dennis J. Konczyk,1 Jeremy A. Goss,1 Steven J. Fishman,3

John B. Mulliken,1 Matthew L. Warman,2,4,5 and Arin K. Greene1,*

Arteriovenous malformation (AVM) is a fast-flow, congenital vascular anomaly that may arise anywhere in the body. AVMs typically

progress, causing destruction of surrounding tissue and, sometimes, cardiac overload. AVMs are difficult to control; they often re-expand

after embolization or resection, and pharmacologic therapy is unavailable. We studied extracranial AVMs in order to identify their

biological basis. We performed whole-exome sequencing (WES) and whole-genome sequencing (WGS) on AVM tissue from affected

individuals. Endothelial cells were separated from non-endothelial cells by immune-affinity purification. We used droplet digital PCR

(ddPCR) to confirmmutations found byWES andWGS, to determine whether mutant alleles were enriched in endothelial or non-endo-

thelial cells, and to screen additional AVM specimens. In seven of ten specimens, WES andWGS detected and ddPCR confirmed somatic

mutations in mitogen activated protein kinase kinase 1 (MAP2K1), the gene that encodes MAP-extracellular signal-regulated kinase 1

(MEK1). Mutant alleles were enriched in endothelial cells and were not present in blood or saliva. 9 of 15 additional AVM specimens

contained mutant MAP2K1 alleles. Mutations were missense or small in-frame deletions that affect amino acid residues within or adja-

cent to the protein’s negative regulatory domain. Several of these mutations have been found in cancers and shown to increase MEK1

activity. In summary, somatic mutations in MAP2K1 are a common cause of extracranial AVM. The likely mechanism is endothelial cell

dysfunction due to increased MEK1 activity. MEK1 inhibitors, which are approved to treat several forms of cancer, are potential thera-

peutic agents for individuals with extracranial AVM.

Arteriovenous malformation (AVM) is a congenital
vascular anomaly, comprised of abnormal connections
between arteries and veins that are missing normal
high-resistance capillary beds (Figure 1).1 Sporadic extra-
cranial AVMs are solitary and may be localized or
regional. Rapid blood flow is demonstrable by Doppler ul-
trasonography. Magnetic resonance imaging reveals
signal voids consistent with fast-flow, while angiography
shows the early filling of draining veins (Figure 1). With
time, arterial to venous shunting causes tissue ischemia
that leads to pain, ulceration, bleeding, and destruction
of adjacent tissues. Treatment for AVM has been discour-
aging. Embolization and/or resection are often followed
by expansion; there are no drug treatments.2 The purpose
of this study was to identify the genetic basis for sporadic,
extracranial AVM in an effort to devise a new therapeutic
strategy.
The Committee on Clinical Investigation at Boston Chil-

dren’s Hospital approved this study and informed consent
was obtained from study participants. Ten AVM specimens
that had been collected during a clinically indicated pro-
cedure, including matched unaffected tissue specimens
from three of the study participants, had DNA extracted
using the DNeasy Blood & Tissue Kit (QIAGEN); saliva
DNA was extracted using the prepIT-L2P extraction kit
(DNA Genotek). Five affected tissue samples underwent
deepWES and another five hadWES andWGS on Illumina

platforms at Macrogen. WES and WGS used 101 basepair
(bp) or 150 paired-end reads, respectively. Average on-
target WES depths were between 224-fold and 281-fold
for the AVM samples and between 135-fold and 176-fold
for the unaffected tissues. Coverage R30-fold and R390-
fold were obtained for 90% to 93% and for 81% to 92%
of the exomes, respectively (Figure 2). The five AVM speci-
mens and the three matched unaffected tissue samples
subjected to WGS yielded average depths between 108-
fold and 145-fold and between 37-fold and 50-fold,
respectively.
Raw sequencing reads were aligned to the GRCh37

human reference genome using the Burrows-Wheeler
Aligner.3 The reads were processed by Picard and the
Genome Analysis Tool Kit4 for the removal of duplicated
and error-prone reads, indel realignment, and base-quality
recalibration. Candidate somatic mutations were identi-
fied using the single-sample (when only AVM DNA was
available) and paired-sample (when AVM and blood/saliva
DNA were available) modes of MosaicHunter.5 Somatic
mutations with at least 2% mutant allele fraction and at
least five reads supporting the variant allele were consid-
ered in subsequent analyses. We excluded common
variants that were annotated in the Single Nucleotide Poly-
morphism,6 1000 Genomes Project,7 Exome Sequencing
Project,8 or Exome Aggregation Consortium9 databases.
Among the protein-altering mutations, only those
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• MAP2K1 protein product, MEK1 is involved in the RAS signaling pathway important for cell growth
• Germ-line mutations are associated with Noonan’s Syndrome and cardio-facio-cutaneous 

syndrome
• Somatic mutations are associated with melanoma and hematopoietic malignancy
• MEK1 inhibitors are currently used for some neoplasms
• MEK1 inhibition as AVM therapy, promoting terminal differentiation to capillaries (?)

!

!

!
Figure' S2:' Somatic' mutations' in' genes' that' are' associated' with' congenital' vascular' tumors' and' malformations' in' humans.'
Mutations! in! genes! encoding! several! different!protein! components! of!MAP!kinase! and!mTOR! signaling!pathways!have!been! identified! in!
affected!tissue!from!individuals!with!a!vascular!tumor!or!malformation.!Relative!locations!and!connections!between!different!components!in!
the!signaling!pathways!are!indicated!by!grey!lines!(arrowheads!indicate!a!component!that!normally!increases!signaling!and!bars!indicate!a!
component! that! normally! inhibits! signaling).! ! Colored! text! indicates! the! specific! disorders! and! colored! arrows! point! to! pathway!
component(s)!that!can!be!responsible!for!causing!the!disorder!1D18.!A!condition!for!which!a!germline!mutation!may!also!be!causal!is!indicated!
with!an!asterisk.!
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Somatic Mosaic Activating Mutations
in PIK3CA Cause CLOVES Syndrome
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Congenital lipomatous overgrowth with vascular, epidermal, and skeletal anomalies (CLOVES) is a sporadically occurring, nonheredi-

tary disorder characterized by asymmetric somatic hypertrophy and anomalies in multiple organs. We hypothesized that CLOVES

syndrome would be caused by a somatic mutation arising during early embryonic development. Therefore, we employed massively

parallel sequencing to search for somatic mosaic mutations in fresh, frozen, or fixed archival tissue from six affected individuals. We

identified mutations in PIK3CA in all six individuals, and mutant allele frequencies ranged from 3% to 30% in affected tissue from

multiple embryonic lineages. Interestingly, these samemutations have been identified in cancer cells, in which they increase phosphoi-

nositide-3-kinase activity.We conclude that CLOVES is caused by postzygotic activatingmutations in PIK3CA. The application of similar

sequencing strategies will probably identify additional genetic causes for sporadically occurring, nonheritable malformations.

Syndromes can be genetic in origin but not necessarily
heritable. Happle postulated that such disorders arise as
the result of somatic rather than germline mutations, i.e.,
because complete heterozygosity for a causative mutation
would either be lethal to the affected individual or be inca-
pable of transmission through egg or sperm.1 Happle’s
hypothesis was confirmed by the discovery of somatic
mosaic mutations in several diseases, including McCune-
Albright syndrome (MIM 174800) and Proteus syndrome
(MIM 176920).2,3

Isolated malformations and nonhereditary syndromes
with malformation as a component feature could also be
caused by a somatic mutation. One such candidate is the
recently described disorder CLOVES (congenital lipoma-
tous asymmetric overgrowth of the trunk with lymphatic,
capillary, venous, and combined-type vascular malforma-
tions, epidermal nevi, and skeletal anomalies [MIM
612918]) (Figure 1).4–8 Therefore, we sought to identify
postzygotic mutations in individuals with CLOVES by
employing massively parallel sequencing of DNA and
RNA from affected tissue to look for mutations that are
present at low frequencies. The study was approved
by the institutional review board at Boston Children’s
Hospital. Study participants provided written informed
consent to participate in the study and to authorize the
publication of clinical images.
We used fresh or frozen affected tissue from four

CLOVES-affected individuals, each of whom had under-
gone resection of a lipomatous overgrowth or a vascular
malformation with lipomatous overgrowth (Tables 1

and 2), and we produced barcoded DNA sequencing
libraries as described previously.9 We assumed that lipoma-
tous tissue would contain mutant cells given that incom-
pletely resected lesions often regrow.5 We also recovered
mRNA and generated barcoded cDNA sequencing
libraries10 from these same specimens. For two of these
individuals, we prepared DNA sequencing libraries from
white blood cell (blood or saliva) DNA. We assumed that
this unaffected tissue would not contain a CLOVES causa-
tive mutation. Formalin-fixed paraffin-embedded tissue
blocks were available from two other individuals (Table
2) from whom we recovered DNA by using thin sections
to produce additional barcoded sequencing libraries (see
Figure S1, available online, for the experimental design).9

Saliva DNA was available from one of these individuals
and was used for the preparation of a library.
We enriched each DNA library generated from the fresh

or frozen samples for exonic sequences by using the Sure-
Select human exome kit (Agilent Technologies, Santa
Clara, CA, USA). For DNA libraries generated from the
paraffin tissue blocks, we employed a custom-designed
enrichment array that contained exonic sequences from
77 genes involved in signaling pathways for several growth
factors. We had previously employed this targeted array to
screen individuals with metachondromatosis.9 Several
genes included in this array, e.g., PTEN (MIM 601728),
AKT1 (MIM 164730), AKT2 (MIM 164731), and AKT3
(MIM 611223), have been implicated in other overgrowth
syndromes.3,11–14 We performed RNA sequencing in case
the gene responsible for CLOVES was abundantly
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family members have been reported in individuals with
Proteus syndrome (AKT1), individuals with asymmetric
overgrowth and hypoglycemia (AKT2), and an individual
with hemimegalencephaly (AKT3).3,13,14 The nonoverlap-
ping phenotypes associated with the different mutations
might reflect the stage of development at which the
genetic alterations arose and the restricted ability of
a cell type or tissue to be affected by the consequences.
In a PIK3CA activating mutation, it is reasonable to spec-
ulate that differing phenotypes in the CLOVES spectrum
might occur depending upon when the mutation arises
during development; such is the case for the broad range
of phenotypes that occur in individuals with somatic
mutations in GNAS and PTEN.11,23 Similar to CLOVES
syndrome, Klippel-Trenaunay syndrome (KTS [MIM
149000]) exhibits features such as capillary, lymphatic,

and venous anomalies with overgrowth.24 Therefore,
KTS might also result from mutations in components of
the PI3K-AKT pathway. We have begun testing this
hypothesis by screening DNA extracted from lesional
tissue in individuals with KTS for the c.1258T>C and
the c.3140A>G PIK3CA missense mutations, and we
have found mosaicism for c.3140A>G in 3 of 15 individ-
uals examined (Figure S2).
Massively parallel sequencing of DNA or RNA recov-

ered from anomalous tissue can facilitate the identifica-
tion of a somatically arising mutation that is responsible
for the disorder. We employed this strategy to identify
activating mutations in PIK3CA as the cause of CLOVES
syndrome. These same activating mutations have been
detected in several types of cancer, and pharmacologic
inhibitors of PIK3CA are being developed for the

Figure 2. Somatic Activating PIK3CA Mutations in CLOVES Syndrome
(A) Demonstration of the PIK3CA c.1624G>A somatic mosaic mutation in participant CL4. Massively parallel sequencing of this indi-
vidual’s lesional tissue identified a c.1624G>Amutation in 2 of 16 reads (Table 2).With bloodDNA and lesional-tissue DNA as templates,
PCR amplimers encompassing the candidate mutation were generated and Sanger sequenced. On the top left is an electropherogram of
blood-DNA amplimers showing only a wild-type sequence. On the top right is an electropherogram of lesional-tissue amplimers
showing wild-type and mutant sequences. Blood and lesional-tissue amplimers were subcloned, and 48 individual colonies were
sequenced. In the middle on the left, all subclones from blood-DNA amplimers contain a wild-type sequence; a representative electro-
pherogram of a wild-type sequence from a single clone is shown. In the middle on the right, 3 of 48 subclones from lesional-DNA
amplimers contain a mutant sequence; a representative electropherogram of a mutant sequence from a single clone is shown. With
mRNA recovered from lesional tissue as a template, RT-PCR was performed with primers in exons flanking the exon containing the
candidate mutation. On the bottom left, a Sanger-sequence electropherogram of the RT-PCR amplimers shows wild-type and mutant
sequences. Five of the 48 subclones from the RT-PCR amplimers contain a mutant sequence, one of which is shown at the bottom right.
(B) A schematic of the PI3K-AKT signaling pathway indicates the overgrowth syndromes currently associated with mutations in this
pathway. Binding of a growth factor to a receptor-tyrosine kinase activates a PI3K family member, including PIK3CA, which converts
phosphatidylinositol-3,4-bisphosphate (PIP2) to the !3,4,5-triphosphate (PIP3) in a reaction that is antagonized by PTEN.
Membrane-associated PIP3 facilitates the localization and phosphorylation of PDK1, which then activates AKT by phosphorylation
at Thr308. AKT is further activated by Ser742 phosphorylation by the PDK2 complex including mTOR (FRAP1 [MIM 601231]). The
following abbreviation is used: PTEN-HTS, PTEN Hamartoma Tumor Syndrome.
(C) PIK3CA mutations constitutively activate the PI3K-AKT pathway. In the first column are immunoblot luminescence images of
protein lysates prepared from normal subcutaneous adipose tissue. In the second column is hamartomatous tissue from an individual
with a known PTENmutation. In the right columns is lipomatous tissue fromCLOVES-affected participants CL5 andCL6 (the blank lane
between samples was removed). Lysates were separated by 4%–8% SDS-PAGE, transferred to immobilon P, and immunodetected with
antibodies (Cell Signaling, Cambridge, MA, USA) that recognize total AKT, phosphorylated forms of PDK1 and AKT1, and beta-actin
(as a loading control). Compared to lysates from adipose tissue from an unaffected individual or lysates from lesional tissue from an indi-
vidual with a heterozygous PTENmutation, lysates from the CLOVES lipomatous tissue showmarked increases in the activated forms of
PDK1 and AKT1.
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!
Figure' S2:' Somatic' mutations' in' genes' that' are' associated' with' congenital' vascular' tumors' and' malformations' in' humans.'
Mutations! in! genes! encoding! several! different!protein! components! of!MAP!kinase! and!mTOR! signaling!pathways!have!been! identified! in!
affected!tissue!from!individuals!with!a!vascular!tumor!or!malformation.!Relative!locations!and!connections!between!different!components!in!
the!signaling!pathways!are!indicated!by!grey!lines!(arrowheads!indicate!a!component!that!normally!increases!signaling!and!bars!indicate!a!
component! that! normally! inhibits! signaling).! ! Colored! text! indicates! the! specific! disorders! and! colored! arrows! point! to! pathway!
component(s)!that!can!be!responsible!for!causing!the!disorder!1D18.!A!condition!for!which!a!germline!mutation!may!also!be!causal!is!indicated!
with!an!asterisk.!
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BACKGROUND
Sporadic arteriovenous malformations of the brain, which are morphologically 
abnormal connections between arteries and veins in the brain vasculature, are a 
leading cause of hemorrhagic stroke in young adults and children. The genetic 
cause of this rare focal disorder is unknown.

METHODS
We analyzed tissue and blood samples from patients with arteriovenous malforma-
tions of the brain to detect somatic mutations. We performed exome DNA sequenc-
ing of tissue samples of arteriovenous malformations of the brain from 26 patients 
in the main study group and of paired blood samples from 17 of those patients. 
To confirm our findings, we performed droplet digital polymerase-chain-reaction 
(PCR) analysis of tissue samples from 39 patients in the main study group (21 with 
matching blood samples) and from 33 patients in an independent validation group. 
We interrogated the downstream signaling pathways, changes in gene expression, 
and cellular phenotype that were induced by activating KRAS mutations, which we 
had discovered in tissue samples.

RESULTS
We detected somatic activating KRAS mutations in tissue samples from 45 of the 
72 patients and in none of the 21 paired blood samples. In endothelial cell– 
enriched cultures derived from arteriovenous malformations of the brain, we de-
tected KRAS mutations and observed that expression of mutant KRAS (KRASG12V) 
in endothelial cells in vitro induced increased ERK (extracellular signal-regulated 
kinase) activity, increased expression of genes related to angiogenesis and Notch 
signaling, and enhanced migratory behavior. These processes were reversed by 
inhibition of MAPK (mitogen-activated protein kinase)–ERK signaling.

CONCLUSIONS
We identified activating KRAS mutations in the majority of tissue samples of arte-
riovenous malformations of the brain that we analyzed. We propose that these 
malformations develop as a result of KRAS-induced activation of the MAPK–ERK 
signaling pathway in brain endothelial cells. (Funded by the Swiss Cancer League 
and others.)
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fractional abundance of variants that was 2.8 to 
61.8 times as high as the level in whole tissue 
before fractionation, reaching 14.90% in Patient 
30, 45.80% in Patient 32 (for whom whole un-
fractionated tissue was not available owing to 
the small amount of initial material), and 52.15% 
and 17.54% in the nidus and draining-vein 
samples, respectively, from Patient 39 (Fig. 2B).

In some samples, the fractional abundance of 
variants in the CD31+ cultures correlated with 
the percentage of CD31+ cells seen on immunos-
taining of low-passage (passage 1 to 2) CD31+ 
cultures: the nidus sample from Patient 32 (frac-
tional abundance, 45.80% [i.e., >90% mutant 
KRAS cells]) had 87% CD31+ cells, and the 
draining-vein sample from Patient 39 (fractional 
abundance, 17.54% [i.e., >30% mutant KRAS
cells]) had 30% CD31+ cells. These findings sug-
gest that most endothelial cells derived from 
these samples were positive for KRAS mutations. 
In contrast, the CD31− cultures from the same 
samples were negative for KRAS mutations 
(Fig. 2B). Droplet digital PCR analysis of the 
control cell cultures did not reveal KRAS muta-
tions in CD31+ or CD31− fractions. (Details of 
the analyses are shown in Figs. S2 and S4 and in 
Table S9 in Supplementary Appendix 1.)

 ERK1/2 Activation in Endothelial Cells 
with KRAS Mutations

KRAS is an effector molecule that lies down-
stream of receptor tyrosine kinases, and it acti-
vates diverse cellular signaling networks, such as 
the RAF–MEK (mitogen-activated protein kinase 
[MAPK] kinase)–ERK (extracellular signal-regu-
lated kinase) (MAPK–ERK) signaling pathway and 
the PI3K (phosphoinositide 3 kinase)–AKT–mTOR 
(mechanistic target of rapamycin) pathway.12 We 
tested for phosphorylation of ERK1/2, AKT, and 
a noncanonical KRAS target, p38 MAPK,13 in 
endothelial cell–enriched cultures derived from 
arteriovenous malformations of the brain with 
KRAS mutations and in human umbilical-vein 
endothelial cells (HUVECs) that expressed one 
of two isoforms (proteins encoded by differently 
spliced messenger RNA) of mutant KRASG12V: 
KRAS4AG12V or KRAS4BG12V. The results for these 
cell cultures were compared with the results for 
primary endothelial cell–enriched cultures de-
rived from normal brain vessels or HUVECs that 
received an empty expression construct. In both 
experiments, we observed increased levels of 
ERK1/2 phosphorylation in cells expressing mu-
tant KRAS (Fig. 3A, and Fig. S5 in Supplemen-
tary Appendix 1) but did not observe increased 

Figure 2. Detection of KRAS Mutations in Endothelial-Cell–Enriched and Endothelial-Cell–Depleted Cultures.

Panel A shows the expression of CD31 and alpha smooth-muscle actin (α-SMA) in endothelial-cell–enriched (CD31+) and endothelial-
cell–depleted (CD31−) fractions of cell cultures derived from tissue samples of arteriovenous malformations of the brain that were ob-
tained from patients. The CD31+ fractions (isolated with anti-CD31 magnetic beads) were composed of CD31+ cells and some α-SMA+ 
cells, whereas the CD31− fractions were devoid of CD31+ cells but contained α-SMA+ cells. Panel B shows the fractional abundance of 
KRAS variants in CD31+ and CD31− cell cultures derived from tissue samples of arteriovenous malformations of the brain and in the 
whole tissue sample before fractionation. Enrichment is the factor change of the fractional abundance in the CD31+ cells as compared 
with the whole unfractionated sample. The samples are from patients in the main study group. For Patient 32, all available tissue was 
used for cell culture and no tissue was left for digital droplet polymerase-chain-reaction analysis. NA denotes not available.
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BACKGROUND
Sporadic arteriovenous malformations of the brain, which are morphologically 
abnormal connections between arteries and veins in the brain vasculature, are a 
leading cause of hemorrhagic stroke in young adults and children. The genetic 
cause of this rare focal disorder is unknown.

METHODS
We analyzed tissue and blood samples from patients with arteriovenous malforma-
tions of the brain to detect somatic mutations. We performed exome DNA sequenc-
ing of tissue samples of arteriovenous malformations of the brain from 26 patients 
in the main study group and of paired blood samples from 17 of those patients. 
To confirm our findings, we performed droplet digital polymerase-chain-reaction 
(PCR) analysis of tissue samples from 39 patients in the main study group (21 with 
matching blood samples) and from 33 patients in an independent validation group. 
We interrogated the downstream signaling pathways, changes in gene expression, 
and cellular phenotype that were induced by activating KRAS mutations, which we 
had discovered in tissue samples.

RESULTS
We detected somatic activating KRAS mutations in tissue samples from 45 of the 
72 patients and in none of the 21 paired blood samples. In endothelial cell– 
enriched cultures derived from arteriovenous malformations of the brain, we de-
tected KRAS mutations and observed that expression of mutant KRAS (KRASG12V) 
in endothelial cells in vitro induced increased ERK (extracellular signal-regulated 
kinase) activity, increased expression of genes related to angiogenesis and Notch 
signaling, and enhanced migratory behavior. These processes were reversed by 
inhibition of MAPK (mitogen-activated protein kinase)–ERK signaling.

CONCLUSIONS
We identified activating KRAS mutations in the majority of tissue samples of arte-
riovenous malformations of the brain that we analyzed. We propose that these 
malformations develop as a result of KRAS-induced activation of the MAPK–ERK 
signaling pathway in brain endothelial cells. (Funded by the Swiss Cancer League 
and others.)
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!
Figure' S2:' Somatic' mutations' in' genes' that' are' associated' with' congenital' vascular' tumors' and' malformations' in' humans.'
Mutations! in! genes! encoding! several! different!protein! components! of!MAP!kinase! and!mTOR! signaling!pathways!have!been! identified! in!
affected!tissue!from!individuals!with!a!vascular!tumor!or!malformation.!Relative!locations!and!connections!between!different!components!in!
the!signaling!pathways!are!indicated!by!grey!lines!(arrowheads!indicate!a!component!that!normally!increases!signaling!and!bars!indicate!a!
component! that! normally! inhibits! signaling).! ! Colored! text! indicates! the! specific! disorders! and! colored! arrows! point! to! pathway!
component(s)!that!can!be!responsible!for!causing!the!disorder!1D18.!A!condition!for!which!a!germline!mutation!may!also!be!causal!is!indicated!
with!an!asterisk.!
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CM-AVM2

• CM-AVM: AD with high penetrance 

and variable expression. AVMs seen 

in ~30% of patients, in the brain, 

spine, face, neck, or extremities

• 50% of patients with CM-AVM have 

heterozygous LOF mutations in 

RASA1

• Studying families with phenotypic 

CM-AVM but no RASA1 mutation 

using linkage and whole-exome 

sequencing, a new mutated gene 

was identified as EPHB4. These were 

LOF mutations
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ORIGINAL RESEARCH 
ARTICLE

ORIGINAL RESEARCH ARTICLE

BACKGROUND: Most arteriovenous malformations (AVMs) are localized 
and occur sporadically. However, they also can be multifocal in autosomal-
dominant disorders, such as hereditary hemorrhagic telangiectasia and 
capillary malformation (CM)-AVM. Previously, we identified RASA1 
mutations in 50% of patients with CM-AVM. Herein we studied non-
RASA1 patients to further elucidate the pathogenicity of CMs and AVMs.

METHODS: We conducted a genome-wide linkage study on a CM-AVM 
family. Whole-exome sequencing was also performed on 9 unrelated CM-
AVM families. We identified a candidate gene and screened it in a large 
series of patients. The influence of several missense variants on protein 
function was also studied in vitro.

RESULTS: We found evidence for linkage in 2 loci. Whole-exome 
sequencing data unraveled 4 distinct damaging variants in EPHB4 in 5 
families that cosegregated with CM-AVM. Overall, screening of EPHB4 
detected 47 distinct mutations in 54 index patients: 27 led to a premature 
stop codon or splice-site alteration, suggesting loss of function. The other 
20 are nonsynonymous variants that result in amino acid substitutions. In 
vitro expression of several mutations confirmed loss of function of EPHB4. 
The clinical features included multifocal CMs, telangiectasias, and AVMs.

CONCLUSIONS: We found EPHB4 mutations in patients with multifocal 
CMs associated with AVMs. The phenotype, CM-AVM2, mimics RASA1-
related CM-AVM1 and also hereditary hemorrhagic telangiectasia. 
RASA1-encoded p120RASGAP is a direct effector of EPHB4. Our data 
highlight the pathogenetic importance of this interaction and indicts 
EPHB4-RAS-ERK signaling pathway as a major cause for AVMs.

Germline Loss-of-Function Mutations 
in EPHB4 Cause a Second Form of 
Capillary Malformation-Arteriovenous 
Malformation (CM-AVM2) Deregulating 
RAS-MAPK Signaling
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Loss-of-Function Mutations in EPHB4 

Circulation. 2017;136:1037–1048. DOI: 10.1161/CIRCULATIONAHA.116.026886 September 12, 2017 1043

ORIGINAL RESEARCH 
ARTICLE

except for 5 mutations, which occurred in 2 families, 
and 1 mutation, which occurred in 3 families. The mu-
tations are located throughout the gene; we found 
no genotype-phenotype correlations. The localized 

nature and multifocality of lesions in CM-AVM2 can 
be explained by the need for a somatic second hit for 
complete cellular abolishment of EPHB4 function. This 
2-hit phenomenon has been shown for other heredi-

Figure 2. Missense mutations in EPHB4 from 4 patients with capillary malformation-arteriovenous malformations 
lead to proteosomal degradation.  
COS7 cells are transiently transfected with EGFP-EPHB4 wild-type (WT) EPHB4 or with 1 of the 4 mutations. Evaluation of 
ubiquitination in cells pretreated with chloroquine or MG132 (A). Protein expression accessed by Western blotting using anti-
EPHB4 or monoclonal anti-β-actin. Representative experiments of 3 transfections performed are shown. Confocal laser scanning 
microscopy of cells transiently expressing WT EGFP-EPHB4 (B) or the 4 EGFP-EPHB4 mutants (C through F). Images are represen-
tative of 100 analyzed cells from 3 independent transfections. NT indicates nontreated. Arrow indicates EPHB4. Bars = 5 μm.

Figure 3. Phenotypic spectrum associated with EPHB4 mutations.  
A, Multifocal capillary malformations (CMs) and Bier spots. B, Multifocal CMs. C, Multifocal CMs with white surrounding halo. 
D, Multiple telangiectasias on upper thorax. E, Multiple labial and peribuccal telangiectasias. F, Multifocal CMs with geograph-
ic borders and pale central zone. G, Arteriovenous malformations  on the face. H, Vein of Galen aneurysmal malformation. I, 
Parkes Weber syndrome in right leg.
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• Penetrance was high (102/110)
• All affected individuals had CM (102), and 92 had >1 CM. ~25% had a surrounding white halo. CMs 

could be present at birth or could develop during childhood or adolescence, and ranged from 
pinpoint to 15 cm

• 20 individuals had fast-flow lesions (cutaneous, subcutaneous, muscular and bony AVMs in the 
face/neck/extremities, Parkes Weber, CNS)
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BACKGROUND: Most arteriovenous malformations (AVMs) are localized 
and occur sporadically. However, they also can be multifocal in autosomal-
dominant disorders, such as hereditary hemorrhagic telangiectasia and 
capillary malformation (CM)-AVM. Previously, we identified RASA1 
mutations in 50% of patients with CM-AVM. Herein we studied non-
RASA1 patients to further elucidate the pathogenicity of CMs and AVMs.

METHODS: We conducted a genome-wide linkage study on a CM-AVM 
family. Whole-exome sequencing was also performed on 9 unrelated CM-
AVM families. We identified a candidate gene and screened it in a large 
series of patients. The influence of several missense variants on protein 
function was also studied in vitro.

RESULTS: We found evidence for linkage in 2 loci. Whole-exome 
sequencing data unraveled 4 distinct damaging variants in EPHB4 in 5 
families that cosegregated with CM-AVM. Overall, screening of EPHB4 
detected 47 distinct mutations in 54 index patients: 27 led to a premature 
stop codon or splice-site alteration, suggesting loss of function. The other 
20 are nonsynonymous variants that result in amino acid substitutions. In 
vitro expression of several mutations confirmed loss of function of EPHB4. 
The clinical features included multifocal CMs, telangiectasias, and AVMs.

CONCLUSIONS: We found EPHB4 mutations in patients with multifocal 
CMs associated with AVMs. The phenotype, CM-AVM2, mimics RASA1-
related CM-AVM1 and also hereditary hemorrhagic telangiectasia. 
RASA1-encoded p120RASGAP is a direct effector of EPHB4. Our data 
highlight the pathogenetic importance of this interaction and indicts 
EPHB4-RAS-ERK signaling pathway as a major cause for AVMs.

Germline Loss-of-Function Mutations 
in EPHB4 Cause a Second Form of 
Capillary Malformation-Arteriovenous 
Malformation (CM-AVM2) Deregulating 
RAS-MAPK Signaling
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BACKGROUND: Most arteriovenous malformations (AVMs) are localized 
and occur sporadically. However, they also can be multifocal in autosomal-
dominant disorders, such as hereditary hemorrhagic telangiectasia and 
capillary malformation (CM)-AVM. Previously, we identified RASA1 
mutations in 50% of patients with CM-AVM. Herein we studied non-
RASA1 patients to further elucidate the pathogenicity of CMs and AVMs.

METHODS: We conducted a genome-wide linkage study on a CM-AVM 
family. Whole-exome sequencing was also performed on 9 unrelated CM-
AVM families. We identified a candidate gene and screened it in a large 
series of patients. The influence of several missense variants on protein 
function was also studied in vitro.

RESULTS: We found evidence for linkage in 2 loci. Whole-exome 
sequencing data unraveled 4 distinct damaging variants in EPHB4 in 5 
families that cosegregated with CM-AVM. Overall, screening of EPHB4 
detected 47 distinct mutations in 54 index patients: 27 led to a premature 
stop codon or splice-site alteration, suggesting loss of function. The other 
20 are nonsynonymous variants that result in amino acid substitutions. In 
vitro expression of several mutations confirmed loss of function of EPHB4. 
The clinical features included multifocal CMs, telangiectasias, and AVMs.

CONCLUSIONS: We found EPHB4 mutations in patients with multifocal 
CMs associated with AVMs. The phenotype, CM-AVM2, mimics RASA1-
related CM-AVM1 and also hereditary hemorrhagic telangiectasia. 
RASA1-encoded p120RASGAP is a direct effector of EPHB4. Our data 
highlight the pathogenetic importance of this interaction and indicts 
EPHB4-RAS-ERK signaling pathway as a major cause for AVMs.
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except for 5 mutations, which occurred in 2 families, 
and 1 mutation, which occurred in 3 families. The mu-
tations are located throughout the gene; we found 
no genotype-phenotype correlations. The localized 

nature and multifocality of lesions in CM-AVM2 can 
be explained by the need for a somatic second hit for 
complete cellular abolishment of EPHB4 function. This 
2-hit phenomenon has been shown for other heredi-

Figure 2. Missense mutations in EPHB4 from 4 patients with capillary malformation-arteriovenous malformations 
lead to proteosomal degradation.  
COS7 cells are transiently transfected with EGFP-EPHB4 wild-type (WT) EPHB4 or with 1 of the 4 mutations. Evaluation of 
ubiquitination in cells pretreated with chloroquine or MG132 (A). Protein expression accessed by Western blotting using anti-
EPHB4 or monoclonal anti-β-actin. Representative experiments of 3 transfections performed are shown. Confocal laser scanning 
microscopy of cells transiently expressing WT EGFP-EPHB4 (B) or the 4 EGFP-EPHB4 mutants (C through F). Images are represen-
tative of 100 analyzed cells from 3 independent transfections. NT indicates nontreated. Arrow indicates EPHB4. Bars = 5 μm.

Figure 3. Phenotypic spectrum associated with EPHB4 mutations.  
A, Multifocal capillary malformations (CMs) and Bier spots. B, Multifocal CMs. C, Multifocal CMs with white surrounding halo. 
D, Multiple telangiectasias on upper thorax. E, Multiple labial and peribuccal telangiectasias. F, Multifocal CMs with geograph-
ic borders and pale central zone. G, Arteriovenous malformations  on the face. H, Vein of Galen aneurysmal malformation. I, 
Parkes Weber syndrome in right leg.
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• 3/20 fast-flow lesions were in the CNS: 2 VGAM and one perimedullary spinal AVF. One 
additional VGAM was seen in a fetus whose father carried an EPHB4 mutation

• Differences between CM-AVM and CM-AVM2:
• Perioral and thoracic telangiectasias in CM-AVM2 (similar to HHT, but no pulmonary 

or hepatic AVM seen in CM-AVM2)
• Some CM-AVM2 patients had epistaxis (unlike CM-AVM)
• Overall lower frequency of fast-flow lesions in CM-AVM2 (18% vs 31%)
• Overall lower frequency of associated CNS AVMs in CM-AVM2 (3% vs 10%), but all 

brain cases were VGAM
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BACKGROUND: Most arteriovenous malformations (AVMs) are localized 
and occur sporadically. However, they also can be multifocal in autosomal-
dominant disorders, such as hereditary hemorrhagic telangiectasia and 
capillary malformation (CM)-AVM. Previously, we identified RASA1 
mutations in 50% of patients with CM-AVM. Herein we studied non-
RASA1 patients to further elucidate the pathogenicity of CMs and AVMs.

METHODS: We conducted a genome-wide linkage study on a CM-AVM 
family. Whole-exome sequencing was also performed on 9 unrelated CM-
AVM families. We identified a candidate gene and screened it in a large 
series of patients. The influence of several missense variants on protein 
function was also studied in vitro.

RESULTS: We found evidence for linkage in 2 loci. Whole-exome 
sequencing data unraveled 4 distinct damaging variants in EPHB4 in 5 
families that cosegregated with CM-AVM. Overall, screening of EPHB4 
detected 47 distinct mutations in 54 index patients: 27 led to a premature 
stop codon or splice-site alteration, suggesting loss of function. The other 
20 are nonsynonymous variants that result in amino acid substitutions. In 
vitro expression of several mutations confirmed loss of function of EPHB4. 
The clinical features included multifocal CMs, telangiectasias, and AVMs.

CONCLUSIONS: We found EPHB4 mutations in patients with multifocal 
CMs associated with AVMs. The phenotype, CM-AVM2, mimics RASA1-
related CM-AVM1 and also hereditary hemorrhagic telangiectasia. 
RASA1-encoded p120RASGAP is a direct effector of EPHB4. Our data 
highlight the pathogenetic importance of this interaction and indicts 
EPHB4-RAS-ERK signaling pathway as a major cause for AVMs.
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Malformation (CM-AVM2) Deregulating 
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vitro expression of several mutations confirmed loss of function of EPHB4. 
The clinical features included multifocal CMs, telangiectasias, and AVMs.
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related CM-AVM1 and also hereditary hemorrhagic telangiectasia. 
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BACKGROUND: Most arteriovenous malformations (AVMs) are localized 
and occur sporadically. However, they also can be multifocal in autosomal-
dominant disorders, such as hereditary hemorrhagic telangiectasia and 
capillary malformation (CM)-AVM. Previously, we identified RASA1 
mutations in 50% of patients with CM-AVM. Herein we studied non-
RASA1 patients to further elucidate the pathogenicity of CMs and AVMs.

METHODS: We conducted a genome-wide linkage study on a CM-AVM 
family. Whole-exome sequencing was also performed on 9 unrelated CM-
AVM families. We identified a candidate gene and screened it in a large 
series of patients. The influence of several missense variants on protein 
function was also studied in vitro.

RESULTS: We found evidence for linkage in 2 loci. Whole-exome 
sequencing data unraveled 4 distinct damaging variants in EPHB4 in 5 
families that cosegregated with CM-AVM. Overall, screening of EPHB4 
detected 47 distinct mutations in 54 index patients: 27 led to a premature 
stop codon or splice-site alteration, suggesting loss of function. The other 
20 are nonsynonymous variants that result in amino acid substitutions. In 
vitro expression of several mutations confirmed loss of function of EPHB4. 
The clinical features included multifocal CMs, telangiectasias, and AVMs.

CONCLUSIONS: We found EPHB4 mutations in patients with multifocal 
CMs associated with AVMs. The phenotype, CM-AVM2, mimics RASA1-
related CM-AVM1 and also hereditary hemorrhagic telangiectasia. 
RASA1-encoded p120RASGAP is a direct effector of EPHB4. Our data 
highlight the pathogenetic importance of this interaction and indicts 
EPHB4-RAS-ERK signaling pathway as a major cause for AVMs.
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tary multifocal vascular malformations, such as CM-
AVM1, glomuvenous malformations (OMIM 138000), 
and cutaneomucosal venous malformations (OMIM 
600195).10,27–29 The inherited mutation can be consid-
ered a predisposing event, whereas additional genetic 
alterations disturb cellular function. No mutation was 
identified in 311 index patients. This negative finding 
was not unexpected taking into consideration the het-
erogeneity of our cohort, which includes patients with 
sporadic or familial CMs with and without a fast-flow 
vascular malformation. Moreover, regulatory regions 
were not analyzed.

The mechanism leading to CMs and AVMs in CM-
AVM2 is likely a loss of function of EPHB4. The major-
ity of the mutations generate a premature stop codon, 
frame-shift, or splice-site alteration (57%), leading to 
nonsense-mediated mRNA decay or an unstable and 
truncated protein. Moreover, our functional studies on 
several missense mutations, enriched in the catalytic 
domain of EPHB4, have shown reduced expression of 

mutant protein caused by lysosomal degradation. Be-
cause other inherited multifocal vascular anomalies 
have somatic second hits, it is likely that the endothelial 
cells that drive formation of the lesions in CM-AVM2 
are completely devoid of EPHB4 function. Unfortunate-
ly, we did not have tissue available to study this theory.

EPHB4 is a transmembrane receptor that is prefer-
entially expressed in venous endothelial cells during 
vascular development.30,31 Its ligand, EphrinB2, is also 
a transmembrane protein, which is expressed in arterial 
endothelial cells.32 This bidirectional signaling system, in 
concert with Notch signaling, is a major controller of ar-
terial-venous differentiation, especially by the forward 
signaling of EPHB4.33,34 Coordinated activation of the 
2 proteins is essential for the establishment of venous 
and arterial endothelial identity and corresponding ves-
sel formation (Figure 4).33,34 EphB4‒/‒ and ephrin-B2‒/‒ 
mice30,35 die at embryonic day 10.5 as a consequence 
of defects in peripheral angiogenesis, establishment of 
arteriovenous boundaries, and vascular remodeling.32

Figure 4. Role of EPHB4 in AVM formation. 
Artery-fated angioblasts (red) express EphrinB2 and inhibit expression of venous markers (EPHB4 and Chicken ovalbumin 
upstream promoter transcription factor II, COUP-TFII). Venous-fated endothelial cells (blue) express COUP-TFII, and thereby the 
EphrinB2 receptor EPHB4, and suppress expression of Notch signaling. EphrinB2-EPHB4 interaction responsible for suppression 
of RAS-MEK-ERK and RAS-AKT-mTORC1 pathways. Lack of EPHB4 or p120RASGAP in venous endothelial cells of patients with 
capillary malformation-arteriovenous malformations 2 (CM-AVM2) and CM-AVM1, respectively (light green) results in constitu-
tive activation of RAS-MEK-ERK and RAS-AKT-mTORC1 pathways, leading to abnormal differentiation of endothelial cells and 
disorganized vascular development.
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• Conceptually, this molecular 
pathway sheds light on the long-
standing clinical observation that 
AVM is a disease of the proximal 
vein

• Modulating the activity of the 
Ephrin signaling pathway may be 
a novel therapeutic strategy
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Next generation sequencing of VGAM

• International collaborative effort
• Initiated in 2016

• NIH-financed - Centers for Mendelian 
Genomics

• Current participants:
• Kristopher T. Kahle (Principal Investigator), 

Richard P. Lifton, Murat Gunel, Daniel Duran –
Lead genomics team (Yale)

• Darren B. Orbach, Edward R. Smith (Boston 
Children’s Hospital)

• Alejandro Berenstein, (Mount Sinai Hospital) 

• Andrew Ducruet, Joseph Zabramski (Barrow 
Neurological Institute)

• Bevery Aagaard-Kienitz (University of Wisconsin)

• Georges Rodesch (Hôpital Foch)

• Masaki Komiyama, (Osaka City General Hospital)
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Goal – define the genomic landscape of VGAM

• Patient recruitment – REQUIRES MULTICENTER, COLLABORATIVE EFFORT à
Over 50 radiographically-confirmed VGAM patients and their parents have 
been exome sequenced to date.

• Hassle-free DNA collection through buccal swabs à Pipeline allows for 
international shipments through certified mail.

• Large-scale, unbiased variant discovery. 

• Promising results involving key developmental endothelial control pathways.

Patient and family 
recruitment

Sequencing / bioinformatic analysis
*mutation discovery*

Functional validation

Workflow
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Salient findings

• Exome sequencing identifies all 
damaging mutations present in DNA 
coding regions of VGAM patients and 
their parents.

• Gene burden analysis (binomial test) 
detected significant enrichment in 
protein-damaging, transmitted 
mutations in EPHB4.

EPHB4

• VGAM EPHB4 mutants display:

Quantile-quantile plot depicting significant enrichment of EPHB4 mutations in 
VGAM when compared to expected, natural mutation rate by gene size

1. Reduced or absent 
tyrosine phosphorylation

2. Reduced or absent 
binding to RASA1

AND

Representative immunoblots from HEK293 cells harboring transiently 
transfected constructs of VGAM-associated EPHB4 mutations 

discovered through exome sequencing.
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Additional findings

• Damaging mutations in 5 other genes of the ephrin family.
• Exome-wide significant mutational enrichment has been found in 2 more, novel genes.
• Study findings are currently in final stages of preparation for publication.

Goals

• Continued sequencing of VGAM patients and parents.

• Study is ongoing and open to enrollment. 
• A cohort of 50 VGAMs has yielded significant results, hence, further sequencing is warranted
• Full funding for VGAM exome sequencing through NIH-Centers for Mendelian Genomics at Yale 

• All collaborators are welcome– strength through numbers!

• If you are interested in participating, feel free to touch base with Dr. Kristopher Kahle
at kristopher.kahle@yale.edu or come find me after the talk for further details.
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What about the dural sinuses, stenosis, flow-
mechanistic explanations of VGAM, etc.?
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Figure 1. CV Malformations Segregate with Cranial Deformities and Coronal Synostosis in TWIST1 Mutation-Positive Humans
(A) Coronal MRV images depicting the dural CV in control (C1 and C2) and affected individuals (T1–T10). Yellow and green arrows denote the SSS and straight

sinus (SS), and the paired blue, red, and orange arrows denote the paired TVS, SgS, and iJV, respectively. C1 has co-dominant TVS. C2 has a dominant right TVS

and an SS, which drains into the minor TVS. T1–T5, T7, and T8 have segmental hypoplasia (single arrow) and aplasia or stenosis (double arrows) and of the TVS,

SgS, and iJV. T1, T2, and T5 have unilateral and bilateral iJV stenosis, respectively, and T5 and T7 have stenosis of the distal left TVS. Compensatory vessels are

noted, including a prominent occipital sinus (white arrow) in T2 that drains blood from the SS. T6, T9, and T10 have normal CV anatomy, and artifactual signal loss

(asterisks) that was not present on source images.

(B and C) Skull CT images in control and TWIST1 mutation-positive individuals. (B) Prominent coronal (white arrow), metopic (black arrow), and sagittal sutures

(yellow arrows) narrow in control newborns by 7 weeks. The metopic suture is fused at 27 months, but the coronal and sagittal sutures remain patent. (C) Suture

and cranial deformities in TWIST1 mutation-positive individuals T1–T4 and T6. T1 at week 2 (top) has bilateral coronal synostosis (white arrows), smaller parietal

(legend continued on next page)
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SUMMARY

Dural cerebral veins (CVs) are required for cerebro-
spinal fluid reabsorption and brain homeostasis,
but mechanisms that regulate their growth and
remodeling are unknown. We report molecular
and cellular processes that regulate dural CV devel-
opment in mammals and describe venous malfor-
mations in humans with craniosynostosis and
TWIST1 mutations that are recapitulated in mouse
models. Surprisingly, Twist1 is dispensable in
endothelial cells but required for specification of
osteoprogenitor cells that differentiate into preos-
teoblasts that produce bone morphogenetic pro-
teins (BMPs). Inactivation of Bmp2 and Bmp4 in
preosteoblasts and periosteal dura causes skull
and CV malformations, similar to humans harboring
TWIST1 mutations. Notably, arterial development
appears normal, suggesting that morphogens
from the skull and dura establish optimal venous
networks independent from arterial influences.
Collectively, our work establishes a paradigm
whereby CV malformations result from primary or
secondary loss of paracrine BMP signaling from
preosteoblasts and dura, highlighting unique
cellular interactions that influence tissue-specific
angiogenesis in mammals.

INTRODUCTION

Arteries and veins generally run adjacent to one another, and
similar growth and guidance cues influence their development
(Kidoya et al., 2015). A notable exception, however, is found in
the mammalian head. At maturity, the major cerebral arteries
enter the skull base medially and traverse the subarachnoid
space. By contrast, the major cerebral veins (CVs), also known
as the dural venous sinuses, lie within the dura mater beneath
the skull and exit the skull base posteriorly beneath the cere-
bellum (Figures S1A and S1B). This anatomical distinction sug-
gests the head has evolved unique signaling mechanisms that
independently regulate the growth of these vessels.

Unlike arterial development, little is known about CV develop-
ment beyond anatomical studies published 60–100 years ago
(Padget, 1956; Streeter, 1921). This is surprising because CV
malformations can have a significant impact on human health.
Many pediatric cerebrovascular anomalies result from defects
in venous development, alter hydrostatic pressure within the du-
ral venous sinuses, perturb cerebrospinal fluid (CSF) reabsorp-
tion, and lead to elevated intracranial pressure (ICP) (Raets
et al., 2015; Wilson, 2016). Elevated ICP causes severe head-
aches and can lead to vision loss, and potential longer-term
health effects of elevated ICP and altered CSF reabsorption
remain poorly defined.

Multiple forms of craniosynostosis, a skull malformation
caused by abnormal development or premature fusion of the
cranial sutures, put patients at risk for elevated ICP (Abu-Sittah
et al., 2016; Twigg and Wilkie, 2015). Elevated ICP secondary
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Figure 2. CV Growth and Remodeling Is Temporally and Spatially Coupled with Skull Development
(A–C) Wax-plate reconstructions of human fetuses depicting growth and remodeling of the dural CV (Streeter, 1921). (A) Three plexuses (1 = anterior [antPlexus],

2 = middle [midPlexus], 3 = posterior [posPlexus]) drain into the primitive head vein (PHV) adjacent to the eye and trigeminal ganglia (tg). (B) First remodeling step

results from an anastomosis between the antPlexus and midPlexus to form the transverse sinus (TVS, blue lines and arrows). The PHV regresses. (C) Second

remodeling step results from an anastomosis between the midPlexus and posPlexus to form the sigmoid sinus (SgS, red line and arrows), located above the

temporal bone (temBone, tb) (TVS, blue line and arrows).

(D–F) Z stacks of E11.5 (D), E12.75 (E), and E13.75 (F) mouse embryos stained with endomucin. Growth and remodeling of the CV are highly conserved with

humans. Blue and red arrows indicate TVS and SgS, respectively.

(G) E12.5 transverse section through the head at the level indicated in the top panel of (H). High levels of Twist1 expression co-localize with Runx2 in the frontal

and parietal bone periosteum (frBone [fb] and parBone [pb]) and in the coronal suture (corSuture [cs]). Weaker expression is seen in periosteal dura (periDura [pd])

and inner dura (iD), and the arachnoid mater/pia (meninges, m). TVS and antPlexus grow and remodel in periDura underlying the corSuture and parBone.

(legend continued on next page)
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bellum (Figures S1A and S1B). This anatomical distinction sug-
gests the head has evolved unique signaling mechanisms that
independently regulate the growth of these vessels.

Unlike arterial development, little is known about CV develop-
ment beyond anatomical studies published 60–100 years ago
(Padget, 1956; Streeter, 1921). This is surprising because CV
malformations can have a significant impact on human health.
Many pediatric cerebrovascular anomalies result from defects
in venous development, alter hydrostatic pressure within the du-
ral venous sinuses, perturb cerebrospinal fluid (CSF) reabsorp-
tion, and lead to elevated intracranial pressure (ICP) (Raets
et al., 2015; Wilson, 2016). Elevated ICP causes severe head-
aches and can lead to vision loss, and potential longer-term
health effects of elevated ICP and altered CSF reabsorption
remain poorly defined.

Multiple forms of craniosynostosis, a skull malformation
caused by abnormal development or premature fusion of the
cranial sutures, put patients at risk for elevated ICP (Abu-Sittah
et al., 2016; Twigg and Wilkie, 2015). Elevated ICP secondary
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Figure 2. CV Growth and Remodeling Is Temporally and Spatially Coupled with Skull Development
(A–C) Wax-plate reconstructions of human fetuses depicting growth and remodeling of the dural CV (Streeter, 1921). (A) Three plexuses (1 = anterior [antPlexus],

2 = middle [midPlexus], 3 = posterior [posPlexus]) drain into the primitive head vein (PHV) adjacent to the eye and trigeminal ganglia (tg). (B) First remodeling step

results from an anastomosis between the antPlexus and midPlexus to form the transverse sinus (TVS, blue lines and arrows). The PHV regresses. (C) Second

remodeling step results from an anastomosis between the midPlexus and posPlexus to form the sigmoid sinus (SgS, red line and arrows), located above the

temporal bone (temBone, tb) (TVS, blue line and arrows).

(D–F) Z stacks of E11.5 (D), E12.75 (E), and E13.75 (F) mouse embryos stained with endomucin. Growth and remodeling of the CV are highly conserved with

humans. Blue and red arrows indicate TVS and SgS, respectively.

(G) E12.5 transverse section through the head at the level indicated in the top panel of (H). High levels of Twist1 expression co-localize with Runx2 in the frontal

and parietal bone periosteum (frBone [fb] and parBone [pb]) and in the coronal suture (corSuture [cs]). Weaker expression is seen in periosteal dura (periDura [pd])

and inner dura (iD), and the arachnoid mater/pia (meninges, m). TVS and antPlexus grow and remodel in periDura underlying the corSuture and parBone.

(legend continued on next page)
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SUMMARY

Dural cerebral veins (CVs) are required for cerebro-
spinal fluid reabsorption and brain homeostasis,
but mechanisms that regulate their growth and
remodeling are unknown. We report molecular
and cellular processes that regulate dural CV devel-
opment in mammals and describe venous malfor-
mations in humans with craniosynostosis and
TWIST1 mutations that are recapitulated in mouse
models. Surprisingly, Twist1 is dispensable in
endothelial cells but required for specification of
osteoprogenitor cells that differentiate into preos-
teoblasts that produce bone morphogenetic pro-
teins (BMPs). Inactivation of Bmp2 and Bmp4 in
preosteoblasts and periosteal dura causes skull
and CV malformations, similar to humans harboring
TWIST1 mutations. Notably, arterial development
appears normal, suggesting that morphogens
from the skull and dura establish optimal venous
networks independent from arterial influences.
Collectively, our work establishes a paradigm
whereby CV malformations result from primary or
secondary loss of paracrine BMP signaling from
preosteoblasts and dura, highlighting unique
cellular interactions that influence tissue-specific
angiogenesis in mammals.

INTRODUCTION

Arteries and veins generally run adjacent to one another, and
similar growth and guidance cues influence their development
(Kidoya et al., 2015). A notable exception, however, is found in
the mammalian head. At maturity, the major cerebral arteries
enter the skull base medially and traverse the subarachnoid
space. By contrast, the major cerebral veins (CVs), also known
as the dural venous sinuses, lie within the dura mater beneath
the skull and exit the skull base posteriorly beneath the cere-
bellum (Figures S1A and S1B). This anatomical distinction sug-
gests the head has evolved unique signaling mechanisms that
independently regulate the growth of these vessels.

Unlike arterial development, little is known about CV develop-
ment beyond anatomical studies published 60–100 years ago
(Padget, 1956; Streeter, 1921). This is surprising because CV
malformations can have a significant impact on human health.
Many pediatric cerebrovascular anomalies result from defects
in venous development, alter hydrostatic pressure within the du-
ral venous sinuses, perturb cerebrospinal fluid (CSF) reabsorp-
tion, and lead to elevated intracranial pressure (ICP) (Raets
et al., 2015; Wilson, 2016). Elevated ICP causes severe head-
aches and can lead to vision loss, and potential longer-term
health effects of elevated ICP and altered CSF reabsorption
remain poorly defined.

Multiple forms of craniosynostosis, a skull malformation
caused by abnormal development or premature fusion of the
cranial sutures, put patients at risk for elevated ICP (Abu-Sittah
et al., 2016; Twigg and Wilkie, 2015). Elevated ICP secondary
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d Humans with TWIST1 mutations and craniosynostosis have

dural cerebral vein defects

d Twist1 loss in osteoprogenitor cells and dura causes skull

and vascular defects

d Twist1 mouse mutants show loss of Bmp2/4 expression in

osteogenic mesoderm and dura

d Bmp2/4 loss from mesoderm-derived preosteoblasts/dura

causes skull and vein defects
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In Brief
By characterizing dural cerebral vein

malformations in TWIST1 mutation-

positive humans and mouse models with

craniosynostosis, Tischfield et al. report

that cerebral vein angiogenesis requires

paracrine BMP signaling from skull

preosteoblasts and periosteal dura. The

effects are independent from arterial

influences and highlight unique cellular

interactions that pattern tissue-specific

vascular networks.
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• Humans with Twist1 mutations and craniosynostosis have dural venous 
sinus abnormalities

• The investigators developed tools that allowed specific spatial 
manipulation of the Twist1 pathway within specific cell types (skull, dura, 
pia/arachnoid, endothelial cells)

• Surprisingly, Twist1 is dispensable in endothelial cells, but required for 
specification of osteoprogenitor cells that differentiate into 
preosteoblasts that produce bone morphogenetic proteins (BMPs)

• Twist1 loss in osteoprogenitor cells and dura causes skull and vascular 
defects

• Bmp2/4 loss from mesoderm-derived preosteoblasts/dura causes skull 
and venous sinus defects

• Venous endothelium has receptors for BMP
• The effect on the venous sinuses must be paracrine!
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SUMMARY

Dural cerebral veins (CVs) are required for cerebro-
spinal fluid reabsorption and brain homeostasis,
but mechanisms that regulate their growth and
remodeling are unknown. We report molecular
and cellular processes that regulate dural CV devel-
opment in mammals and describe venous malfor-
mations in humans with craniosynostosis and
TWIST1 mutations that are recapitulated in mouse
models. Surprisingly, Twist1 is dispensable in
endothelial cells but required for specification of
osteoprogenitor cells that differentiate into preos-
teoblasts that produce bone morphogenetic pro-
teins (BMPs). Inactivation of Bmp2 and Bmp4 in
preosteoblasts and periosteal dura causes skull
and CV malformations, similar to humans harboring
TWIST1 mutations. Notably, arterial development
appears normal, suggesting that morphogens
from the skull and dura establish optimal venous
networks independent from arterial influences.
Collectively, our work establishes a paradigm
whereby CV malformations result from primary or
secondary loss of paracrine BMP signaling from
preosteoblasts and dura, highlighting unique
cellular interactions that influence tissue-specific
angiogenesis in mammals.

INTRODUCTION

Arteries and veins generally run adjacent to one another, and
similar growth and guidance cues influence their development
(Kidoya et al., 2015). A notable exception, however, is found in
the mammalian head. At maturity, the major cerebral arteries
enter the skull base medially and traverse the subarachnoid
space. By contrast, the major cerebral veins (CVs), also known
as the dural venous sinuses, lie within the dura mater beneath
the skull and exit the skull base posteriorly beneath the cere-
bellum (Figures S1A and S1B). This anatomical distinction sug-
gests the head has evolved unique signaling mechanisms that
independently regulate the growth of these vessels.

Unlike arterial development, little is known about CV develop-
ment beyond anatomical studies published 60–100 years ago
(Padget, 1956; Streeter, 1921). This is surprising because CV
malformations can have a significant impact on human health.
Many pediatric cerebrovascular anomalies result from defects
in venous development, alter hydrostatic pressure within the du-
ral venous sinuses, perturb cerebrospinal fluid (CSF) reabsorp-
tion, and lead to elevated intracranial pressure (ICP) (Raets
et al., 2015; Wilson, 2016). Elevated ICP causes severe head-
aches and can lead to vision loss, and potential longer-term
health effects of elevated ICP and altered CSF reabsorption
remain poorly defined.

Multiple forms of craniosynostosis, a skull malformation
caused by abnormal development or premature fusion of the
cranial sutures, put patients at risk for elevated ICP (Abu-Sittah
et al., 2016; Twigg and Wilkie, 2015). Elevated ICP secondary
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Figure 2. CV Growth and Remodeling Is Temporally and Spatially Coupled with Skull Development
(A–C) Wax-plate reconstructions of human fetuses depicting growth and remodeling of the dural CV (Streeter, 1921). (A) Three plexuses (1 = anterior [antPlexus],

2 = middle [midPlexus], 3 = posterior [posPlexus]) drain into the primitive head vein (PHV) adjacent to the eye and trigeminal ganglia (tg). (B) First remodeling step

results from an anastomosis between the antPlexus and midPlexus to form the transverse sinus (TVS, blue lines and arrows). The PHV regresses. (C) Second

remodeling step results from an anastomosis between the midPlexus and posPlexus to form the sigmoid sinus (SgS, red line and arrows), located above the

temporal bone (temBone, tb) (TVS, blue line and arrows).

(D–F) Z stacks of E11.5 (D), E12.75 (E), and E13.75 (F) mouse embryos stained with endomucin. Growth and remodeling of the CV are highly conserved with

humans. Blue and red arrows indicate TVS and SgS, respectively.

(G) E12.5 transverse section through the head at the level indicated in the top panel of (H). High levels of Twist1 expression co-localize with Runx2 in the frontal

and parietal bone periosteum (frBone [fb] and parBone [pb]) and in the coronal suture (corSuture [cs]). Weaker expression is seen in periosteal dura (periDura [pd])

and inner dura (iD), and the arachnoid mater/pia (meninges, m). TVS and antPlexus grow and remodel in periDura underlying the corSuture and parBone.

(legend continued on next page)
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human fetuses, published in 1921 by George Streeter (Streeter,
1921). Our results establish that critical growth and remodeling
events, including the formation and remodeling of the anterior,
middle, and posterior venous plexuses (antPlexus, midPlexus,
and posPlexus, respectively) as described below and depicted
in Figure 2, are conserved between the two species and occur
between embryonic day 12.5 (E12.5) and E14.5 in mouse.
Thus, the mouse is an excellent model for human CV develop-
ment (Figures 2A–2F, S1B, and S1C).

We next examined Twist1 expression in the developing mouse
skull and cranial blood vessels between E12.5 and E14.5.
Consistent with a role for Twist1 in skull development, Twist1
protein was high in Runx2+ osteo-PCs in the corSuture and along
the periosteum of the developing frontal and parietal bones
(frBone and parBone, respectively) (Figure 2G). Protein levels
were weaker in Runx2/alkaline phosphatase (ALP)+ pre-OB
that differentiate from these osteo-PCs, in Runx2+ chondral
progenitors along the temporal bone (temBone) periosteum,
and in the periDura and meninges (Figures 2H and 2J). At later
ages (E13.5–E14.5), Twist1 expression was similar; it remained
high in osteo-PCs, low in differentiating pre-OB, and present
throughout the periDura (Figure 2K). Surprisingly, Twist1 was
absent in endothelial cells, and removal of Twist1 with a pan-
endothelial Cre-recombinase, Tie2-Cre, yielded normal cranial
and retinal blood vessel development (Figures S2A–S2C).
Thus, any influence of Twist1 on CV development is non-cell-
autonomous.

Interestingly, dural CV growth and remodeling exhibited tight
temporal and spatial coupling with skull development between
E12.5 and E14.5 (Figure 2I). Notably, the TVS remodeled within
Twist1+ periDura underlying the corSuture and osteogenic
front of the parBone (Figure 2H), and vessels in the antPlexus
were located in periDura juxtaposed to parietal Runx2/ALP+

pre-OB and differentiating Runx2+ chondrocytes (Figure 2G).
Furthermore, the SgS also remodeled in Twist1+ dura along the
periosteal surface of the temBone (Figure 2J). These anatomical
relationships suggest that Twist1 may modulate paracrine
signaling cues from the skull and/or dura to influence CV growth
and remodeling.

To investigate paracrine signaling between the skull, dura, and
underlying CV, we characterized recombinase tools that would
allow for specific spatial manipulation of gene pathways across
these different cells types. Pdgfrb-Cre;R26LSL-tdTomato(Ai14) re-
porter mice showed diffuse labeling in the head at E11.75,
including neural crest and mesoderm-derived supraorbital
dermal mesenchyme, which gives rise to the frBone and par-

Bone, respectively (Figures S2D and S2E). By E12.5, labeling
was seen in Runx2+ osteo-PCs in the corSuture and along
the parBone periosteum, in Runx2/ALP+ parBone pre-OB, and
throughout the dura and meninges (Figures S2H and S2I).
Sm22a-Cre;Ai14 reporter mice showed similar but more
restricted cell labeling (Figure S2F). Sm22a-Cre (Sm-Cre) activity
was sparse in frBone osteo-PCs, but diffuse throughout Runx2+

osteo-PCs in the corSuture, parBone periosteum, periDura, and
differentiating Runx2/ALP+ parBone pre-OB. Also, Sm-Cre ac-
tivity appeared weaker and more scattered in the meninges (Fig-
ures S2F–S2I) and, as seen for Pdgfrb-Cre (Pd-Cre), was absent
from the venous endothelium (Figure S2J). Thus, we used these
alleles to inactivate Twist1 in discrete and overlapping popula-
tions of cells that give rise to the skull, dura, and meninges.

Conditional loss of Twist1 perturbed CV growth and remodel-
ing in several ways. First, although the three venous plexuses
formed by E11.75 in Twist1CKO/!;Pd-Cre and Twist1CKO/!;Sm-
Cre embryos, branching and overall complexity of the antPlexus
was diminished (Figure 3A). Also, cross-sections at E12.75
revealed small and poorly lumenized vessels (Figure 3D). The
CV were properly specified, however, as mutants expressed
EphB4 and endomucin on the venous endothelium (Figure 3E).

Second, the midPlexus of all Twist1CKO/!;Pd-Cre embryos
failed to anastomose with the antPlexus, which is the first remod-
eling step that forms the nascent TVS. Instead, Twist1CKO/!;
Pd-Cre mutants retained the primitive head veins (PHVs)
bilaterally (Figure 3B). While the nascent TVS also failed to
form by E12.75 in Twist1CKO/!;Sm-Cre embryos (Figure 3B,
and refer to Figure 6A), TVS remodeling was eventually observed
by E13–E13.5. Despite remodeling, however, the TVS
appeared tortuous and hypoplastic compared with controls (Fig-
ure 3C). Overall, Twist1CKO/!;Sm-Cre embryos were less
severely affected than Pd-Cre embryos as the midPlexus ex-
hibited delayed and aberrant—rather than absent—growth and
remodeling.

Third, by E13.75, none of the Twist1CKO/!;Pd-Cre embryos
executed the second major remodeling step that forms the
SgS, and continued to retain a hypoplastic PHV in place of a
proper TVS and SgS (Figure 3C). By contrast, the SgS remodeled
normally in less affected Twist1CKO/!;Sm-Cre embryos (Fig-
ure 3C). Interestingly, Pd-Cre, but not Sm-Cre, is expressed
in the temBone and dura adjacent to the remodeling SgS,
demonstrating that venous growth and remodeling can be vari-
ably perturbed by inactivating Twist1 in different non-vascular
cell populations (Figures S2E, S2F, and S3A). Notably, condi-
tional Twist1CKO/! mutants showed normal arterial growth,

(H) (Top) E12.75 mouse head showing endogenous ALP activity in frBone and parBone pre-OB. (Middle) Transverse section, adjacent to (G). The TVS remodels

in proximity to the corSuture and osteogenic front of the parBone. (Bottom) High levels of Twist1 expression occur in osteo-PCs within the corSuture and

periosteum (white dashes), but protein levels are low in Runx2/ALP+ Pre-OB.

(I) CV remodeling and skull development. E11.5: frBone- and parBone osteo-PCs (red and green areas, respectively) develop within supraorbital mesenchyme

adjacent to the antPlexus and PHV (blue). The corSuture (green, indicated by black arrow) develops from mesoderm. E12.75: TVS remodels proximal to pre-OB

(green circles) that migrate perpendicularly from the corSuture to the parBone. Boxed region corresponds to inset. E13.75: the SgS (red dotted line) remodels

above the temBone (pink). E14.5: parBone Pre-OB have reached the apex of the head. TVS remains juxtaposed to the parBone in periDura.

(J) E13.75 transverse section at the level indicated by dotted line in (I) (E13.75). The right side (1, magnified in middle two panels), is slightly above the

left (2, magnified in right two panels), and shows the SgS has remodeled in Twist1+ dura (arrowheads, panel 1) around Twist1/Runx2+ temBone-periosteum

(arrowheads, panel 2).

(K) E14.5 transverse section, indicated by black line in (I) (E14.5). Twist1 is expressed in periDura (yellow arrowheads) underneath Runx2highTwist1low parBone

pre-OB.

Scale bars, 500 mm (A–F), 200 mm (G), 500 mm (J), and 100 mm (K). See also Figures S1 and S7.
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Figure 2. CV Growth and Remodeling Is Temporally and Spatially Coupled with Skull Development
(A–C) Wax-plate reconstructions of human fetuses depicting growth and remodeling of the dural CV (Streeter, 1921). (A) Three plexuses (1 = anterior [antPlexus],

2 = middle [midPlexus], 3 = posterior [posPlexus]) drain into the primitive head vein (PHV) adjacent to the eye and trigeminal ganglia (tg). (B) First remodeling step

results from an anastomosis between the antPlexus and midPlexus to form the transverse sinus (TVS, blue lines and arrows). The PHV regresses. (C) Second

remodeling step results from an anastomosis between the midPlexus and posPlexus to form the sigmoid sinus (SgS, red line and arrows), located above the

temporal bone (temBone, tb) (TVS, blue line and arrows).

(D–F) Z stacks of E11.5 (D), E12.75 (E), and E13.75 (F) mouse embryos stained with endomucin. Growth and remodeling of the CV are highly conserved with

humans. Blue and red arrows indicate TVS and SgS, respectively.

(G) E12.5 transverse section through the head at the level indicated in the top panel of (H). High levels of Twist1 expression co-localize with Runx2 in the frontal

and parietal bone periosteum (frBone [fb] and parBone [pb]) and in the coronal suture (corSuture [cs]). Weaker expression is seen in periosteal dura (periDura [pd])

and inner dura (iD), and the arachnoid mater/pia (meninges, m). TVS and antPlexus grow and remodel in periDura underlying the corSuture and parBone.

(legend continued on next page)
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SUMMARY

Dural cerebral veins (CVs) are required for cerebro-
spinal fluid reabsorption and brain homeostasis,
but mechanisms that regulate their growth and
remodeling are unknown. We report molecular
and cellular processes that regulate dural CV devel-
opment in mammals and describe venous malfor-
mations in humans with craniosynostosis and
TWIST1 mutations that are recapitulated in mouse
models. Surprisingly, Twist1 is dispensable in
endothelial cells but required for specification of
osteoprogenitor cells that differentiate into preos-
teoblasts that produce bone morphogenetic pro-
teins (BMPs). Inactivation of Bmp2 and Bmp4 in
preosteoblasts and periosteal dura causes skull
and CV malformations, similar to humans harboring
TWIST1 mutations. Notably, arterial development
appears normal, suggesting that morphogens
from the skull and dura establish optimal venous
networks independent from arterial influences.
Collectively, our work establishes a paradigm
whereby CV malformations result from primary or
secondary loss of paracrine BMP signaling from
preosteoblasts and dura, highlighting unique
cellular interactions that influence tissue-specific
angiogenesis in mammals.

INTRODUCTION

Arteries and veins generally run adjacent to one another, and
similar growth and guidance cues influence their development
(Kidoya et al., 2015). A notable exception, however, is found in
the mammalian head. At maturity, the major cerebral arteries
enter the skull base medially and traverse the subarachnoid
space. By contrast, the major cerebral veins (CVs), also known
as the dural venous sinuses, lie within the dura mater beneath
the skull and exit the skull base posteriorly beneath the cere-
bellum (Figures S1A and S1B). This anatomical distinction sug-
gests the head has evolved unique signaling mechanisms that
independently regulate the growth of these vessels.

Unlike arterial development, little is known about CV develop-
ment beyond anatomical studies published 60–100 years ago
(Padget, 1956; Streeter, 1921). This is surprising because CV
malformations can have a significant impact on human health.
Many pediatric cerebrovascular anomalies result from defects
in venous development, alter hydrostatic pressure within the du-
ral venous sinuses, perturb cerebrospinal fluid (CSF) reabsorp-
tion, and lead to elevated intracranial pressure (ICP) (Raets
et al., 2015; Wilson, 2016). Elevated ICP causes severe head-
aches and can lead to vision loss, and potential longer-term
health effects of elevated ICP and altered CSF reabsorption
remain poorly defined.

Multiple forms of craniosynostosis, a skull malformation
caused by abnormal development or premature fusion of the
cranial sutures, put patients at risk for elevated ICP (Abu-Sittah
et al., 2016; Twigg and Wilkie, 2015). Elevated ICP secondary
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and CV malformations, similar to humans harboring
TWIST1 mutations. Notably, arterial development
appears normal, suggesting that morphogens
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networks independent from arterial influences.
Collectively, our work establishes a paradigm
whereby CV malformations result from primary or
secondary loss of paracrine BMP signaling from
preosteoblasts and dura, highlighting unique
cellular interactions that influence tissue-specific
angiogenesis in mammals.
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Arteries and veins generally run adjacent to one another, and
similar growth and guidance cues influence their development
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the mammalian head. At maturity, the major cerebral arteries
enter the skull base medially and traverse the subarachnoid
space. By contrast, the major cerebral veins (CVs), also known
as the dural venous sinuses, lie within the dura mater beneath
the skull and exit the skull base posteriorly beneath the cere-
bellum (Figures S1A and S1B). This anatomical distinction sug-
gests the head has evolved unique signaling mechanisms that
independently regulate the growth of these vessels.

Unlike arterial development, little is known about CV develop-
ment beyond anatomical studies published 60–100 years ago
(Padget, 1956; Streeter, 1921). This is surprising because CV
malformations can have a significant impact on human health.
Many pediatric cerebrovascular anomalies result from defects
in venous development, alter hydrostatic pressure within the du-
ral venous sinuses, perturb cerebrospinal fluid (CSF) reabsorp-
tion, and lead to elevated intracranial pressure (ICP) (Raets
et al., 2015; Wilson, 2016). Elevated ICP causes severe head-
aches and can lead to vision loss, and potential longer-term
health effects of elevated ICP and altered CSF reabsorption
remain poorly defined.

Multiple forms of craniosynostosis, a skull malformation
caused by abnormal development or premature fusion of the
cranial sutures, put patients at risk for elevated ICP (Abu-Sittah
et al., 2016; Twigg and Wilkie, 2015). Elevated ICP secondary
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Figure 3. Twist1 Mutants Have Perturbed CV Development Despite Normal Arterial Growth and Remodeling
(A–C) Z stacks of the venous plexuses stained with endomucin detailing the growth and remodeling of the CV. (A) Primitive head vein (PHV, green arrows) and

antPlexus (ap, outlined in red) in an E11.75 control. The antPlexus in Twist1 CKO/!;Pd-Cre (n = 4) and Twist1 CKO/!;Sm-Cre (n = 5) embryos have a significant

reduction in vessel branching and more empty space (lacunarity, right graphs). (B) By E12.75, the TVS (blue arrows) has remodeled in controls, but the PHV is still

present in Twist1 CKO/!;Pd-Cre (n = 5) and Twist1 CKO/!;Sm-Cre (n = 6) embryos. antPlexus branching remains reduced. (C) By E13.75, the SgS remodels in control

(legend continued on next page)
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remodeling, and smooth muscle coverage by E12.5–E13.5 (Fig-
ure 3F and data not shown), suggesting that the venous malfor-
mations arose independently.

Finally, all Twist1CKO/!;Pd-Cre and Sm-Cre embryos devel-
oped complete unilateral regression of the PHV or TVS, respec-
tively (Figure 4A). Following normal TVS remodeling in E12.75
controls, we observed a broad distribution of vessel caliber dif-
ferences between the right and left TVS that were still present
at birth, similar to humans (Figures 4B and 4C). In a subset
("7%), one TVS was significantly smaller and more frequently
the left, but complete regression was never observed (Figure 4B).
By contrast, the PHV or TVS regressed unilaterally between
E13.5 and E14.5 in all Twist1CKO/!;Pd-Cre and Sm-Cre embryos,
respectively (Figure 4A). Cleaved caspase-3 staining did not
show signs of cell death before and during TVS regression (Fig-
ure 4D). This suggests that TVS remodeling defects, and poor
development of the antPlexus that drains into this vessel, might
have altered hemodynamic forces and caused deregulated
vessel pruning (Korn and Augustin, 2015). In Twist1CKO/!;Sm-
Cre embryos, the TVS completely regressed on the right side
in 67% (29/43), the side also more frequently affected in humans
(Figure 4E and Table S1). The remaining TVS was hypoplastic
and tortuous, and the SgS was often hypoplastic and received
a prominent occipital sinus (Figure 4E). Thus, loss of Twist1
significantly skewed the normal TVS size distribution curve
from right-sided dominance to right-sided aplasia.

CV Malformations in Conditional Twist1 Mutants
Coincide with Deficient Osteoblast Differentiation
In Twist1CKO/!;Pd-Cre mutants, CV remodeling failed to occur
altogether, and Twist1 was largely absent throughout the head
mesoderm and in subpopulations of neural crest. This pattern
of Twist1 loss caused severe reduction of Runx2+ osteoprogeni-
tor and chondral progenitor cells, corresponding loss of Runx2/
ALP+ pre-OB, and failure to form the skull vault and cartilage
(Figures 5A–5C). By contrast, in Twist1CKO/!;Sm-Cre mutants
where TVS remodeling is delayed and aberrant, Twist1 loss
was primarily restricted to the corSuture, portions of the devel-
oping parBone, and the underlying periDura (Figure 5A). This
caused loss of Runx2+ osteo-PCs in the corSuture and along
the parBone periosteum, a corresponding reduction of Runx2/
ALP+ pre-OB, and severe hypoplasia of the parBone, more pro-
nounced toward the apex (Figures 5A–5C). Also, the corSuture
was abnormally wide and ectopic differentiation of ALP+ pre-
OB was sometimes seen in the mid-sutural mesenchyme
(Figure 5B and data not shown). Thus, specific loss of Twist1 in
the corSuture, parBone, and periDura is sufficient to perturb
growth and remodeling of the underlying CV, particularly the
TVS and antPlexus.

In contrast to other conditional Twist1 mouse mutants (Good-
nough et al., 2015), approximately one-third of Twist1CKO/!;Sm-
Cre neonates survived to adulthood. Strikingly, the coronal,
sagittal, and lambdoid sutures were poorly developed and/or ab-
sent, large gaps of tissue persisted between the skull bones, and
fusion was evident between the remaining frBone and parBone
rudiments (Figure 5D). These adults had persistent CV malforma-
tions (Figure 5D). By contrast, suture morphology was normal in
some Twist1CKO/WT;Sm-Cre heterozygous mice, while others
had juvenile/adult onset fusion of the coronal and lambdoid
sutures (Figure 5D). Notably, CV anatomy was normal in these
animals (data not shown), similar to our findings in TWIST1
mutation-positive humans with late-onset suture fusion and
mild skull abnormalities (Figures 1A and 1C). This implies that
earlier-onset skull patterning defects have a greater impact on
CV development.

The Meninges Influence TVS Refinement but Not Its
Initial Growth and Remodeling
To determine whether Twist1 activity is also required in the
meninges for growth and remodeling of the dural CV, and to
parse out the effects from osteo-PCs and periDura, we exam-
ined Twist1CKO/!;Myf5-Cre embryos; Myf5-Cre was active in
the dermis, inner dura, and arachnoid matter, but sparsely
throughout the periDura, corSuture, and Runx2/ALP+ osteo-
genic mesoderm (Figures S1F, S2H, and S2I). In contrast to
Twist1CKO/!;Pd-Cre and Twist1CKO/!;Sm-Cre embryos, devel-
opment of the antPlexus and remodeling of both TVS were
normal in Twist1CKO/!;Myf5-Cre embryos (Figures S3B and
S3C). Furthermore, none of the Twist1CKO/!;Myf5-Cre mutants
had complete regression of the TVS at E14.5. Approximately
one-third (6/17), however, did have unilateral TVS hypoplasia
or tortuosity at E18.5, with the right side more frequently affected
(4/6) (Figure S3D). These phenotypes did not result from parBone
malformations, and the skull vault appeared normal (Figure S3E).
However, dura mater was diminished and the arachnoid mater
and subarachnoid space more compact. These findings were
similar to, but less severe than, those in Twist1CKO/!;Pd-Cre
and Twist1CKO/!;Sm-Cre embryos (Figures S1F and S3F). This
implies that paracrine signaling from skull progenitor cells is
required for initial growth and remodeling of the TVS and SgS,
whereas signaling within the dura may contribute to subsequent
vessel refinement and maturation (Figure S7).

Bmp2 and Bmp4 Expression in Skull Progenitor Cells
and Dura Is Perturbed in Conditional Twist1 Mutants
Our results reveal that restricted loss of Twist1 in osteo-PCs
and periDura attenuates the differentiation of pre-OB with simul-
taneous CV growth and remodeling defects. These findings

and Twist1CKO/!;Sm-Cre embryos (n = 5, red arrows), while the TVS shows poor remodeling in both mutants. The PHV is still present in Twist1CKO/!;Pd-Cre

embryos and SgS remodeling is absent (n = 5). Error bars represent mean ± SEM.

(D) Cross-sections through the antPlexus in E12.75 control and Twist1CKO/!;Sm-Cre embryos. Many vessels are poorly developed with collapsed lumens

(arrows) compared with heterozygous controls (n = 6).

(E) E11.75 transverse sections through the head; boxed regions are magnified on the right. Venous endothelial cells are properly specified and express Ephb4 in

Twist1CKO/!;Pd-Cre mutants (n = 3). a, arterial.

(F) E12.75 whole-mount smooth muscle actin staining of the arterial head vasculature. Arterial growth and remodeling and smooth muscle coverage appear

normal in Twist1CKO/!;Pd-Cre embryos (n = 5).

*p < 0.05, **p < 0.01, unpaired Student’s t test. Scale bars, 250 mm. See also Figures S2 and S7.
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Figure 3. Twist1 Mutants Have Perturbed CV Development Despite Normal Arterial Growth and Remodeling
(A–C) Z stacks of the venous plexuses stained with endomucin detailing the growth and remodeling of the CV. (A) Primitive head vein (PHV, green arrows) and

antPlexus (ap, outlined in red) in an E11.75 control. The antPlexus in Twist1 CKO/!;Pd-Cre (n = 4) and Twist1 CKO/!;Sm-Cre (n = 5) embryos have a significant

reduction in vessel branching and more empty space (lacunarity, right graphs). (B) By E12.75, the TVS (blue arrows) has remodeled in controls, but the PHV is still

present in Twist1 CKO/!;Pd-Cre (n = 5) and Twist1 CKO/!;Sm-Cre (n = 6) embryos. antPlexus branching remains reduced. (C) By E13.75, the SgS remodels in control

(legend continued on next page)
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SUMMARY

Dural cerebral veins (CVs) are required for cerebro-
spinal fluid reabsorption and brain homeostasis,
but mechanisms that regulate their growth and
remodeling are unknown. We report molecular
and cellular processes that regulate dural CV devel-
opment in mammals and describe venous malfor-
mations in humans with craniosynostosis and
TWIST1 mutations that are recapitulated in mouse
models. Surprisingly, Twist1 is dispensable in
endothelial cells but required for specification of
osteoprogenitor cells that differentiate into preos-
teoblasts that produce bone morphogenetic pro-
teins (BMPs). Inactivation of Bmp2 and Bmp4 in
preosteoblasts and periosteal dura causes skull
and CV malformations, similar to humans harboring
TWIST1 mutations. Notably, arterial development
appears normal, suggesting that morphogens
from the skull and dura establish optimal venous
networks independent from arterial influences.
Collectively, our work establishes a paradigm
whereby CV malformations result from primary or
secondary loss of paracrine BMP signaling from
preosteoblasts and dura, highlighting unique
cellular interactions that influence tissue-specific
angiogenesis in mammals.

INTRODUCTION

Arteries and veins generally run adjacent to one another, and
similar growth and guidance cues influence their development
(Kidoya et al., 2015). A notable exception, however, is found in
the mammalian head. At maturity, the major cerebral arteries
enter the skull base medially and traverse the subarachnoid
space. By contrast, the major cerebral veins (CVs), also known
as the dural venous sinuses, lie within the dura mater beneath
the skull and exit the skull base posteriorly beneath the cere-
bellum (Figures S1A and S1B). This anatomical distinction sug-
gests the head has evolved unique signaling mechanisms that
independently regulate the growth of these vessels.

Unlike arterial development, little is known about CV develop-
ment beyond anatomical studies published 60–100 years ago
(Padget, 1956; Streeter, 1921). This is surprising because CV
malformations can have a significant impact on human health.
Many pediatric cerebrovascular anomalies result from defects
in venous development, alter hydrostatic pressure within the du-
ral venous sinuses, perturb cerebrospinal fluid (CSF) reabsorp-
tion, and lead to elevated intracranial pressure (ICP) (Raets
et al., 2015; Wilson, 2016). Elevated ICP causes severe head-
aches and can lead to vision loss, and potential longer-term
health effects of elevated ICP and altered CSF reabsorption
remain poorly defined.

Multiple forms of craniosynostosis, a skull malformation
caused by abnormal development or premature fusion of the
cranial sutures, put patients at risk for elevated ICP (Abu-Sittah
et al., 2016; Twigg and Wilkie, 2015). Elevated ICP secondary
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Figure 4. Wild-Type Mice Have TVS Morphogenetic Variation that Is Skewed toward Unilateral Regression in Twist1 Mutant Mice
(A) Top: superior sagittal sinus (SSS, paired arrows) and paired TVS (arrows) meeting at the sinus confluence (SC) on the dorsal surface of control and mutant

E13.75 brains. The antPlexus is boxed. Middle: magnified images of the boxed areas detail TVS regression (single arrows) and poor development of the antPlexus

(double arrows) in Twist1 CKO/!;Pd-Cre and Sm-Cre mutants. Bottom: unilateral regression of the TVS (arrow) is fully penetrant and complete by E15.5 in

Twist1 CKO/!;Pd-Cre and Sm-Cre mutants.

(B) Dorsal images (inverted) of the head and skull depicting the SSS (double arrows) and paired TVS (single arrows) in newborn mice. Box-and-whisker plots

demonstrate the width ratio distribution of the paired TVS in controls. The right TVS is generally larger than the left (median ratio 1.18 right/left TVS). In 50% of

(legend continued on next page)
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support a model whereby the growth and remodeling of CV are
influenced by paracrine signaling from pre-OB and periDura.
Consistent with this model, BMP2/4 have been implicated in
skull development and suture patency, and loss of Bmp2 in
zebrafish perturbs tail-vein angiogenesis despite normal arterial
development (Bonilla-Claudio et al., 2012; Justice et al., 2012;
Wiley et al., 2011). Thus, we examined Bmp2 and Bmp4 expres-
sion in the corSuture, parBone pre-OB, and periDura in controls
and Twist1 mutants between E12.5 and 14.5, coinciding with
onset of CV remodeling and vessel regression.

Bmp2 was expressed in ALP+ frBone and parBone pre-OB,
and expression was weak and/or absent in the corSuture,
dura, and meninges (Figure S4A). Bmp4 was more widely ex-
pressed; it was present in ALP+ frBone and parBone pre-OB,
the corSuture and overlying periosteum, periDura, and the
meninges (Figure S4A). Expression appeared faint or absent in
Twist1-expressing osteo-PCs along the parBone periosteum
and within the corSuture. The exception was a subset of cells
in the corSuture that were positive for both Twist1 and Bmp4,
suggesting that these cells were in the process of differentiating
from a Twist1/Runx2+ osteo-PC to a Runx2/ALP/BMP4+ pre-OB
(Figure S4A0). Thus, Bmp2 /4 expression is upregulated once
Twist1 levels decline, suggesting that high levels of Twist1 are
required for the maintenance of the osteoprogenitor state,
whereas lower levels of Twist1 permit BMP expression and
pre-OB differentiation.

Next, we examined whether BMP expression was perturbed
in conditional Twist1CKO/!;Sm-Cre mice due to the loss of os-
teo-PCs and pre-OB. Indeed, normal Bmp2 /4 expression in
the head was altered. Bmp4 was patchy and reduced in the
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Bmp2 /4 expression was normal in pre-OB forming the frBone
and Bmp4 was relatively normal in the meninges, although it
appeared weaker in some sections (Figures S4C and S4D).
Thus, Twist1CKO/!;Sm-Cre embryos show perturbations to
Bmp expression that are specific to parBone pre-OB and
periDura, consistent with their attenuated production of these
mesoderm-derived tissues.
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Thus, inactivating Bmp2 /4 in parBone pre-OB and periDura,
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mutants (Figure 6C0).

Venous malformations in either Pd-Cre or Sm-Cre;Bmp2 /4
mutants with loss of three or four alleles were highly similar.
Also, they most closely converged with Twist1CKO/!;Sm-Cre mu-
tants that display loss of Twist1 and Bmp2 /4 in the corSuture,
parBone, and periDura. Inactivation of Bmp2 and Bmp4 with

neonatal mice, TVS width ratios were between "0.92 and 1.36, and in "20% the dominant vessel was >1.6-fold the width of the minor vessel. Among these

"20%, right-sided dominance was more common (22/34). Extreme asymmetry (dominant/minor vessel width >2.0) was found in"7% (11/150). Box and whisker

plot shows the median (horizontal line), the 25th and 75th percentiles (boxed region), and min/max data points.

(C) SSS (double arrow), paired TVS (single arrows), and SC development in wild-type embryos with magnifications on right. E11.5 (top): primitive head veins (PHV,

white arrows) are equal in size and independently drain the cortices. E12.5 (middle): the PHV form an anastomosis with the SSS at the SC. TVS remodeling is

concurrent with SC development and the vessel fuses with the PHV near the confluence. The side that remodels first can form a dominant vessel continuous with

the SSS. E13.5 (bottom): the SC has matured and caliber differences may appear between the paired TVS.

(D) Z stacks from the side of E13.0 (top and middle) and top of E13.75 (bottom) embryos. Cell death is seen in the trigeminal ganglia in heterozygous control and

Twist1CKO/!;Sm-Cre mutants, but is not observed in the antPlexus or TVS at either age.

(E) Top: E18.5 Twist1CKO/!;Sm-Cre embryo. The left TVS is tortuous and hypoplastic and the right TVS has regressed (asterisk). A persistent occipital vein is

present and drains into the SgS (arrowheads). Middle and bottom: the remaining TVS is hypoplastic in E18.5 Twist1CKO/!;Sm-Cre embryos and the right side is

more frequently absent. Error bars represent mean ± SEM. ****p < 0.0001, unpaired Student’s t test.

Scale bars, 300 mm (A) and 500 mm (C and D). See also Figure S3.
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SUMMARY

Dural cerebral veins (CVs) are required for cerebro-
spinal fluid reabsorption and brain homeostasis,
but mechanisms that regulate their growth and
remodeling are unknown. We report molecular
and cellular processes that regulate dural CV devel-
opment in mammals and describe venous malfor-
mations in humans with craniosynostosis and
TWIST1 mutations that are recapitulated in mouse
models. Surprisingly, Twist1 is dispensable in
endothelial cells but required for specification of
osteoprogenitor cells that differentiate into preos-
teoblasts that produce bone morphogenetic pro-
teins (BMPs). Inactivation of Bmp2 and Bmp4 in
preosteoblasts and periosteal dura causes skull
and CV malformations, similar to humans harboring
TWIST1 mutations. Notably, arterial development
appears normal, suggesting that morphogens
from the skull and dura establish optimal venous
networks independent from arterial influences.
Collectively, our work establishes a paradigm
whereby CV malformations result from primary or
secondary loss of paracrine BMP signaling from
preosteoblasts and dura, highlighting unique
cellular interactions that influence tissue-specific
angiogenesis in mammals.

INTRODUCTION

Arteries and veins generally run adjacent to one another, and
similar growth and guidance cues influence their development
(Kidoya et al., 2015). A notable exception, however, is found in
the mammalian head. At maturity, the major cerebral arteries
enter the skull base medially and traverse the subarachnoid
space. By contrast, the major cerebral veins (CVs), also known
as the dural venous sinuses, lie within the dura mater beneath
the skull and exit the skull base posteriorly beneath the cere-
bellum (Figures S1A and S1B). This anatomical distinction sug-
gests the head has evolved unique signaling mechanisms that
independently regulate the growth of these vessels.

Unlike arterial development, little is known about CV develop-
ment beyond anatomical studies published 60–100 years ago
(Padget, 1956; Streeter, 1921). This is surprising because CV
malformations can have a significant impact on human health.
Many pediatric cerebrovascular anomalies result from defects
in venous development, alter hydrostatic pressure within the du-
ral venous sinuses, perturb cerebrospinal fluid (CSF) reabsorp-
tion, and lead to elevated intracranial pressure (ICP) (Raets
et al., 2015; Wilson, 2016). Elevated ICP causes severe head-
aches and can lead to vision loss, and potential longer-term
health effects of elevated ICP and altered CSF reabsorption
remain poorly defined.

Multiple forms of craniosynostosis, a skull malformation
caused by abnormal development or premature fusion of the
cranial sutures, put patients at risk for elevated ICP (Abu-Sittah
et al., 2016; Twigg and Wilkie, 2015). Elevated ICP secondary
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gests the head has evolved unique signaling mechanisms that
independently regulate the growth of these vessels.
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(Padget, 1956; Streeter, 1921). This is surprising because CV
malformations can have a significant impact on human health.
Many pediatric cerebrovascular anomalies result from defects
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TVS, and differentiation and expansion of parBone pre-OB (Fig-
ures S6E, S6E0, and S6G). This implies that TVS hypoplasia in
Bmp2CKO/WT;Bmp4CKO/CKO;Wnt1-Cre mutants is likely second-
ary to abnormal development of the SC and preferential blood
flow to one side. Therefore, the development of venous networks
in the head can be differentially regulated by tissue types; para-
crine BMP4 signaling from neural crest-derived dura is necessary
for primary development of the SSS and the SC and, secondarily,
the TVS, whereas BMP2/4 signaling from mesoderm-derived
pre-OB and periDura is required principally for the growth and
remodeling of the TVS.

DISCUSSION

CV Growth and Remodeling Is Influenced by Crosstalk
from the Skull and Dura under the Control of Twist1 and
BMP Signaling
Using mouse genetics, we provide the first description of cellular
and molecular mechanisms required for CV angiogenesis. We
show that paracrine BMP signaling from skull progenitor cells
and dura is required for normal dural CV growth and remodeling,
likely through activation of type I and II BMP receptors on the
venous endothelium. Thus, gene mutations that affect skull and/
or dura development alter BMP signaling from these tissues and
disrupt normal venous angiogenesis. This paradigm can explain
the link between bone and vein malformations present in human
craniosynostosis. As such, we now propose that individuals
with TWIST1 haploinsufficiency, and possibly those with acti-
vating mutations in FGFR2 and FGFR3, develop CV malforma-
tions as a secondary consequence of their skull malformations.

It is still debated how skull malformations result from TWIST1
haploinsufficiency or other types of syndromic craniosynostosis,
primarily because osteoblast differentiation is a complex and
poorly understood process that involves several different lineage
decisions. Moreover, the activating and repressing activities of
transcription factors and signaling molecules can change as
these lineage decisions arise (Huang, 2007). Previous work has
shown that Twist1 is required both for the specification of os-
teo-PCs from uncommitted mesenchyme and for the repression
of downstream pre-OB differentiation through antagonism of
Runx2, BMP, and Smad1 signaling (Hayashi et al., 2007; Miraoui
and Marie, 2010). While appearing paradoxical, this is necessary
to maintain a pool of osteo-PCs that can support balanced rates
of osteoblast differentiation. Interestingly, Twist1/E-protein het-

erodimers have high affinity for tandem E-box elements in the
Bmp4 promoter (Chang et al., 2015), and we find that high levels
of Twist1 coincide with low and/or undetectable levels of Bmp2/
4 expression in osteo-PCs. This suggests that Twist1 maintains
an osteoprogenitor state, in part, through the repression of BMP
signaling. Furthermore, pre-OB differentiation ensues once
Twist1 levels decline and Bmp2/4 expression increases,
possibly due to E-protein sequestration via BMP-mediated Id1
expression (Hayashi et al., 2007). Under this model, Twist1 is up-
stream of BMP signaling in mesoderm-derived skull progenitor
cells and, thus, also CV growth and remodeling.

Although it is still unclear whether Twist1 directly regulates BMP
expression in osteo-PCs and dura, our data strongly indicate
that insults that directly and/or indirectly alter BMP expression
in osteogenic mesoderm and dura—and coincide with critical
vein growth and remodeling events—have the potential to perturb
CV development. Thus, direct inactivation of Bmp2/4 in pre-OB
and periDura or secondary loss of BMP signaling due, for
example, to loss of Twist1 expression leading to a reduction of
pre-OB/dura, can deleteriously affect dural CV growth and re-
modeling. Subsequently, hemodynamic forces within venous net-
works may be altered, resulting in abnormal vessel pruning,
regression, and loss or hypoplasia of the CV. These effects could
be worse in those who have severe craniosynostosis with multiple
sutures affected, because loss of paracrine BMP signaling from
neural crest and mesoderm-derived tissues can cause distinct
(SSS and SC) and overlapping (TVS) vein malformations. Further
studies are necessary to determine the relationships between
the types of cranial deformities present in craniosynostosis and
their effects on venous morphogenetic variation and elevated ICP.

The Evolution of Skull Development and CV Growth and
Remodeling in Mammals
Our findings demonstrate that Twist1 regulates venous growth
and remodeling in mammals, at least in part, because it is
required for the specification of osteo-PCs within the corSuture
and parBone periosteum, and these progenitor cells differentiate
into pre-OB (Figure S7). Pre-OB express BMPs that signal in an
autocrine fashion to stimulate both their differentiation and
expansion, while also signaling in a paracrine fashion to the un-
derlying CV to regulate venous angiogenesis (Figure S7) (Phim-
philai et al., 2006). From an evolutionary standpoint, this seems
logical because CV anatomy is highly conserved among mam-
mals—versus birds, reptiles, and fish—and appears to have

Figure 6. BMP2 and BMP4 Are Required for CV Growth and Remodeling
(A) z-Stack images of the TVS (blue open arrows) and antPlexus at E12.75. Bmp2CKO/WT;Bmp4CKO/CKO;Pd-Cre and Bmp2CKO/CKO;Bmp4CKO/CKO;Pd-Cre mutants

have delayed remodeling of the TVS (arrow) and poor development of the antPlexus, best seen from dorsal views of the head (bottom row). Bmp2CKO/CKO;

Bmp4CKO/CKO;Sm-Cre mutants can be indistinguishable from Twist1CKO/!;Sm-Cre embryos.

(B) Color-coded genotypes as annotated in (C). Branching is highly variable and not statistically significant in mutants versus controls, but lacunarity is signif-

icantly increased in Bmp2CKO/WT;Bmp4CKO/CKO;Pd-Cre and Bmp2CKO/CKO;Bmp4CKO/CKO;Pd-Cre embryos. Error bars represent mean ± SEM.

(C) Top: E18.5 dorsal views of the head depicting the SSS and paired TVS and SgS in controls and three- and four-allele-loss Bmp2/4;Pd-Cre embryos. Bottom:

the mean width of the dominant TVS is significantly smaller in all Bmp2/4;Pd-Cre mutant genotypes, and the minor vessel is hypoplastic or absent. The SSS is

often hypoplastic, truncated, and/or split (arrows).

(C0) The distribution of the right versus left TVS width ratios in control and Bmp2/4;Pd-Cre mutants; color-coded genotypes as annotated in (C). Population

medians are skewed toward unilateral hypoplasia or aplasia in Bmp2/4 two-, three-, and four-allele-loss mutants.

(D) Bmpr1b and Bmpr2 are expressed in wild-type Cdh5+ venous endothelium.

(E) E18.5 Bmpr2CKO/CKO;Tie2-Cre mutants show mild and moderate hypoplasia of the dominant and minor TVS, respectively.

Box and whisker plots in (C, C0, and E) show the median (horizontal line), the 25th and 75th percentiles (boxed region), and min/max data points *p < 0.05,

**p < 0.01, ****p < 0.0001, one-way ANOVA with Dunnett’s post-test; ns, not significant. Scale bars, 250 mm. See also Figures S4–S7.
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to maintain a pool of osteo-PCs that can support balanced rates
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the types of cranial deformities present in craniosynostosis and
their effects on venous morphogenetic variation and elevated ICP.

The Evolution of Skull Development and CV Growth and
Remodeling in Mammals
Our findings demonstrate that Twist1 regulates venous growth
and remodeling in mammals, at least in part, because it is
required for the specification of osteo-PCs within the corSuture
and parBone periosteum, and these progenitor cells differentiate
into pre-OB (Figure S7). Pre-OB express BMPs that signal in an
autocrine fashion to stimulate both their differentiation and
expansion, while also signaling in a paracrine fashion to the un-
derlying CV to regulate venous angiogenesis (Figure S7) (Phim-
philai et al., 2006). From an evolutionary standpoint, this seems
logical because CV anatomy is highly conserved among mam-
mals—versus birds, reptiles, and fish—and appears to have

Figure 6. BMP2 and BMP4 Are Required for CV Growth and Remodeling
(A) z-Stack images of the TVS (blue open arrows) and antPlexus at E12.75. Bmp2CKO/WT;Bmp4CKO/CKO;Pd-Cre and Bmp2CKO/CKO;Bmp4CKO/CKO;Pd-Cre mutants

have delayed remodeling of the TVS (arrow) and poor development of the antPlexus, best seen from dorsal views of the head (bottom row). Bmp2CKO/CKO;

Bmp4CKO/CKO;Sm-Cre mutants can be indistinguishable from Twist1CKO/!;Sm-Cre embryos.

(B) Color-coded genotypes as annotated in (C). Branching is highly variable and not statistically significant in mutants versus controls, but lacunarity is signif-

icantly increased in Bmp2CKO/WT;Bmp4CKO/CKO;Pd-Cre and Bmp2CKO/CKO;Bmp4CKO/CKO;Pd-Cre embryos. Error bars represent mean ± SEM.

(C) Top: E18.5 dorsal views of the head depicting the SSS and paired TVS and SgS in controls and three- and four-allele-loss Bmp2/4;Pd-Cre embryos. Bottom:

the mean width of the dominant TVS is significantly smaller in all Bmp2/4;Pd-Cre mutant genotypes, and the minor vessel is hypoplastic or absent. The SSS is

often hypoplastic, truncated, and/or split (arrows).

(C0) The distribution of the right versus left TVS width ratios in control and Bmp2/4;Pd-Cre mutants; color-coded genotypes as annotated in (C). Population

medians are skewed toward unilateral hypoplasia or aplasia in Bmp2/4 two-, three-, and four-allele-loss mutants.

(D) Bmpr1b and Bmpr2 are expressed in wild-type Cdh5+ venous endothelium.

(E) E18.5 Bmpr2CKO/CKO;Tie2-Cre mutants show mild and moderate hypoplasia of the dominant and minor TVS, respectively.

Box and whisker plots in (C, C0, and E) show the median (horizontal line), the 25th and 75th percentiles (boxed region), and min/max data points *p < 0.05,

**p < 0.01, ****p < 0.0001, one-way ANOVA with Dunnett’s post-test; ns, not significant. Scale bars, 250 mm. See also Figures S4–S7.
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SUMMARY

Dural cerebral veins (CVs) are required for cerebro-
spinal fluid reabsorption and brain homeostasis,
but mechanisms that regulate their growth and
remodeling are unknown. We report molecular
and cellular processes that regulate dural CV devel-
opment in mammals and describe venous malfor-
mations in humans with craniosynostosis and
TWIST1 mutations that are recapitulated in mouse
models. Surprisingly, Twist1 is dispensable in
endothelial cells but required for specification of
osteoprogenitor cells that differentiate into preos-
teoblasts that produce bone morphogenetic pro-
teins (BMPs). Inactivation of Bmp2 and Bmp4 in
preosteoblasts and periosteal dura causes skull
and CV malformations, similar to humans harboring
TWIST1 mutations. Notably, arterial development
appears normal, suggesting that morphogens
from the skull and dura establish optimal venous
networks independent from arterial influences.
Collectively, our work establishes a paradigm
whereby CV malformations result from primary or
secondary loss of paracrine BMP signaling from
preosteoblasts and dura, highlighting unique
cellular interactions that influence tissue-specific
angiogenesis in mammals.

INTRODUCTION

Arteries and veins generally run adjacent to one another, and
similar growth and guidance cues influence their development
(Kidoya et al., 2015). A notable exception, however, is found in
the mammalian head. At maturity, the major cerebral arteries
enter the skull base medially and traverse the subarachnoid
space. By contrast, the major cerebral veins (CVs), also known
as the dural venous sinuses, lie within the dura mater beneath
the skull and exit the skull base posteriorly beneath the cere-
bellum (Figures S1A and S1B). This anatomical distinction sug-
gests the head has evolved unique signaling mechanisms that
independently regulate the growth of these vessels.

Unlike arterial development, little is known about CV develop-
ment beyond anatomical studies published 60–100 years ago
(Padget, 1956; Streeter, 1921). This is surprising because CV
malformations can have a significant impact on human health.
Many pediatric cerebrovascular anomalies result from defects
in venous development, alter hydrostatic pressure within the du-
ral venous sinuses, perturb cerebrospinal fluid (CSF) reabsorp-
tion, and lead to elevated intracranial pressure (ICP) (Raets
et al., 2015; Wilson, 2016). Elevated ICP causes severe head-
aches and can lead to vision loss, and potential longer-term
health effects of elevated ICP and altered CSF reabsorption
remain poorly defined.

Multiple forms of craniosynostosis, a skull malformation
caused by abnormal development or premature fusion of the
cranial sutures, put patients at risk for elevated ICP (Abu-Sittah
et al., 2016; Twigg and Wilkie, 2015). Elevated ICP secondary
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• Venous sinus malformations result from primary or secondary loss of 
paracrine BMP signaling from preosteoblasts and dura

• Dural venous sinus angiogenesis is strongly dependent on the 
development of neighboring tissue, and likely upon the growth 
environment of each fetus

• Arterial development is unaffected. High levels of NOTCH, found in 
arterial endothelium, antagonize BMP, while veins are primed to 
respond to BMPs

• Thus, venous sinus angiogenesis is isolated from arterial angiogenesis and 
is an independent process

• In terms of VGAM, we may conclude that the malformation itself, induced 
by its own genetic pathway, is overlaid in each patient onto a separately 
determined venous sinus drainage architecture, potentially leading to 
drastically different clinical evolution across patients
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Summary

• Clinical presentation of VGAM has been well delineated for >50 years
• VGAM develops in a unique embryological environment characterized by arteriovenous 

endothelial loops, during a developmental stage where the dominant arteries are the 
choroidal vessels and the dominant vein the MPV

• Mechanical/developmental hypotheses have dominated thinking about VGAM etiology 
for >30 years (eg VGAM resulting from an episode of in utero thrombosis, VGAM 
resulting from venous sinus outlet stenosis, venous sinus stenosis being a consequence 
of high flow)

• While endovascular treatment has no doubt improved prognosis, the prenatal diagnosis 
is still devastating, and there remains much room for improved therapeutic approaches

• Major areas of clinical uncertainty: how much treatment is enough? What to do for the 
older child/adult with a newly diagnosed asymptomatic VGAM?

• Very recent genetic / cell biological developments herald a new era in our understanding 
of VGAM (and arteriovenous lesions more broadly). From a genetic perspective, the 
classical distinction between vascular tumors and vascular malformations is not as rigid 
as had been believed
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Summary

• These recent developments are likely to lead to completely novel therapeutic 
approaches, with drug targets in the RAS/ERK/mTOR pathway

• The relationship between germline and somatic mutations in VGAM remains unclear
• Interestingly, development of the venous sinuses is dependent not on the above intrinsic 

genetic factors, but rather results from paracrine effects of pathways related to skull and 
meningeal development. Individual idiosyncrasies of a given embryo’s environment may 
play a key role

• Thus the VGAM itself, induced by its own genetic pathway, is overlaid onto a separately 
determined sinus drainage architecture, potentially leading to drastically different 
clinical evolution across patients. The independently-developed venous sinus 
architecture may serve as the ”second hit” or “developmental accident” required to 
activate a potential VGAM into a clinical VGAM in vulnerable patients

• Many of our “intuitive” mechanistic hypotheses are being upended and more are likely 
to be upended by new cellular/genetic developments. We need to be comfortable 
expecting the unexpected
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1/9/2018 It snowed in the Sahara and the photos are beautiful - CNN

http://www.cnn.com/2018/01/09/africa/sahara-snow-trnd/index.html 1/4

It snowed in one of the hottest places in the world

ADVERTISEMENT

@ Updated 12:33 PM ET, Tue January 9, 2018
By AJ Willingham, CNN

Snow in the Sahara Desert near the town of Ain Sefra, Algeria

(CNN) — It's quite a time for weird weather, and it doesn't get much weirder than snow falling in one of the hottest places in the world.
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President Trump meets with GOP and Democratic senators on immigration. Watch CNN
�LIVE
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On Sunday, Ain Sefra, a desert town in Algeria known as the "Gateway to the Sahara," experienced a substantial amount of snow for reportedly the third time in 40 years.
Some reports say parts of the area got nearly 15 inches of snow, but Ain Sefra o�cially reported less than one inch.

It was enough to provide some otherworldly visuals from an area that routinely sees some of the hottest temperatures on earth during the summer.
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