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23 yo man with intractable seizures

The Importance of knowing and understanding
anatomical variations

Wada test

Trigeminal artery: perfusion of brainstem,
Contraindication to sodium amytal injection




Embryology of the cerebral arteries: Outline

AEmbryology 1
AAngiogenesis
AVasculogenesis
A Evolution of the cranial vasculature

AEmbryology 2
AEmbryology and variations of
A Anterior circulation
APosterior circulation
AExternal carotid

ADangerous anastomoses
+ Brain arterial anatomy lectures (Rob Lenthall)
+ Skull base vascular anatomy tutorial (Sal Lamin)



Circle of Willis Anatomy: The Accepted Norm

Jo Bhattacharya 2002
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The Accepted Norm and Anatomical Variations

Anatomical dissection
\Y;
Imaging anatomy

Normal complete Circle of Willis
In 48%...
37%... 4.6%... 72%

Igbal S. A comprehensive study of the anatomical variations of the circle of Willis in adult
human brains. J Clin Diagn Res. 2013;7(11):2423-7.
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Embryology of the Cerebral Vasculature:
5 Key concepts

Concept 1: Anatomy is a 4 dimensional subject

A3 dimensions of morphology
A Additional dimension of time

A Almost instantaneous: real time angiography
A Arterial -capillary-v enous phasesé Cerebr

AOver a human | ifetimeé, g
A Insights from Embryology, developmental biology

AOver hundreds of millions of years of evolution
A Insights from Comparative anatomy, fossil record etc



Embryology of the Cerebral Vasculature:
5 Key concepts

AConcept22.6 Not hing in biology (or
except 1 n t he [Thegdbstus Dolhizhaaskydl97/a t
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species



Amoebaproteus (220760 microns)

A Effective diffusion limit of Oxygen
In tissues approx. 200 microns

A Aim of circulatory system is to bring Oxygen
within 200 microns of metabolising cells

A Aim of circulatory system is to delivery Oxyge
to the mitochondrial inner membrane electror
transport chain as the final electron acceptor

energy metabolism




Embryology of the Cerebral Vasculature:
5 Key concepts

AConcept 3: Effective diffusion limit of Oxygen 200 microns



years ago (in billions)
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Tree of |ife, a simple timeline of evolution.

complex cells

photosynthesis

simple life

entire human existance

ells first start working together,
speacialize for specific function, which
became the basis for all complex life.
~

2 billion years after cellular life started,
complex cells formed which contains
a nucleus, enclosed within membranes.

Organisms first started converting sunlight
to energy this process which is still used
by most modern plants today.

At this stage in history the world is dominated
b by cellular life that lacks a cell nucleus.

All life at this point is single cell

organisms only.

yn Earth

ALife originates ? ~4 billion yrs ago

A3 essential conditions present
- energy
- organic material (?from comets)
- water (evidence from zircons)

ALife on earth dominated by
unicellular organisms

AJuly 2010 first evidence
of multicellular organisms from
2.1 billion yrs ago




Diffusion limit for Oxygen: 100-200 microns
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Blood Vessel Formation 1: Vasculogenesis

Alnduction, differentiation & assembly of
endothelial progenitors: form first blood vessels

AAngioblasts (mesodermal origin)

ABegins extraembryonic mesoderm ~days 1315
AExtends into embryo (?guided by VEGF-2)
AProbable random process

B2




Blo

od Vessel Formation 2a: Sprouting

angiogenesis

AEarly sprouting phase: Sprouting angiogenesis
AMultiple capillary sprouts appear

A
A

nvade mesenchyme
~usion of capillary sprouts to form primitive capillary

nlexus
A Relatively slow process
A High metabolic and energetic cost

A Interference with local physiological conditions
(breakdown of basement membrane, endothelial cell
migration & proliferation, new lumen

formation, reconstitution of basement membr.)



Sprouting angiogenesis

vlectin
m

AVEGF chemoattractive for endothelial
cell filopodia

ATip cells (with filopodia) migrate

AStalk cells proliferate

AVEGF stimulates new capillary formation




Sprouting angiogenesis driven by tissue
hypoxia.

AHypoxia induces a variety of short and longer term
adaptations (mediated by VEGF & many other molecules)

A At systemic level, erythropoietin increases

ALocally, NO mediated vasodilatation (NOS stim. By hypoxia)
short-term response

ALocal Angiogenesis, longer term response

AAt cellular |l evel, anaerobic
A Generates 2 ATP per glucose molecule
A Cf Oxidative phosphorylation in mitochondria: 36 ATP per glucose



HIF mediates angiogenesis

A Hypoxia-inducible transcription factor
AHIF -1, HIF-2, HIF -3 are intracellular proteins
A Regulators of Oxygen homeostasis

AHIF -1 binds to promoter/ sites of >25 hypoxia-inducible genes
(including VEGF, NO synthetase & Erythropoietin)

AHIF -1 mRNA continuously expressed in nearly all cell types

AHIF is O2-labile & almost undetectable.

AHIF contiuously degraded by HIF Hydroxylases in presence of O2
A In Hypoxia, rapid degradation ceases, HIF increases

AIncreased production of VEGF etc

Pugh CW et al. Regulation of angiogenesis by hypoxia: role of the HIF system.
Nat Med 2003;9:677 -684




Sprouting angiogenesis produces
embryonic capillary plexus

Development of embryonic
vasculature involves
remodelling of primitive

Walls JR et al (2008) ThrBemensional Analysis of Vascular . .
Development in the Mouse EmbryBLoSONE 3(8): e2853. Caplllary netWOrk INt0 more

doi:10.1371/journal.pone.0002853 Organised, hlghly bl’anChed
vessel network



Embryology of the Cerebral Vasculature:
5 Key concepts

A Concept 4: Definitive vessels emerge from pre-existing networks of vessels



Blood Vessel Formation 2b: Nonsprouting
angiogenesis (aka Intussusceptive angiogenesis)

Alntussusceptive microvascular growth (IMG)
A Expansion of capillary plexuses

Alntussusceptive arborisation (IAR)
A Formation of feeding vascular tree

Alntussusceptive branching remodelling (IBR)
A Optimising of branching geometry




Non-sprouting angiogenesis by
Intussusception: pillar formation

A Intussusception: defined as invagination
A Formation of tissue pillar into vessel lumen
A A series of pillars progressively divide a vessel into two

Endothelial invagination
Stabilised by pericytes
& fibroblasts




Intussusceptive arborisation (IAR)
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Intussusceptive branching remodelling
(IBR)

IBR narrows branching angle
In response to increased blood flow




Intussusceptive branching remodelling (IBR)

IBR narrows branching angle

In response to increased blood flow
Endothelial cells respond to shear
Stress. ? VEGF, PDGF etc




Tuwalg Escarpment west of Riyadh:
Jurassic limestone

Series of escarpments heading westwards: CretacehuassieTriassic
- then the Permian volcanic rocks of the Arabian shield
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Fish evolution begins approx. 530M years ago

Olfactory bulb

Olfactory tract
Telencephalon

CNII

Optic lobe
Inferior (Lat.) lobe of thalamus
Saccus vasculosus

~_ Inferior tectal A.

Rostral
division
ICA

Caudal
division

Dogfish: ventral aspect of brain

Early cephalochordates develop into
Vertebrates. ICA develops as main supply to
brain

Continuing theme throughout vertebrate
evolution:
ICA gives rise to cranial and caudal divisions:
A Rostral division supplies telencephalon
A Caudal division supplies brainstem

fusing to form basilar artery
There is no vertebral artery




Amphibian evolution begins approx. 370M years

ago in Devonian period

Lateral
olfactory A

Rostral division
ICA

P

Frog:ventralspect of brain

Lateral striate\

Early amphibians develop from lobe fin fish
Similar to coelancanth.

Rostral div of ICA as before has 2 main streams
-Medial olfactory artery (future ACA)

-Lateral olfactory

Lateral striate artery (future MCA)
Posterior telencephalic A. (Anterior choroidal A)

ost telence




Amphibian evolution: gradual expansion of

cerebral hemisphere

Olfactory tract

Lateral

Telencephalon
olfactory A.

Medial

olfactory A Infundibulum
Rostral
division . '
Diencephalic A.
Caudal » ___— Trigeminal nerve and
division artery

CN VI
CN VI

Basilar A:

Necturus Salamander (mud puppy)

As the cerebral hemisphere expands
the medial olfactory A. progressively
moves medially. The lateral olfactory A.
gradually enlarges.

Posterior part of cerebral hemisphere

Supplied by post telencephalic br.(ant
choroidal) From anterior circulation.

Caudal division only supplying brainstem




Diapsid and reptile evolution: further expansion of
cerebral hemisphere

Turtle

Optic chiasm
Telencephalon
Lateral olfactory A.
ICA

Caudal ramus~"-

Ist cervical
scgmental A.

Snake

Olfactory bulb

Olfactory bulb A.

Medial olfactory A.

Lateral striate As.

CNIII

CN VI
CN VI

CNIX, X
CN XII

Some snakes demonstrate
fusion of the medial
olfactory artery. Note
whole of cerebral
hemisphere still supplied
from anterior circulation

Posterior telencephalic A.

Some snakes also
demonstrate fusion of
cervical segmental arteries
with basilar artery.



Bird evolution: Not part of mammalian lineage

Comments such a:
0By the time we
Or Omoving on t
Anterior cerebral A. misleading,

Olfactory bulb

Middle cerebral A However avian evolution and

embryology remains

Optic tract | .
Instructive.

Infundibulum

Posterior cerebral artery of

ICA . ) ) .
NIV Rostral division  hirds= gnterior choroidal A
Optic lobe
. Caudal division . . )
Inferior tectal A~ Hagilir A Inferior tectal artery will give
CN 'V rise to human posterior
CHELX cerebral artery
Cerebromedullary A.
CN XII

Dorsal descending
medullary A.

Chicken



Mammalian v Bird evolution
Birds are essentially dinosaurs
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Enlarged ITF; Incisors! I Mesosaunis
canines & cheek teeth; Diapsida
Forelimbs more de"‘:e" Infra- and Supratemporal fenestrae; Hindlimbs
oped than hind Pararepii more powerful than forelimbs
Synapsida Reptilia
Infratemporal Aglandular skin; Water-conserving kidneys, enhanced color vision

fenestra

AMNIOTA
Amniotic egg; Claws; Live on land for entire life cycle

Amphibia

Tetrapoda
Limbs with digits; Necks; Live on land as adults




Embryology of the Cerebral Vasculature:
5 Key concepts

A Concept 1: Anatomy is a 4 dimensional subject
A 3 dimensions of morphology
A Additional dimension of time

AConcept226 Not hing in biology (or anaton
of e v o TheddesiosiDohzhansky 1973

A Concept 3: Effective diffusion limit of Oxygen 200 microns
A Concept 4: Definitive vessels emerge from pre-existing networks of vessels

AConcept5( The devel oping brain vascul at
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 1 s al waysGeargka p't
Streeter 1921
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Embryology of the cerebral
arteries 2: Back to the future
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Embryology of the cerebral arteries

AEmbryology 1
AAngiogenesis
AVasculogenesis
A Evolution of the cranial vasculature

AEmbryology 2
AEmbryology and variations of
A Anterior circulation
APosterior circulation
AExternal carotid

ADangerous anastomoses



Back to the futureé Deyv
vasculature: Anterior circulation

ACA

ACA

CCA

A CCA derived from VA
A ICA derived from llird arch and DA
A ECA derived mainly from | & Il arch

VA= ventral aorta

DA= dorsal aorta




Back to the futureé Dev

A

vasculature: Anterior circulation 2

Choroid plexus of
IIIrd Ventricle

Interventricular y Choroid fisqure
foramen

Dorsal ,
choroidal vein Wi il
T

l'.
MCA

Median vein of prosencephalon

Anterjor choroidal artery

Ppsterior choroidal arteries

/Te ctal artery

~<“" ____Trochlea nerve and
tectal plate

ICA anterior
division (ACA)

ICA posterior
division (PCom)

Arteries of longitudinal
neural axis

22

A constant theme is that the true

Developing telencephalon supplied initially by division of the ICA is at the level of the
ACA and Ant. Choroidal/Post. Telencephalic A posterior communicating artery.

formlng anastomosmg loop around the Anterior division = ACA
KSYAALIKSNEX GKS fAYOAO pogdidediivision = PComA



