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Introduction

Twenty years have passed since the first edition of
Primer on Cerebrovascular Diseases was published.! The
book sought to reduce the growing gap in the cerebro-
vascular field between physicians and surgeons who
actively treated patients and researchers who worked
in basic and clinical research. The term “translational
medicine” was first being discussed at that time. All
agreed that the best way to ensure progress was intimate
communication and cooperation between clinicians and
researchers. Clinicians needed to have some sense about
what was happening and forthcoming from the labo-
ratory and researchers needed to know what were the
most important targets to help patient care at the bed-
side and in the clinic. Dr. Arthur Kornberg, who received
the Nobel Prize in Physiology and Medicine in 1959 for
his work on DNA, commented in his autobiography?
that the single most important year in his training was
his clinical internship. That exposure provided targets
for needed advancement for his entire career, which was
spent in various basic research laboratories.

During the past two decades since publication of the
first edition, the clinical-research gap has probably wid-
ened. Clinicians and surgeons have become even more
specialized, each dealing with more restricted situations,
technology, compounds, and conditions. Basic research-
ers have had to become even more competitive for
grants. Many work in very specialized areas. I have been
at Princeton Cerebrovascular Disease Conference meet-
ings in which all attendees are instructed to sit through
all sessions—researchers listening to clinical topics and
clinicians taking in research discussions. My sense was
that these did not work well. Clinical and research top-
ics were too focused; researchers lacked the clinical

background to place the discussions into perspective
and clinicians were at sea in the biochemical and techni-
cal details of the basic discussions. A few days was too
short a time for the education needed.

This second edition of the Primer is aimed directly at
providing a clinical-research interface, a repository of
information that is basic, concise, simply written, and
easily understood for individuals who are unfamiliar
with a particular topic. Unlike a short meeting, a volume
(hard copy or e-book) can serve as a frequently perused
source of information that can bridge a large educa-
tional-informational gap. This edition has expanded
with more editors and more topics. Editors have care-
fully selected authors who are working within their top-
ics. They are instructed to make their chapters concise
and easily understood. The volume has been thoroughly
edited to ensure simplicity and completeness. I hope that
it will help reduce the gap and aid progress in transla-
tional research and in the clinical care of future stroke
patients.

Louis R. Caplan, MD
Boston, Massachusetts
November 2016
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CHAPTER

1

Cerebrovascular Anatomy and Hemodynamics

R.J. Traystman

University of Colorado Denver, Aurora, CO, United States

INTRODUCTION

The adult human brain represents about 2% of total
body weight, but receives nearly 15% of total resting
cardiac output. Under normal conditions, the brain is
highly perfused and is extremely sensitive to any change
or interruption in its blood supply. If the brain’s circu-
lation is completely obstructed, loss of consciousness
occurs within seconds and irreversible pathological
changes occur within minutes. For example, in cardiac
arrest, the extent of injury of the central nervous system
(CNS) is the critical factor that determines the degree of
recovery. It is, therefore, not surprising that the physio-
logical mechanisms that regulate cerebral circulation are
designed to ensure the constancy of cerebral blood flow
(CBF) over a broad range of internal and external condi-
tions. This may even occur at the expense of adequate
blood flow to other organs.

ANATOMICAL CONSIDERATIONS

Arterial System

The brain of essentially all mammalian species is
supplied with blood from several major sources, that
is, the internal and external carotid, vertebral, and spi-
nal anterior arteries. However, the relative importance
of these channels in any species is unclear. Although
the internal carotid artery leads directly to the brain, in
some species this vessel is unimportant, and it may be
the external carotid that carries the major proportion of
blood reaching the brain. In humans, the anterior three-
fifths of the cerebrum, except for parts of the occipital
and temporal lobes, are supplied by the carotid arteries.
The posterior two-fifths of the cerebrum, the cerebellum,
and brain stem are supplied by the vertebral-basilar
system. The carotid and vertebral arteries unite at the
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base of the brain to form the circle of Willis (Fig. 1.1 [1]).
This vascular ring then gives rise to three pairs of arter-
ies, the anterior, middle, and posterior cerebral arteries,
which cover the external surface of the corresponding
regions of the cerebral cortex. These arteries divide into
progressively smaller arteries, penetrating brain tissue
and supplying blood to specific regions. Branches of the
vertebral and basilar arteries form the blood supply for
the cerebellum and brain stem. While there is some vari-
ability among individuals, the internal carotids and the
vertebral-basilar system generally contribute equally to
the circle of Willis. Even though the internal carotid and
basilar arteries converge (forming the circle of Willis),
blood from the two tributaries normally does not mix
completely because blood pressure in each arterial tribu-
tary is almost equal. Angiography and/or dye injections
indicate that blood from the various tributaries is ulti-
mately distributed to relatively specific and delineated
brain regions. Under normal conditions, vertebral-basi-
lar arterial blood is mainly distributed to tissues in the
posterior fossa while the internal carotids supply the
remainder of the brain. In addition, there is relatively
little bilateral crossing, again due to the similarity in
blood pressure. Normally the circle of Willis functions
primarily as an anterior—posterior shunt than as a side-
to-side shunt. However, under pathological conditions,
especially those that involve focal obstructions in arte-
rial feeders to the circle, the balance of pressures may be
altered and the circle of Willis can then serve either as an
anterior—posterior or as a side-to-side shunt.

In addition, there are a number of arterial anastomotic
vessels on each side of the head between the intracranial
and extracranial circulations. These include: (1) a con-
nection between the vertebral and occipital arteries; (2) a
communication between the ascending pharyngeal and
internal carotid arteries; (3) the middle meningeal artery
branching off from the internal maxillary artery and con-
necting with the internal carotid artery, (4) the anastomotic

© 2017 Elsevier Inc. All rights reserved.
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FIGURE 1.1 Major cerebral arteries and the circle of Willis. Modified
from Chusid JG. Correlative neuroanatomy and functional neurology. 14th ed.
Los Altos, CA: Lange Medical Publishers; 1970.

artery between the internal maxillary and internal carotid
arteries, (5) pathways between the external and internal
ophthalmic arteries, (6) anastomosis between the external
and internal ethmoidal arteries, (7) collaterals between
the vertebral and the omocervical arteries, and (8) connec-
tions between the spinal anterior and vertebral arteries.
In some species the external carotid system branches into
a complicated network of arteries, the rete mirable, prior
to its entrance to the circle of Willis. This rete system has
been proposed to be involved in a heat-exchange counter-
current mechanism, which acts to lower the temperature
of the blood entering the brain.

As the major arteries leave the circle of Willis they
reduce their diameter to become arterioles and pial ves-
sels. Pial arteries then plunge at a 90degree angle into
brain parenchyma. There is much evidence that there is
a close relationship between pial vessels and the lepto-
meninges. These vessels, as they enter the parenchyma,
are invested with a leptomeningeal sheath and are sur-
rounded by a cerebrospinal fluid (CSF)-containing
space. It should be mentioned that most studies of cere-
bral vessels using methods of staining and light micros-
copy have not shown differences between brain vessels
and vessels in other organs.

Venous System

While the brain’s arterial system is complicated, the
configuration of the brain’s venous system is even more
complex and provides many opportunities for mixing of
blood draining various brain regions (Fig. 1.2 [2]). Blood
is drained from the brain via two primary sets of veins:

Great vein of Galen Inferior sagittal sinus

Superior sagittal sinus

Great anastomotic
vein of Trolard

Straight

A Internal
sinus

\. cerebral vein

Torcular
herophili

i

External jugular vein/

Internal jugular vein Superior petrosal sinus

Common facial vein

FIGURE 1.2 The brain venous system. Modified from Shenkin HA,
Harmel MH, Kety SS. Dynamic anatony of the cerebral circulation. Arch
Neurol Psychiat 1948,60:240-52.

the external group and the deep or internal group. These
drain into the dural sinuses and then the internal jugu-
lar veins. The external venous system is divided into the
superior, middle, inferior, and occipital cerebral veins,
which drain the outer portion of the cerebral hemispheres.
The superior cerebral vein drains the cortex and under-
lying white matter above the corpus callosum. Several
veins on each side merge to form three large trunks,
which enter the superior sagittal sinus or straight sinus.
The most prominent superior cerebral vein is the great
anastomotic vein of Trolard connecting the superior sag-
ittal sinus with the Sylvian vein. The internal cerebral or
deep veins include a variety of small transcerebral veins
draining the bulk of white matter from the anterior and
middle group of the brain. This system eventually drains
through the great vein of Galen and the straight sinus.
The cerebellum is drained primarily by two sets of veins.
The inferior cerebellar veins are larger and end in the
transverse superior petrosal and occipital sinuses. The
superior cerebellar veins are smaller and empty in part
into transverse and superior petrosal sinuses and in part
into the great vein of Galen and the straight sinus. The
brain stem is drained by veins terminating in the inferior
and transverse petrosal sinuses. Veins from all parts of
the brain drain into many sinuses situated between two
layers of dura, that is, superior sagittal sinus, inferior
sagittal sinus, occipital sinus, superior petrosal sinus,
cavernous sinus, and transverse sinus. Extensive inter-
venous collateral anastomoses exist between the two
main venous draining systems and with the extracranial
venous draining system.

I. ANATOMY AND PHYSIOLOGY
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Capillary System

The brain contains a rich network of capillaries;
however, the density of capillaries within the CNS is
less than that in the heart, kidney, and muscle. Gray
matter contains about 2%times as many capillaries as
does white matter; that is, cerebral cortex has about
1000 capillaries/mm3 and white matter about 300 cap-
illaries/mm3. It has been proposed that capillary
density is correlated with the number of synapses in
a particular brain region. The high density of capil-
laries in the cervical sympathetic ganglion, which
contains synapses, compared to that in the trigeminal
ganglion, which lacks them, demonstrates this point.
Oxygen consumption may be the link between capil-
lary density and synaptic frequency. Support for this
hypothesis comes from work demonstrating that glu-
cose utilization of gray matter is greater than that of
white matter by a factor similar to the ratio of capil-
lary densities for the two tissues. Exposure of experi-
mental animals to hypoxia for a long period leads to
an increase in capillary density. Thus, a lack of oxygen
must be either a direct or indirect stimulus to capil-
lary growth; however, the precise mechanism respon-
sible for this increased vascularity remains unknown.
Cerebral capillary density also varies with age and it
has been demonstrated that capillary density at birth
is about 30% of that in the adult and is even lower in
the premature infant.

Blood-Brain Barrier and Capillary Permeability

The concept of a blood-brain barrier (BBB) arose
from the work of a number of investigators who dem-
onstrated that certain dyes and pharmacologically active
compounds did not enter the brain but could enter
most other organs. The barrier had to be a vascular one
because the same substances would readily enter the
brain when injected directly into the CSE. It was subse-
quently shown that the dyes that could not penetrate
the brain from the vascular side were bound to plasma
proteins, so that the barrier was actually dye-protein
complexes. Morphological localization of the barrier to
circulating protein has been shown using horseradish
peroxidase, a protein that could be localized by electron
microscopy [3].

The BBB separates two of the major compartments
of the CNS, the brain and CSF, from the third compart-
ment, the blood. The sites of the barrier are the interfaces
between the blood and these two compartments: the cho-
roid plexus, the blood vessels of the brain and subarach-
noid space, and the arachnoid membrane. All BBB sites
are characterized by cells connected by tight junctions,
which restrict intercellular diffusion. These cells are rep-
resented by endothelia of blood vessels, epithelia of the

choroid plexus, and cells of the arachnoid layer. When
cells are connected via tight junctions, they act as if they
were one single layer of cells and solute exchange occurs
transcellularly. These cells thus determine the solubil-
ity and transport functions of the entire layer of cells.
Lipid-soluble substances penetrate easily and equilibrate
between brain and blood quickly. There is only minimal
transport by pinocytotic vessels at the barrier site, and this
in addition to the tight junctions limits protein transport
into the extracellular fluid.

While passage of more permeable substances (sugars
and amino acids) into brain is determined by both CBF and
permeability characteristics, the permeability of ions and
large molecules depends largely on the characteristics of
the BBB membrane rather than blood flow. Nonelectrolytes
of small molecular weight penetrate faster than their lipid
solubilities and diffusion coefficients would predict. Thus,
the presence of water channels across the barrier is likely.
The BBB may not be equally permeable in all areas of the
brain. For example, area postrema, choroid plexus, hypoph-
ysis, pineal, and areas in the hypothalamus have no BBB
at all. In these areas cerebral capillaries have fenestrations,
and there are a large number of pinocytotic vesicles in the
endothelial cells. Besides these areas, within brain there are
moderate differences in barrier permeability in different
regions. The entry of most solutes into gray matter is about
three to four times faster than into white matter. This may
be correlated with a similar difference in the length of capil-
laries per unit volume of gray compared to white matter.

Breakdown of the BBB can be caused by mechanisms
that either alters the tension in the walls of small ves-
sels or damage the vessel wall in other ways, that is,
chemically or by radiation. Several investigators have
shown that inhalation of a high concentration of CO,
(20%) increases the penetration of labeled proteins
into the brain. The effect of CO, on BBB permeabil-
ity is reversible. Repeated seizure activity also gives
rise to extreme cerebral vasodilation, and again the
barrier may be opened. As with CO, administration
BBB breakdown is enhanced by elevated blood pres-
sure. In a classic article, Rapoport et al. [4] character-
ized the properties of osmotic opening of the barrier.
The degree of opening was determined by the amount
of extravasation of dye (Evan’s blue) as hyperosmo-
lar solutions of different concentrations were applied
to the surface of the cerebral cortex. The conclusions
of their study were that barrier opening was revers-
ible and that the degree of opening increased with
increased osmolality. They suggested that hyperos-
molar solutions shrink endothelial cells and open the
tight junctions. However, it has also been suggested
that hyperosmolar solutions increase vesicular trans-
port in endothelial cells.

The structural integrity of cerebral endothelium is
dependent on metabolism, and endothelia resist hypoxia

I. ANATOMY AND PHYSIOLOGY
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and ischemia much longer than do other cells of the brain.
It has been shown that barrier impermeability to dye is
retained for up to 12h after an animal is killed. However,
histochemical and biochemical studies have shown that
cerebral cortical neurons do not survive O, deprivation for
more than 3-8 min. Following occlusion of the blood supply
to a region of brain, cerebral endothelial cells swell or flat-
ten, but endothelium continuity is undisturbed. Vascular
disruption develops after several hours and is preceded by
irreversible metabolic and cytological changes in cells of
the surrounding parenchyma. Thus, hypoxia and ischemia
are not potent causes of BBB breakdown. A large number
of other miscellaneous insults may increase barrier perme-
ability. These include physical, chemical, infective, allergic,
and neoplastic processes, and they generally result in bar-
rier opening by sensi