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Preface

It has been 2 years since the publication of Diagnosis and Treatment of
Ischemic Stroke, the first volume in the “Stroke Revisited” series. As prom-
ised, a new volume has now been published, entitled Pathophysiology of
Stroke: From Bench to Bedside. This is the fourth publication in the series,
preceded by Hemorrhagic Stroke and Vascular Cognitive Impairment.
Originally predicted to be published at the end of 2018, this volume was
delayed longer than expected due to editing issues. That said, I would like to
apologize to readers who showed great interest in the previous volumes and
eagerly awaited this volume. I will make every effort to publish the remaining
two volumes at the beginning of 2021.

As its title suggests, the fourth volume is a textbook that covers the patho-
physiology of stroke. In volume one, Diagnosis and Treatment of Ischemic
Stroke, the focus was on the practical diagnosis and treatment of ischemic
stroke, with minimal discussion of pathophysiology. With this new addition,
along with the second volume, Hemorrhagic Stroke, 1 now cover nearly every
aspect of stroke medicine. Improving our understanding of stroke pathophys-
iology, great strides were made in the 2000s, in which we saw significant
progress in radiologic imaging technology. In terms of MRI advancements,
we are now able to recognize stroke pathophysiology in near real-time and at
high resolution via diffusion- and perfusion-weighted sequences, arterial spin
labeling techniques, and 3 tesla high-resolution imaging. In addition, the
introduction of 64-channel multi-detector CT technology made it easier to
obtain perfusion imaging and cerebral angiography. These developments,
discussed in this fourth volume, have helped us better understand the patho-
physiology of stroke more than ever before. Furthermore, we discuss new
disease concepts in depth, such as cerebral amyloid angiopathy or cerebral
autosomal dominant arteriopathy with subcortical ischemic strokes and leu-
koencephalopathy (CADASIL). Finally, in an effort to help readers under-
stand stroke pathophysiology from a cellular level, we address basic aspects
of stroke pathophysiology, including cell death and repair mechanisms. As
the editor of this volume, I recommend it be read cover to cover rather than as
certain chapters only. This will enable the reader to comprehensively under-
stand every aspect of stroke pathophysiology and learn the most cutting-edge
research on stroke diagnosis and treatment.

Not many textbooks explore stroke in depth. I used two to three books dur-
ing my residency and fellowship, and no book sufficiently discussed the sig-
nificant improvements in stroke care that occurred between 1990 and 2000.
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Preface

Owing to advancements in brain MRI and CT imaging, it has become possi-
ble to gain an immediate understanding of a patient’s pathophysiology as it
changes moment by moment. Despite these developments, most textbooks
published previously still focused on outdated neurological examinations that
are unable to support the advances made in the practice field. Moreover, most
textbooks simply lacked explanation of core concepts and listed insignificant
details about research findings that often conflicted. Before the development
of smartphones and tablets, studying stroke required great perseverance.
Nowadays, people around the globe are communicating via social media and
are exposed to a previously unexperienced wealth of information. In tandem
with recent technological advances, textbooks must change the way they
deliver medical knowledge in order to provide information in a concise yet
precise way. I decided to write a textbook reflecting such changes and con-
tacted Springer Nature, who ultimately agreed to publish the “Stroke
Revisited” series. Despite facing communication and language obstacles, I
would like to thank the many staff members of Springer Nature who have
nevertheless helped publish this book.

This latest volume targets residents and fellows, physicians and scholars in
their early careers who specialize in stroke, and physicians and researchers in
other fields who aim to study stroke. Most textbooks are organized according
to the traditional academic format, in which it can be difficult to obtain infor-
mation required in clinical settings. Instead, I strived to organize concise one-
subject chapters in order for readers to be able to finish them quickly and
efficiently. I have taken great care to compile the best academic expertise and
latest findings, and I hope that that effort communicates to readers.

In order to publish this volume with the most extensive and up-to-date
information, each chapter was written by the best medical scientists from
around the world. I wholeheartedly thank all authors who have participated in
this process. I hope that this textbook will be reviewed well and act as a
strong example for future textbooks.

Seoul, Korea Seung-Hoon Lee
2019 .12
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General Facts of Stroke

Chan-Hyuk Lee and Seung-Hoon Lee

Abstract

Stroke is the second leading cause of death,
causing substantial physical and socioeco-
nomic burden in the world. The decrease in
stroke incidence occurred in developed
regions, with the increasing trend in develop-
ing countries. This has been attributed to rap-
idly aging population and poor dietary
behaviors in developing countries. The inci-
dence of hemorrhagic stroke is higher in Asian
than in Western populations. The incidence of
aging-related stroke is higher for males than
females. However, the fact that females have a
longer life expectancy and strokes are more
common in older ages has contributed to the
result that the incidence is higher for females
than for males. The incidence of stroke in
females increases substantially after meno-
pausal transition due to estrogen deficiency.
Ischemic stroke is defined as neurological
symptoms resulting from focal brain ischemia

or necrosis by abrupt occlusion of the cerebral
vessels. A patient is diagnosed with a transient
ischemic stroke (TIA) if the symptoms are
relieved completely within 24 hours, or isch-
emic stroke if the symptoms persist for more
than 24 hours. In fact, the limitation of
24 hours for TIA is not based on the scientific
evidence but chosen arbitrarily. In this chap-
ter, we introduce new proposals for the defini-
tion of TIA and ischemic stroke, distinguished
according to the duration and lesion.

Several stroke classification systems with
different criteria tailored to each purpose were
introduced. Oxfordshire Community Stroke
Project (OCSP) Classification System is fairly
easy to identify the subtype of stroke just
based on pre-contrast brain CT, whereas
OCSP has the disadvantage of not being able
to treat based on the cause of the stroke. In
contrast, other classification systems based on
the Trial of ORG 10172 in Acute Stroke
Treatment (TOAST) classification system
divided stroke cases by the cause of the stroke.
TOAST classification system can help develop

C.-H. Lee
Department of Neurology, Jeonbuk National
University Hospital, Jeonju, Republic of Korea

S.-H. Lee (X))

Department of Neurology, Clinical Division, Seoul
National University Hospital,

Seoul, Republic of Korea
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effective treatment plan, but there is a risk of
the overestimation of undetermined category.

1.1 Introduction

Stroke has various symptoms, progression, and
prognosis depending on severity and location of
insulted lesions. Different treatment methods are

3
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applied depending on the stroke mechanism.
Therefore, in order to understand the stroke prop-
erly, it is necessary to grasp the general overview
before looking into the details. We have placed
contents corresponding to the general overview of
the stroke in the first chapter of the textbook, so
that readers can understand the following topics
more effectively. First, epidemiologic differences
according to the region and sex were discussed.
Next, we describe the definition of stroke, and
then introduce some representative stroke classifi-
cations. The stroke classification is described in
more detail in the Stroke Revisited series, Chap.
11, so readers are encouraged to refer to the text-
book. The authors hope this chapter will help
readers understand the general characteristics of
stroke.

1.2 Burden of Stroke

According to the World Health Organization
(WHO), stroke is the second leading cause of
death in the world and is the third leading cause
of disability [1]. Globally, 30,000 women and
25,000 men die each year with stroke, and 1 in
every 19 people in the United States dies of stroke
[2]. Stroke is a disease with high incidence and

Fig. 1.1 The incidence
per 100,000 of stroke
according to the stroke
classification in the
Republic of Korea
(1995-2003). Adapted
with permission from
Journal of Stroke,
Copyright Korean
Stroke Society

prevalence. According to the World Stroke
Organization, around 15 million new strokes are
diagnosed every year worldwide. As of 2013,
25.7 million people worldwide suffer from
stroke, of which 10.3 million are the first diagno-
sis [3]. The incidence of stroke varies from coun-
try to country. The trend shows that developed
countries are declining in incidence, while the
rates of stroke in developing countries are
increasing [4]. This is due to the rapid growth of
the elderly population as a result of economic
development in developing countries and the
increased risk factors such as diabetes and hyper-
lipidemia due to dietary habits which are differ-
ent from the past.

It can be seen more clearly in the stroke trend
of Republic of Korea [5]. Republic of Korea has
experienced rapid economic growth since the
1970s, and developed from a developing to an
advanced country in only 30 years. Such rapid
economic growth and accompanying dietary and
lifestyle changes have also affected stroke trends.
Stroke mortality is decreasing compared with the
past, while the incidence of stroke is increasing,
especially in ischemic stroke (Fig. 1.1). This is a
good example of a change in the stroke pattern as
the economy develops from developing to
advanced country.
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1 General Facts of Stroke

1.3  Epidemiologic Differences
According to the Region

and Sex

Stroke distribution varies by region and country.
According to the neurology in 2013, the Chinese
have a relatively high rate of hemorrhagic stroke
compared to Caucasians [6]. PISCIS (Proyecto
Investigacion de Stroke en Chile: Iquique Stroke
Study), which was community-based prospective
project in Latin America population, also showed
a high rate of hemorrhagic stroke in Hispanic-
Mestizo race [7]. As mentioned above, the stroke
distribution varies by region and country.
Moreover, stroke mortality and morbidity are still
higher than other diseases, which results in a
great burden on socioeconomic aspects.
Considering the cost of treatment, rehabilitation,
and secondary prevention of recurrent strokes,
the importance of primary prevention is increas-
ing more than ever. Stroke can be prevented ade-
quately if you manage the risk factors of the
stroke in advance and guide patients to take
appropriate exercise and a balanced diet together.

Stroke has a different distribution depending
on sex. The incidence of age-related stroke is
higher for males than females. However, females
have a longer life expectancy and strokes are
more common in older ages, so the incidence is
higher for females than for males. In the United
States, between 1993 and 2003, the stroke mor-
tality rate for people under 45 years of age was
similar for males and females [8]. However,
males are at higher stroke mortality rates between
the ages of 45 and 74. After 75, the stroke mortal-

-
N

Fig. 1.2 Female-to-

ity rate of females is higher than males (Fig. 1.2).
In addition, the prevalence of stroke was higher
in females than in males. Several hypotheses
have been proposed regarding the tendency for
females to increase in prevalence and mortality
as age increases. The role of estrogen is the most
widely accepted hypothesis. The rapid reduce of
estrogen after menopause is thought to be a cause
of stroke [9, 10]. Considering that the elderly
themselves are independent risk factors for
stroke, postmenopausal estrogen reduction in
females is equivalent to the disappearance of
another barrier for stroke. Therefore, females
who are postmenopausal are more exposed to
stroke risk than males, and more active efforts are
needed to prevent stroke. It is also a part of this
effort to promote females in the global stroke
campaign organized by the World Stroke Agency
with the slogan “I am Woman.”

1.4  Definition of Stroke

The concept of Stroke goes back to BC. In 400
BC, Hippocrates defined nontraumatic brain
injury as “apoplexy”. After about 2000 years, it
was maintained without conceptual change. In
1689 William Cole first introduced the term
“stroke”. Since the World Health Organization
(WHO) referred to the “rapidly developing clini-
cal signs of focal (at times global) disturbance of
cerebral function, lasting more than 24 hours or
leading to death” in 1976, stroke has begun to be
established systematically [11]. Since then, the
definition of stroke has been redefined several
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times since the rapid development of neurosci-
ence and imaging techniques.

The ischemic stroke, a subclass of stroke, has
had much more controversy among researchers
than the rest of the classification, such as hemor-
rhagic stroke. This is because the ischemic stroke
conceptually overlaps with transient ischemic
attack (TIA), which is a transient cerebral isch-
emic condition. The ischemic stroke presented in
the International Classification of Diseases and
Related Health Problems 10th Revision (ICD-10)
is as follows: “An ischemic condition of the
brain, producing a persistent focal neurological
deficit in the area of distribution of the cerebral
arteries. The formation of an area of necrosis in
the cerebrum caused by an insufficiency of arte-
rial or venous blood flow. Infarcts of the cere-
brum are generally classified by hemisphere,
lobe, arterial distribution, and etiology™ [12].

The newly revised ICD-11 defines ischemic
stroke as ‘“‘acute focal neurological dysfunction
caused by focal infarction at single or multiple sites
of the brain. Evidence of acute infarction may
come either from (a) symptom duration lasting
more than 24 hours, or (b) neuroimaging or other
technique in the clinically relevant area of the
brain”. The term does not include infarction of the
retina [13]. TIA is defined as “a brief episode (gen-
erally within 24 hours) of neurological dysfunction
resulting from focal cerebral ischemia not associ-
ated with permanent cerebral infarction™ [14].

However, the authors suggest that it is unrea-
sonable to distinguish between ischemic stroke
and TIA on a 24-hour basis. In other words, the
guideline is “arbitrary” that patients with isch-
emic stroke should show neurologic deficits last-
ing longer than 24 hours. Ischemic lesions based
on the imaging can be identified even at a much
shorter duration of neurological deficits than
24 hours. Conversely, researchers often encoun-
ter that neurological symptoms are permanent,
but the ischemic lesions are not detected in the
imaging study. In other words, TIA is a concept
designed to warn the possibility of permanent
neurological deficits by ischemic stroke and to
awaken both the physicians and the patients.

In view of the etiologic and pathophysiolog-
ical aspects, fundamentally, both of them are
diseases on the same continuous spectrum.
Therefore, it is practically impossible to divide
the two by a specific time. Nevertheless, ICD-
10 and 11 continue to differentiate between the
two and cause conceptual confusion among
researchers. We would like to suggest a differ-
ent concept of ischemic stroke and TIA from
the above critical point. Considering the persis-
tence of neurological symptoms and the pres-
ence of ischemic lesions in the imaging, it can
be classified into three different concepts as
shown in Fig. 1.3.

In Fig. 1.3, area A, is an ischemic stroke with
persistent neurological deficits and lesions on
imaging studies such as Brain CT or
MRI. Neurological deficits might persist but not
be confirmed by imaging. If the clinical diagno-
sis is a meaningful, it is appropriate to classify it
as an ischemic stroke. Area B is a lesion-posi-
tive TIA (LPTIA), which is rapidly disappear-
ing neurological deficit, but lesions are
confirmed by imaging. Area C is a lesion-nega-

Cerebral Ischemia

A B Cc

IS LPTIA LNTIA

- J

~

Lesion-positive ischemia

Fig. 1.3 New concept of TIA and stroke. Cerebral isch-
emia can be classified into three types (A, B, C) according
to persistence of neurological symptoms and imaging
findings, and A and B can be bound to lesion-positive
ischemia. /S ischemic stroke, LPTIA Lesion-positive tran-
sient ischemic attack, LNTIA lesion-negative transient
ischemic attack
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tive TIA (LNTIA), a neurological deficit rapidly
disappears and no lesion is detected on imaging.
A and B, where lesions are identified, can be
grouped into one concept called lesion-positive
ischemia. In summary, ischemic stroke refers to
“a condition in which sudden and focal neuro-
logical deficits caused by cerebral hemody-
namic failure are sustained without rapid
improvement.” Imaging findings might suggest
an ischemic stroke, but it is problematic to
regard it as absolute evidence. TIA can be
described as “a neurological deficit that is com-
pletely recovered in a short time, regardless of
whether the ischemic lesion is confirmed on
imaging,” and it is not reasonable that specific
time is one of the criteria that distinguishes the
two concepts. This should be diagnosed in con-
sideration of each clinical situation. We listed
the existing definition of ischemic stroke and
TIA, and the definition suggested by the authors
(Table 1.1).

Table 1.1 The existing and new definition of ischemic
stroke and TIA

Existing definition

Ischemic Acute focal neurological dysfunction caused
stroke by focal infarction at single or multiple sites
of the brain. Evidence of acute infarction
may come either from (a) symptom duration
lasting more than 24 hours, or (b)
neuroimaging or other technique in the
clinically relevant area of the brain. The
term does not include infarction of the
retina.

A brief episode (generally within 24 hours)
of neurological dysfunction resulting from
focal cerebral ischemia not associated with
permanent cerebral infarction.

New definition

Ischemic A condition in which sudden and focal
stroke neurological deficits caused by cerebral
hemodynamic failure are sustained without
rapid improvement.

Most of the lesions are confirmed by
imaging, and rarely, lesions are not
identified.

A neurological deficit that is completely
recovered in a short time, regardless of
whether the ischemic lesion is confirmed on
imaging.

TIA

TIA

TIA transient ischemic stroke

1.5 Classification of Stroke

Stroke is caused by cerebral blood flow obstruc-
tion of various causes. Depending on the etiology
of the stroke, it has different pathophysiology,
which means that different treatment is needed.
In other words, the prognosis of the patient
depends on the proper treatment, and the treat-
ment depends on the cause of the stroke.
Therefore, classification of stroke has been one
of the challenges facing researchers.

After classifying stroke using the Harvard
Stroke Registry at Harvard University in 1978,
various classifications have been introduced [15].
We introduce some key stroke classifications.
The first classification to be described is the
ASCO Stroke Classification (A atherosclerosis, S
small vessel disease, C cardiac disease, O other)
[16, 17]. The ASCO Stroke Classification classi-
fies only ischemic stroke, taking into consider-
ation the potential likelihood of each stroke and
the tests that support it. The next classification is
the Oxfordshire Community Stroke Project
(OCSP) classification developed by epidemio-
logical study in Oxfordshire, England [18]. In the
United Kingdom, primary care physicians are
responsible for all stroke patients and only pre-
contrast brain CT is used for image evaluation.
This classification was developed to be optimized
for the public healthcare system in the United
Kingdom. Primary care physicians can be easily
accessed to the classification because each case
can be categorized solely based on basic physical
examination and location and size of the lesions
on brain CT (Table 1.2). Unlike stroke of unde-
termined etiology (SUE) of the Trial of Org
10172 in Acute Stroke Treatment (TOAST) clas-
sification, which is presented in the next section,
there is no ambiguity in classification, so patients
can be treated by clear guidelines. On the other
hand, it is a disadvantage of this classification
that it is difficult to treat based on the mechanism,
because it is not classified on the basis of the
etiology.

Last, we introduce the TOAST classification.
This is currently the most widely used classification
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Table 1.2 OCSP classification

Subtype Details

Lacunar infarct ~ Typical lacunar syndromes (4 types).

(LACI) Faciobrachial or brachiocrural
deficits.

Total anterior If the following three symptoms are

circulation combined:

infarct (TACI) 1. Higher cortical dysfunction (e.g.,
dysphasia, dyscalculia).

2. Homonymous visual field defect.
3. Ipsilateral motor and/or sensory
deficit (2 or more body parts among
face, arms, or legs).

# If there is a conscious impairment
and the test cannot be carried out, it
is assumed that there is a deficit.

Partial anterior 1. Two of the three symptoms of

circulation TACI are relevant.
infarct (PACI) 2. Higher dysfunction only.

3. Focal motor/sensory deficit.
Posterior Two of the three symptoms of TACI
circulation are relevant.

infarcts (POCIs) 1. Ipsilateral cranial nerve

palsy + contralateral motor and/or
sensory deficit

2. Bilateral motor and/or sensory
deficit.

3. Impaired conjugate eye
movement.

4. Cerebellar dysfunction without
ipsilateral long tract sign.

5. Isolated homonymous visual field
defect.

OCSP Oxfordshire Community Stroke Project

in the world and classified into five categories. Each
of these are large artery atherosclerosis, small vessel
occlusion, cardioembolism, stroke of other etiology,
and stroke of undetermined etiology. Three sub-
types were further classified in the undetermined
cause (Table 1.3). Compared to other classifica-
tions, TOAST is capable of causal assessment and
criteria of the classification is quite clear. However,
there are some problems in that classification. First,
the criteria proposed by TOAST are arbitrary. For
example, the criteria of large artery atherosclerosis
for stenosis of more than 50% in the proximal ves-
sel of the lesion has no specific basis for reference
and are not scientific. Depending on the nature of
the thrombus, it could be a stable thrombus even if
the size is large. Even small thrombosis, if the con-
tents are unstable (ulcerated plaque, intra-plaque

Table 1.3 TOAST classification

Details

Clinical evidence of cortical,
subcortical, brain stem, or
cerebellar dysfunction with more
than 50% lesion or occlusion in an
extracranial or intracranial vessel in
the distribution of an infarct larger
than 1.5 cm by CT or MRI. This
diagnosis cannot be made if arterial
studies show no evidence of
pathology or if there is reasonable
suggestion by history or studies that
another mechanism is possible.

A lacunar syndrome (pure motor,
sensorimotor, pure sensory, ataxia
hemiparesis, dysarthria-clumsy
hand) with normal CT or MRI or a
lesion smaller than 1.5 cm on CT or
MRI in the territories supplied by
small-vessel penetrators. Large-
artery and cardiac sources must be
excluded.

Clinical evidence of cortical,
subcortical, brain stem, or
cerebellar dysfunction with a lesion
size larger than 1.5 cm on CT or
MRI and the presence of at least
one high-risk (e.g., atrial fibrillation
or mechanical heart valve) or
medium-risk (e.g., lone atrial
fibrillation or patent foramen ovale)
cardiac pathology on diagnostic
studies (electrocardiogram, rhythm
strip, 24-hour cardiac monitoring,
transthoracic or transesophageal
echocardiography). Evidence of
transient ischemic attacks or strokes
in more than one vascular territory
or of systemic emboli supports the
diagnosis. Finally, other categories
(large artery, small artery) must be
excluded.

Stroke caused by nonatherosclerotic
vasculopathies, hypercoagulable
states, or hematologic disorders and
other rare causes of stroke after
diagnostic testing. Other categories
must be excluded.

This diagnosis is made if two or
more etiologies of stroke are
possible, a complete evaluation
reveals no possible source, or the
patient had an incomplete
evaluation.

TOAST Trial of Org 10172 in Acute Stroke Treatment, CT
computed tomography, MRI magnetic resonance imaging

Subtype

Large artery
atherosclerosis
(LAA)

Small vessel
occlusion (SVO)

Cardioembolism
(CE)

Stroke of other
etiology (SOE)

Stroke of
undetermined
etiology (SUE)



1 General Facts of Stroke

hemorrhage, etc.), the fragments of the thrombus
might migrate to the distal area. The criteria that the
size of the lesion should be within 1.5 cm in diam-
eter proposed by the small vessel occlusion is also
arbitrary, and there is a possibility that researchers
might make errors in determining the treatment
options. Another subtype to point out is 2 or more
etiologies, one of the subcategories of stroke of
undetermined etiology. TOAST classification
assesses whether the ischemic stroke mechanism
meets arbitrary criteria, and classifies it into ‘2 or
more etiologies” if two or more criteria are met at
the same time. It completely excludes clinicians
from detecting the cause of stroke by combining
various factors (neurological symptoms, medical
history, history of drug use, changes in clinical
symptoms, imaging findings, etc.). It also reduces
the chance of treatment by focusing on clinically
suspected causes. These simple and clear criteria
are easy to use, but should be kept in mind that they
might interfere with the proper care of patients.
Rather than suggesting specific figures that divide
each stroke subtype, somewhat vague criteria that
allow physicians to actively judge could be more
helpful. Stroke classifications are described in detail
in the Stroke Revisited series, Chap. 11. Also, we
have covered the details of stroke classification in
the remainder of this textbook.

1.6  Conclusion

We have covered in this chapter what we need to
know in order to define the basic concept of stroke,
such as definition, classification, mechanism, and
diversity of stroke. As you have already seen in
this chapter, stroke is not a stereotypical disease
that can be defined as one. Rather, it shows the
most complex and diverse characteristics among
all diseases that humans can suffer. Researchers
around the world are struggling to conquer a stroke
with this complexity, but it is still far from reality.
The shortcut for overcoming stroke begins with an
understanding of its nature. The authors hope that
this chapter will be a valuable first step for readers
to understand the nature of stroke.
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Cerebral Vascular Anatomy

Hyoung Soo Byoun and Gyojun Hwang

Abstract

The brain is about 2% of the body’s weight,
weighing between 1250 and 1450 g. The heart
sends 15% of all blood to the brain, and 20% of
total oxygen is consumed by the brain. Strokes
occur due to problems with blood supply to the
brain, and these can include hemorrhage,
infarction, and transient ischemic attack. The
emergent and proper management for strokes
should be performed immediately and can pre-
vent or minimize the otherwise devastating
consequences. A fundamental concept of ter-
ritories of the brain supplied by cerebral ves-
sels and the functions of these territories is
essential for effective therapeutic approach to
stroke. At this point, defining and understand-
ing cerebrovascular anatomy is the cornerstone
to safe and successful treatment of stroke.

This chapter addresses the basic anatomi-
cal structures, courses, relationships, and
functions of the cerebral vessels.
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2.1 Introduction

The cerebral blood flow is supplied by the inter-
nal carotid arteries (ICAs) and vertebral arteries
(VAs) [1]. The ICAs take charge of the anterior
circulation and the VAs take charge of the poste-
rior circulation, sending 80 and 20% of the cere-
bral blood flow. The circle of Willis is an
anastomotic system of arteries located at the
base of the brain connecting anteroposterior and
bilateral flows. The right innominate artery, left
common carotid artery (CCA), and subclavian
artery originate from the aortic arch. The right
innominate artery is then divided into right CCA
and right subclavian artery. The right VA origi-
nates from right subclavian artery and the left
VA from the left subclavian artery. The CCA
bifurcates to the ICA and the external carotid
artery (ECA) at the level of the C4 vertebral
body. Then, the anterior cerebral artery (ACA)
and middle cerebral artery (MCA) are separated
from the ICA. After branching of the posterior
inferior cerebellar artery (PICA) from both VAs,
the basilar artery (BA) is formed by the union of
two VAs. As it ascends superiorly, the BA rami-
fies the anterior inferior cerebellar artery
(AICA) and superior cerebellar artery (SCA),
and is divided into two posterior cerebral arter-
ies (PCAs).

S.-H. Lee (ed.), Stroke Revisited: Pathophysiology of Stroke, Stroke Revisited,
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2.2  Internal Carotid Artery

The ICA separates from the CCA at the level of
fourth cervical vertebrae, and passes through
the carotid canal into the cranium [2]. The diam-
eters of the CCA, carotid bulb, and proximal
ICA are approximately 7.0 mm, 7.5 mm, and
4.5 mm, respectively [3]. The ICA penetrates
the petrous bones, the cavernous sinus, and the
dura, and finally separates into the ACA and
MCA.

The ICA segment is divided into seven seg-
ments: cervical, petrous, lacerum, cavernous, cli-
noid, ophthalmic, and communicating segments
from the bottom (Fig. 2.1).

A. Bouthillier et al., 1996

Fig. 2.1 The classification scheme of the internal carotid
artery. C1, cervical; C2, petrous; C3, lacerum; C4, cavern-
ous; C5, clinoid; C6, ophthalmic; and C7, communicating
segment. Adapted with permission from Essential
Neurovascular Anatomy, Copyright Springer Nature [4]

2.2.1 Segments of the ICA

2.2.1.1 Cervical Segment

The cervical segment of the ICA is the section
from the CCA bifurcation to the carotid canal of
the temporal bone. The ICA is initially located at
the posterolateral portion of the ECA and then
courses medially to the ECA as it ascends toward
the carotid canal. The ICA lies anteromedial to
the internal jugular vein. The glossopharyngeal
nerve, vagus nerve, accessory nerve, and hypo-
glossal nerve course between the ICA and the
internal jugular vein [5]. There is no important
branch arising from this segment.

2.2.1.2 Petrous Segment

The petrous segment of the ICA enters the skull
base through the carotid canal and courses in the
petrous temporal bone. This segment subdivides
into the short vertical segment, genu, and long
horizontal segment. The sympathetic chain and
venous plexus surround the petrous segment [6].
The caroticotympanic artery and vidian artery
arise from this segment.

2.2.1.3 Lacerum Segment

The lacerum segment of the ICA is a section from
the end of the petrous segment to the petrolingual
ligament (Fig. 2.1).

2.2.1.4 Cavernous Segment

The cavernous segment of the ICA begins from
the petrolingual ligament and enters the cavernous
sinus. It consists of the posterior genu, horizon-
tal segment, and anterior genu. The meningohy-
pophyseal trunk, inferolateral trunk, and capsular
arteries of McConnell arise from the cavernous
segment of the ICA (Figs. 2.1 and 2.2).

The meningohypophyseal trunk arises from
the posterior genu of the cavernous segment of
the ICA. It ramifies three branches including the
tentorial arteries, inferior hypophyseal artery, and
lateral clival artery. The tentorial arteries course
medially and superiorly along the margin of the
tentorial incisura or run laterally and inferiorly
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Fig. 2.2 The branches
of cavernous internal
carotid artery segments.
Adapted with
permission from
Neurology, Copyright
Wolters Kluwer

Health [7]
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The capsular arteries of McConnell arise from
the medial aspect of the cavernous segment of the
ICA and supplies the pituitary gland irregularly.
They are too small to be seen during angiography
in the normal state. Medially directed aneurysms
of cavernous segments of the ICA can present in
these arteries. They can penetrate the diaphragm
sellae and occupy the sellae to cause subarachnoid
hemorrhage (if ruptured) and hypopituitarism.
These branches of the cavernous segment serve as
important collaterals in the ICA occlusion.

2.2.1.5 Clinoidal Segment

The clinoidal segment of the ICA is the section
from proximal dural ring to distal dural ring. It
is the shortest section of the ICA. There is no
branch arising from the clinoidal segment of
the ICA.
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2.2.1.6 Ophthalmic Segment

The ophthalmic segment of the ICA is the section
from the distal dural ring to the origin of the pos-
terior communicating artery. The ophthalmic
artery and superior hypophyseal artery arise from
this section (Fig. 2.1). The ophthalmic artery has
important branches including the central retinal
artery, the anterior and posterior ethmoidal arter-
ies, lacrimal branch, recurrent meningeal branch,
and branches supplying muscles and orbital con-
tent. They may receive collateral flows from the
ECA when the ICA is occluded [8]. A connection
between the facial or superficial temporal artery
and the lacrimal branch can serve as an important
collateral route. The recurrent meningeal branch
can collateralize with the middle meningeal
artery or the inferior lateral trunk of the cavern-
ous segment of ICA.

2.2.1.7 Communicating Segment

The communicating segment of the ICA is a sec-
tion from the origin of the posterior communicat-
ing artery (PCom) to the bifurcation of the
ICA. The PCom and anterior choroidal arteries
(AChA) arise from this section (Fig. 2.1).

The anterior thalamoperforator arteries (the
most prominent branch of the anterior thalamo-
perforators is called premamillary artery or tuber-
othalamic artery), seven to ten in number, come
from the superolateral aspect of the middle third
of the PCom (Fig. 2.3). They supply the anterior
portion of the thalamus, mammillothalamic tract,
ventral amygdalofugal pathway, internal medul-
lary lamina, posterior aspect of the optic chiasm,
the proximal portion of the optic radiations, the
posterior hypothalamus, and cerebral peduncle
[9]. Twenty percent of people have fetal-type
PCom which is a common variant. In individu-
als with fetal type PCom, the P1 segment of the
PCA is absent or hypoplastic [10, 11]. The AChA
arises from the posterior wall of the ICA between
the origin of the PCom and the ICA bifurcation
(Fig. 2.4). It is divided into two main segments:
cisternal segment and intraventricular segment.
The cisternal segment courses posterior medially
below the optic tract and superomedially below
the temporal lobe uncus then it turns laterally.
After it curves around the cerebral peduncle in
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Fig. 2.3 Perforating branches of the thalamus. Adapted
with permission from brainkart@com
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Fig. 2.4 The schematic illustration of angiographic fea-
ture of the anterior choroidal artery. /CA internal carotid
artery, BA basilar artery, and PCoA posterior communicat-
ing artery

the crural cistern, it continues toward the lateral
geniculate body. It turns sharply toward the cho-
roidal fissure near the lateral geniculate body,
and then, it enters the temporal horn through the
choroidal fissure and the intraventricular segment
begins. The sharp angle of the AChA at the cho-
roidal fissure is known as the “plexal point.” The
intraventricular segment continues along the cho-
roidal plexus and curves around the pulvinar of
the thalamus anteriorly. The AChA supplies the



2 Cerebral Vascular Anatomy

15

uncus, piriform cortex, tail of the caudate nucleus,
hippocampus, amygdala, thalamus, lateral genic-
ulate body, optic tract, genu and posterior limb
of internal capsule, cerebral peduncle, choroid
plexus, and subthalamic nucleus. Occlusion of the
AChA causes clinical symptoms which include
variable degrees of hemianesthesia, contralateral
hemiplegia, and hemianopsia with memory loss
and somnolence [12].

2.2.2 Anatomic Variants of the ICA

Agenesis of the ICA has been reported rarely.
Unilateral agenesis of the ICA is more common
than bilateral agenesis. Due to the development
of the collateral circulations or alternative routes,
clinical symptoms may not occur. This agenesis
can be confirmed by absence of the carotid canal.

The aberrant ICA is thought to be associated
with atresia or regression of the cervical portion
of the ICA. It usually occurs bilaterally and may
be misdiagnosed as a middle ear mass on axial
images. Pseudoaneurysm and severe bleeding
may occur due to biopsy of the misdiagnosed
lesion.

2.2.3 Carotid-Basilar Anastomoses

Transient segmental connections between the
primitive carotid and hindbrain circulations
including the trigeminal, otic, hypoglossal, and
proatlantal intersegmental arteries, present dur-
ing development of fatal craniocerebral circula-
tion (Fig. 2.5). These vessels course parallel with
the cranial nerves and are named according to
these nerves except for the extracranial proatlan-
tal intersegmental arteries. Normally, these ves-
sels disappear as the PComs develop. However,
if these vessels are not obliterated and persist
into adulthood, they are termed carotid-basilar
anastomoses.

The persistent trigeminal artery is the most
common of four carotid-basilar anastomoses. It
arises from the posterior genu of the cavernous
ICA. It curves laterally and posteriorly around the
dorsum sella, following the trigeminal nerve

Trigerminal

Hypoglossal

Proatlantal

' Vertebral artery

Fig. 2.5 Carotico-basilar anastomoses. Adapted with
permission from American Journal of Roentgenology,
Copyright American Roentgen Ray Society [13]

(parasellar course) or directly posteriorly to pierce
the dorsum sellae to anastomose with the basilar
artery (intrasellar course). The persistent trigemi-
nal artery is frequently associated with other vas-
cular abnormalities including aneurysm. The
primitive otic artery arises from the petrous seg-
ment of the ICA. It emerges from the internal
auditory meatus and joins the BA. The persistent
otic artery is extremely rare. The persistent hypo-
glossal artery, the second most common anasto-
mosis, arises from the cervical segment of the
ICA at the level of C1 or C2. After that it curves
posteromedially to the hypoglossal canal and
passes through the hypoglossal canal to join the
BA without passing the foramen magnum. In
cases of persistent hypoglossal artery, the PCom
is absent and the ipsilateral VA is hypoplastic. The
proatlantal intersegmental artery arises from ICA
(type 1) or ECA (type 2) at the level of C2 or C3,
and runs posterolaterally and superiorly outside
of the intervertebral foramen. Then, it passes
through the foramen magnum and joins the VA.
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2.3  Anterior Cerebral Artery

The ACA supplies the medial aspects of cerebral
hemisphere, lentiform nucleus, and base of the
frontal lobe (Fig. 2.6). The ACA is divided into
three segments [14, 15]:

e Al: precommunicating segment (horizontal)
e A2: postcommunicating segment (vertical)
e A3: distal segment

The A1 segment extends horizontally from the
ICA bifurcation to the origin of the anterior com-
municating artery (ACom). Divided from the
ICA, it courses medially toward the interhemi-
spheric fissure over the optic nerve or optic chi-
asm and below the anterior perforated substance.

If the A1 segment is hypoplastic or absent, the
opposite Al supplies both ACA territories
through the ACom. The ACom complex has vari-
ations according to the relative size of the Al seg-
ment and the ACom. If the diameter of the Al
segments is 1.5 mm or less, it is defined as hypo-
plastic. The ACom varies in diameter up to
3.4 mm, in length up to 7 mm. The greater the
diameter of the ACom, the more asymmetry of
the Al segments occurs. Asymmetry of the Al

Al

Fig. 2.6 The segments of anterior cerebral artery.
Adapted with permission from Essential Neurovascular
Anatomy, Copyright Springer Nature [4]

segments may affect aneurysm formation in the
ACom [16, 17].

The A2 segment is the section from the origin
of the ACom to the junction where the rostrum of
corpus callosum and genu of corpus callosum
meet. It courses upward within the interhemi-
spheric fissure, anterior to the lamina terminalis
and rostrum of corpus callosum.

The A3 segment begins at a point where the
ACA is divided into the pericallosal artery and
callosomarginal artery around the genu of corpus
callosum. The callosomarginal artery courses
over the cingulate gyrus and within the cingulate
sulcus posteriorly. The pericallosal artery runs
posteriorly above the corpus callosum with vari-
ous lengths.

2.3.1 Perforating Branches

The medial lenticulostriate artery arises from the
Al segment, runs posterosuperiorly through the
anterior perforated substance (Fig. 2.7). It sup-
plies anterior hypothalamus, septum pellucidum,
the medial part of the anterior commissure, the
pillars of the fornix, and the anterior aspect of the
striatum [14, 19].

The recurrent artery of Heubners arises from
the proximal portion of the A2 segment (34—
50%), A1 segment (17—45%), or ACom (5-20%)
(Fig. 2.7). It runs back on the course of its parent
vessel. It courses laterally above the Al and M1
segments and supplies the head of the caudate
nucleus, anterior limb of the internal capsule,
anterior portion of the hypothalamus, and globus
pallidus. Then, it terminates in the lateral aspect
of the anterior perforated substance [20].

Inferiorly directed small perforating branches
from Al, proximal A2, and ACom supply the
optic chiasm and nerve. Also, perforating
branches from the ACom are directed toward the
anterior cingulum, corpus callosum, fornix, and
septal region. The anterior basal perforating
branches of the ACom complex supply the
hypothalamic region. If these vessels are injured,
neurologic and psychiatric syndromes will be
generated [14, 21, 22].
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Fig. 2.7 The areas of origin of the
recurrent artery of Heubner. Adapted
with permission from BioMed Research
International [18]
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2.3.2 Cortical Branches

The cortical branches are named according to the
territory perfused (Fig. 2.8). Normally, cortical
branches do not arise from the Al segment. First
cortical branches arise from the proximal A2 seg-
ment. These vessels supply the orbital surface of
the frontal lobe (orbitofrontal artery). Second cor-
tical branches also arise from the proximal A2.
The most prominent branch of these is called the
frontopolar artery arising below the rostrum or
genu of corpus callosum and coursing anteriorly
to the frontal pole. The anterior, middle, and pos-
terior internal frontal artery and precentral arteries
which are ramified from the callosomarginal
artery supply the medial surface of the hemi-
sphere above the corpus callosum of frontal and
precuneus as well as the adjacent convexity. The
superior and inferior parietal arteries arising from
the pericallosal artery represents continuation of
the main ACA trunk supplying the medial surface
above the corpus callosum of the parietal lobe.

2.3.3 Anomalies of the ACA

The ACA in rare cases arises from the region that
located a few millimeters above the intradural
ICA. In this situation which is called infraoptic
origin of the ACA, the ACA courses medially

Fig. 2.8 The distal branches of anterior cerebral artery.
(1) Orbitofrontal artery; (2) frontopolar artery; (3) anterior
internal frontal artery; (4) middle internal frontal artery;
(5) posterior internal frontal artery; (6) paracentral artery;
(7) superior parietal artery; (8) inferior parietal artery; (9)
callosomarginal artery; and (10) pericallosal artery.
Adapted with permission from Essential Neurovascular
Anatomy, Copyright Springer Nature [4]

below the optic nerve and then curves superiorly to
the AComA. This anomaly is associated with other
anomalies including aneurysm, agenesis of hypo-
plasia of the A1, and carotid agenesis. Accessory
ACA arises from the ICA and courses under the
optic nerve to supply the medial and basal area of
the frontal lobe. Azygous ACA that is a single
unpaired ACA is formed due to the embryonic
median artery of the corpus callosum remaining. It
is associated with an increased risk of aneurysm or
other anomalies. Bihemispheric ACA is similar to
azygous ACA. However, it has one hypoplastic A2
and the other dominant A2 divides into branches
that supply both hemispheres.

2.4  Middle Cerebral Artery

After the ACA is separated at the ICA bifurca-
tion, the MCA passes through the sylvian fissure
and insula, and supplies a wide area on the
surface of the cerebrum (Fig. 2.9). The MCA are
divided into four segments [23-25]:

Fig. 2.9 The middle cerebral artery. Adapted with per-

mission from Essential
Copyright Springer Nature [4]

Neurovascular ~ Anatomy,
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e MI: horizontal segment
e M2: insular segment
e M3: opercular segment
e M4: cortical segment

The M1 segment is the horizontal section
from the ICA bifurcation to the limen insulae and
courses below the anterior perforated substance.
It is divided into prebifurcation and postbifurca-
tion segments at a point where the MCA is
divided into superior and inferior divisions. The
MCA main trunk can be divided into four pat-
terns such as a single trunk with no main divi-
sion, a bifurcation, a trifurcation, or multiple
trunks. Of these, the bifurcation pattern is the
most common (up to 90%). Near the limen insu-
lae, the postbifurcation segment curves upward
in a gentle angle, forming “genu.”

The M2 segment extends from the genu to the
top of the circular sulcus of the insula. It consists
of six to eight major stem arteries. In bifurcation
pattern, superior and inferior division of the M2
segments course in posterosuperior and postero-
inferior directions at the genu, respectively. The
M3 segment begins at the top of the insula and
turn laterally within the sylvian fissure (opercular
turn). After exiting the sylvian fissure, the M4
segments become visible on the lateral convexity
of the hemisphere and they spread to the outer
part of frontal, parietal, temporal occipital lobe,
and widely supply the cerebral cortex.

2.4.1 Perforating Branches

The lateral lenticulostriate arteries mainly arise
from the posterosuperior aspect of the M1 seg-
ment and its remaining vessels arise from the M2
segment. The lateral group of the lateral lenticu-
lostriate arteries have a slightly larger diameter
than the medial group. Lateral groups have a
recurrent curve before entering the anterior per-
forated substance. Lateral lenticulostriate arteries
make a sharp posterior and medial turn in the cis-
ternal portion from their origin to assume a more
lateral curve as they enter the anterior perforated
substance. They supply the lateral aspect of the
anterior commissure, corona radiata, head and

body of caudate nucleus, lateral segment of glo-
bus pallidus, putamen, and superior part of inter-
nal capsule [26-28] (Fig. 2.9).

2.4.2 Cortical Branches

The cortical arteries of MCA supply most of the
lateral surface of the cerebral hemisphere and are
named according to the territory perfused
(Fig. 2.10). There are the orbitofrontal artery,
prefrontal artery, precentral artery, central artery,
anterior parietal artery, posterior parietal artery,
and angular artery which supply the upper part of
the MCA territory based on Sylvian fissure. The
temporooccipital —artery, posterior temporal
artery, middle temporal artery, anterior temporal
artery, and temporopolar artery supply the lower
part of the MCA territory.

The orbitofrontal artery supplies the inferior
surface of the frontal lobe. The prefrontal artery
supplies much of the lateral aspect of the frontal
lobe anterior to the sylvian triangle. The
orbitofrontal and prefrontal arteries exhibit the
fanciful appearance of a candelabra. They usu-
ally supply the Broca speech area, the frontal eye
fields, and premotor strip on the dominant hemi-

Fig.2.10 The cortical branches of middle cerebral artery.
(1) Anterior parietal artery; (2) posterior parietal artery; (3)
angular artery; (4) temporooccipital artery; (5) posterior
temporal artery; (6) middle temporal artery; (7) anterior
temporal artery; (8) temporopolar artery; (9) orbitofrontal
artery; (10) prefrontal artery; (11) precentral artery; and
(12) central artery. Adapted with permission from Essential
Neurovascular Anatomy, Copyright Springer Nature [4]
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sphere. The precentral artery courses superiorly
on the posterior part of the frontal lobe or the
anterior edge of the parietal operculum. The cen-
tral artery courses posterosuperiorly along the
central sulcus toward the superior margin of the
hemisphere. The anterior parietal artery initially
courses along the postcentral sulcus, then courses
in the intraparietal sulcus. The posterior parietal
artery courses posterosuperiorly and shows the
anterior border of the supramarginal gyrus. The
angular artery appears at the most posterosupe-
rior portion of the lateral sulcus and crosses
transverse temporal gyrus (Heschl’s gyrus). The
temporooccipital artery courses posteriorly to
supply the superior temporal gyrus and lateral
surface of the occipital lobe. The posterior tem-
poral artery crosses the superior, middle, and
inferior gyrus posteroinferiorly to supply the pos-
terior part of the temporal lobe. The medial tem-
poral artery supplies the middle part of the
temporal lobe. The anterior temporal artery that
arise from the M1 segment usually supplies the
lateral aspect of the anterior temporal lobe.

The region named “the watershed zone” occu-
pies the border between the MCA territory and the
territories of the adjacent cerebral arteries, mean-
ing that it is at the interface of different circula-
tions. This region is vulnerable to ischemic injury
particularly in the hypo-perfused condition.

2.4.3 Anomalies of the MCA

Accessory M1 arises from the ACA and parallels
the M1. It is associated with aneurysm formation
and should be distinguished from other anomalies
such as duplicated M1 and a large recurrent artery
of Heubner. Duplicated M1 that arises from ipsi-
lateral ICA runs parallel with ipsilateral M1. It is
also associated with the aneurysm formation.
Fenestration of the M1 is rarely found and should
not be misdiagnosed as an M1 dissection.

2.5 Posterior Cerebral Artery

The BA is divided into the two PCAs at the front
of midbrain, interpeduncular cistern near dorsum
sellae or suprasellar cistern below the base of the
third ventricle (Fig. 2.11).

Fig. 2.11 The posterior cerebral artery. Adapted with
permission from Essential Neurovascular Anatomy,
Copyright Springer Nature [4]

The PCA consists of four segments:

e Pl: precommunicating segment
e P2: ambient segment

e P3: quadrigeminal segment

e P4: calcarine segment

The P1 segment is a section from basilar
bifurcation to the junction with the PComA. It
curves around the front of the midbrain in the
interpeducular cistern and locates above the
oculomotor nerve. The P2 segment extends
from the junction with the PComA to the poste-
rior portion of the midbrain between the mid-
brain and the hippocampal gyrus. Above the
tentorium cerebellum and trochlear nerve, it
courses parallel to the basal vein of Rosenthal
and optic tract in the ambient cistern. The P3
segment curves medially within the perimesen-
cephalic cistern. Both P3 segments approach
each other behind the colliculi with varying dis-
tances. Then, it courses laterally from the level
of the quadrigeminal plate to the calcarine fis-
sure. The P4 segment begins at the anterior part
of the calcarine fissure. It is divided into the
medial and lateral occipital arteries within the
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calcarine fissure and includes cortical branches
that arise from the distal PCA [29].

2.5.1 Perforating Branches

The posterior thalamoperforating arteries, up to
eight in number, arise from the posterior or supe-
rior aspect of the P1 segment (Fig. 2.3). They
course posteriorsuperiorly and pass through the
posterior perforated substance, the interpeduncu-
lar fossa, and the medial walls of the cerebral
peduncles. Usually, the posterior thalamoperfo-
rating arteries arise from both P1 segments. Both
posterior thalamoperforating arteries may arise
from one side as a common trunk (the artery of
Percheron). In this case, if the common trunk is
occluded, thalamic infarction may occur on both
sides. The proximal 2-3 mm of the P1 segment
are most often free of vessels. Therefore, when
treating aneurysm in this area, the risk of perfo-
rating artery injury is relatively small.

The thalamogeniculate arteries, 2—12 in num-
ber, arise from the posterior or posterosuperior
aspect of the P2 segment primarily, as well as the
P3 segment [30].

The posterior thalamoperforating arteries and
thalamogeniculate arteries together, supply the
posteromedial aspect of thalamus, subthalamic
nucleus, the substantia nigra, red nucleus, oculo-
motor and trochlear nuclei, posterior portion of
the internal capsule, and the cisternal segment of
the oculomotor nerve [9].

The perpendicular perforating arteries arise
(up to six in number) from the P1 and P2 seg-
ments. They course directly to the cerebral pedun-
cles and supply the corticospinal and corticobulbar
tracts, substantia nigra, red nucleus, and tagmen-
tal and cisternal portions of the oculomotor nerve.

2.5.2 Ventricular Branches

The medial posterior choroidal arteries (PChAs)
arise from the P2 segment primarily, but also the
P1 segment, or parietooccipital artery. They
course around the ambient cistern, then curve

superomedially and run forward to enter the roof
of the third ventricle. They extend anteriorly
within the velum interpositum toward the fora-
men of Monro and terminate at the choroid
plexus of the lateral ventricle. Cisternal branches
of the medial posterior choroidal arteries supply
the medial geniculate body, habenula, midbrain,
pineal gland, posterior thalamus, and tectal plate.

The lateral PChAs, up to nine in number, arise
from the P2 segment or various cortical branches
of the PCA. Their origin is more distal than the
medial PChAs. They pass through the choroidal
fissure to enter the lateral ventricle posteriorly at
the level of the atrium. Then, they curve laterally
around the pulvinar of the thalamus within the
lateral ventricle. The lateral PChAs anastomoses
with the medial PChAs and branches of the
AChA [31].

2.5.3 Cortical Branches

The anterior and posterior temporal arteries arise
from the P2 segments (Fig. 2.12). The anterior
temporal artery courses anterolaterally under the
hippocampal gyrus. The posterior temporal artery
courses posterolaterally toward the occipital
lobe. They anastomose with temporal branches
of the middle cerebral artery and supply the infe-
rior aspect of the temporal lobe. Passing through
the calcarine fissure, the posterior cerebral artery
is divided into the medial and lateral occipital
arteries. The lateral occipital artery is further
divided into the anterior, middle, and posterior
inferior temporal arteries supplying the inferior
surface of the temporal lobe. The medial occipi-
tal artery is divided into the parietooccipital
artery and the calcarine artery. The parietooccipi-
tal artery, the largest terminal branch of the PCA,
courses in the parietooccipital sulcus and curves
laterally to approach the parietooccipital sulcus.
The calcarine artery runs deep within the
calcarine sulcus. It supplies the primary visual
cortex. The splenial artery arises from the pari-
etooccipital artery or calcarine artery. It anasto-
moses with the branches of the pericallosal artery
and the medial PChA.
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Fig. 2.12 The major branches of posterior artery. (1)
Posterior communicating artery; (2) hippocampal artery;
(3) posteromedial choroidal artery; (4) anterior temporal
artery; (5) middle temporal artery; (6) posterior temporal
artery; (7) posterolateral choroidal artery; (8) splenial
artery; (9) parietooccipital artery; and (10) calcarine
artery. Adapted with permission from Essential
Neurovascular Anatomy, Copyright Springer Nature [4]

2.6 Basilar Artery

Both VAs join and become the BA at the ponto-
medullary junction. The BA is approximately
32 mm in length and 4 mm in diameter in adults,
until it is divided into two PCAs in the prepontine
cistern. It courses along a shallow median groove
on the pons.

2.6.1 Cerebellar Branches

The SCA arises from proximal portion of the
basial bifurcation. It is divided into four segments
including the anterior pontomesencephalic, lateral
pontomesencephalic,  cerebellomesencephalic,
and cortical segments (Fig. 2.13). The anterior

Fig. 2.13 The schematic illustration of the cerebellar
arterys. (1) Superior cerebellar artery (SCA); (2) medial
branch of SCA; (3) lateral branch of SCA; (4) anterior
inferior cerebellar artery (AICA); (5) posterior inferior
cerebellar artery (PICA); (6) medial branch of PICA; (7)
lateral branch of PICA; (8) basilar artery; and (9) vertebral
artery. Adapted with permission from Vascular Supply
and Territories of the Cerebellum, Copyright Springer
Nature [32]

pontomesencephalic segment courses below the
oculomotor nerve between the dorsum sellae and
the upper brainstem. The lateral pontomesence-
phalic segment begins at the anterolateral margin
of the brain stem, then it curves around the cere-
bral peduncle posterolaterally below the trochlear
nerve and above the trigeminal nerve. It is divided
by the tentorium cerebelli at distal portion to form
the cerebellomesencephalic segments. It courses
within the cerebellomesencephalic fissure and is
divided into two cortical branches (medial and
lateral). The lateral branch of the SCA supplies
superolateral aspect of cerebellar hemisphere,
superior cerebellar peduncle, dentate nucleus, and
brachium pontis, and the medial branch supplies
the superomedial aspect of the cerebellar hemi-
sphere, superior aspect of vermis, inferior col-
liculi, and midbrain [33].

The AICA arises from the proximal basilar
artery and curves laterally, posteriorly, and inferi-
orly around the pons near the abducens nerve. It
is divided into four segments including the ante-
rior pontine, lateral pontine, flocculopeduncular,
and cortical segments (Fig. 2.13). The anterior
pontine segment is located between the clivus
and the belly of the pons. The lateral pontine seg-
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ment begins at the anterolateral margin of the
pons and passes through the cerebellopontine
angle. In this segment, it locates the anteromedial
portion of the facial nerve and vestibulocochlear
nerve. The flocculopeduncular segment courses
above the flocculus and along the middle cerebel-
lar peduncle toward the apex of the cerebellopon-
tine fissure. The cortical segment goes toward the
petrosal surface of the cerebellum. The AICA
supplies the anterior inferior aspect of the cere-
bellum, flocculus, middle cerebellar peduncle,
inferolateral aspect of pons, and superior portion
of medulla. It terminates near the petrosal sur-
face. The labyrinthine artery that mainly arises
from the AICA supplies the structures of the
internal auditory canal including the facial and
vestibulocochlear nerves [34, 35].

2.6.2 Perforating Branches

Numerous pontine perforating arteries arise from
the BA within the prepontine cistern. The median
and paramedian branches arise perpendicularly
from the posterior wall of the BA and penetrate
the pons posteriorly to reach to the floor of the
fourth ventricle. The circumferential branches
arise from the posterolateral wall of the basilar
artery and curve around the lateral aspect of the
pons. They give off many perforating branches
perpendicularly to the pons and ventrolateral por-
tion of cerebellum [36].

2.7  Vertebral Artery
The VA, which is the first branch of the subcla-
vian artery, is divided into four segments:

* VI: extraosseous segment
e V2: foraminal segment

e V3: extraspinal segment

* V4: intracranial segment

The V1 segment arises from the superior or
posterior aspect of the subclavian artery and
courses superoposterioly toward the transverse
foramen of the C6. The V2 segment runs verti-

cally to the transverse foramen of the second cer-
vical vertebra and passes through laterally
through the transverse foramen of the C2 in an
inverted L-shape. Then it turns again superiorly
to the transverse foramen of the CI. Passing
through the transverse foramen of the C1, the V3
segment makes a posteromedial curve around the
atlantooccipital articulation. Then, it turns
sharply anteriorly and superiorly to pierce the
dura. After piercing the dura, the V4 segment
enters the skull via the foramen magnum and
each V4 segment joins together at the pontomed-
ullary junction to become the BA. Usually, the
left VA is larger in diameter than right one [37].

2.7.1 Intracranial Branches

The PICA is the largest and most important ves-
sel among the VA branches and has the most
variations. Eighty to ninety percent of the PICA
arise from the intracranial VA and the others
arise from the extracranial VA. The PICA is
divided into five segments and two loops
(Fig. 2.13). After separating from the vertebral
artery, the PICA curves posteriorly around the
inferior margin of the olive within the medullary
cistern to be the anterior medullary segment. It
runs between or above the root of the glossopha-
ryngeal, vagus, and accessory nerves. The lateral
medullary segment courses between the acces-
sory rootlets. The tonsillomedullary segment
extends from the level of accessory nerves
around the caudal half of the tonsil and forms the
caudal loop. The telovelotonsillar segment
extends from the midlevel of the tonsil to the exit
from the cleft located between the tela choroidea
and inferior medullary velum superiorly and the
superior pole of the tonsil inferiorly, and forms a
cranial loop. Then, it terminates upon separating
into the vermian branch (medial branch) and the
tonsilohemispheric branch (lateral branch). The
PICA supplies the lower medulla and the inferior
aspects of the fourth ventricle, tonsils, vermis,
and inferolateral cerebellar hemisphere. If terri-
tories of the PICA are occluded, a lateral medul-
lary syndrome or Wallenberg syndrome is
generated. Numerous medullary perforating
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branches arise from the anterior, lateral, poste-
rior medullary segments. Therefore, medullary
functions can be spared in case of more distal
PICA infarctions [38].

The anterior spinal artery arises from the V4
segment. Each anterior spinal artery courses
inferomedially to unite with each other. After
combining, it descends along the anterome-
dian sulcus of the spinal cord. The anterior
spinal artery gives off small perforating ves-
sels to the anterior aspect of the medulla and
anterior two thirds of the spinal cord. The
lateral spinal artery arises from the V4 seg-
ment or posterior inferior cerebellar artery. It
originates lateral to the medulla, and descends
anterior to the posterior spinal nerve roots and
posterior to the dentate ligament. It supplies
the accessory nerve, the lateral and posterior
aspects of medulla and spinal cord, and C1-4
spinal nerves.

2.8 External Carotid Artery

The ECA is anatomically related to many impor-
tant structures of the head and neck. Initially, it
locates at the anterior and medial portion of the
ICA. Running cranially, it is in the posterolateral
portion of the ICA to ramify over the structures
of the face (Fig. 2.14).

The ECA consists of eight main arteries which
include the superior thyroid artery, ascending
pharyngeal artery, lingual artery, facial artery,
occipital artery, posterior auricular artery, inter-
nal maxillary artery, and superficial temporal
artery.

2.8.1 Superior Thyroid Artery

The superior thyroid artery is the first branch of
the ECA. It courses inferiorly to anastomose
with the branches of the contralateral superior
thyroid artery and ipsilateral inferior thyroid
artery and supplies the thyroid gland, parathy-
roid gland, larynx, and related structures
(Fig. 2.15).

R

Fig. 2.14 The vertebral artery. Adapted with permission
from Essential Neurovascular Anatomy, Copyright
Springer Nature [4]

Fig. 2.15 The branches of external carotid artery. (1)
Superior thyroid artery; (2) ascending pharyngeal artery;
(3) lingual artery; (4) facial artery; (5) posterior auricular
artery; (6) maxillary artery; (7) occipital artery; and (8)
superficial temporal artery. Adapted with permission from
Essential Neurovascular Anatomy, Copyright Springer
Nature [4]
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2.8.2 Ascending Pharyngeal Artery

The ascending pharyngeal artery arises from the
posterior portion of the proximal ECA or arises
from the cervical segment of the ICA. It occasion-
ally has a common trunk with the occipital artery.
The ascending pharyngeal artery is divided into
the pharyngeal trunk, neuromeningeal trunk, infe-
rior tympanic branch, and musculospinal branch.

The pharyngeal trunk consists of the superior,
middle, and inferior pharyngeal branches, and
supplies the nasopharynx, oropharynx, and hypo-
pharynx, respectively. The superior pharyngeal
branch passes through the artery of foramen
rotundum to anastomose with the inferolateral
trunk of the ICA.

The neuromeningeal trunk consists of the
hypoglossal and jugular branches. The hypoglos-
sal branches supply the neural structure of the
hypoglossal canal and various dural territories of
the posterior fossa, and have bilateral connections
between the vertebral artery and the ascending
pharyngeal artery behind the C2 body (arcade of
the odontoid process). Furthermore, they form the
collateral anastomosis with the meningohypophy-
seal artery. The jugular branches enter through the
jugular foramen and run posterolaterally. It sup-
plies the adjacent dura and sends branches run-
ning along the course of the sigmoid sinus.

The inferior tympanic artery courses between
the pharyngeal trunk and the neuromeningeal
trunk. It anastomoses with the stylomastoid
branch of the occipital artery running with the
facial nerve, middle meningeal artery, and caroti-
cotympanic branch of the ICA in the middle ear.

The musculospinal branch supplies the acces-
sory nerve, superior sympathetic ganglion, and
cervical muscle and anastomoses with the verte-
bral artery, ascending cervical artery, and deep
cervical arteries.

2.8.3 Lingual Artery
The lingual artery is the second branch of the

ECA coursing anteriorly. It supplies the tongue,
mouth floor, and suprahyoid area. Ten percent

of the lingual artery makes a common linguofa-
cial trunk with the facial artery. The facial
artery and lingual artery achieve hemodynami-
cal balance. Therefore, if one is hypoplastic,
the other will be prominent to supplement the
lack of blood flow.

2.8.4 Facial Artery

The facial artery is the third branch moving
toward the anterior direction that arises from a
just distal portion to the origin of the lingual
artery. It courses inferolaterally around the body
of the mandible. Then, it turns anterosuperiorly
to supply the face, palate, lip, and cheek. The
facial artery maintains hemodynamic balance
with the branches of the ECA such as the
ascending pharyngeal artery, internal maxillary
artery, and accessory meningeal artery. Because
it anastomoses with the branch of the ophthal-
mic artery branch, it can be an important supple-
mentary collateral in case of occlusion of the
ipsilateral ICA.

2.8.5 Occipital Artery

The occipital artery is one of the posteriorly
directed branches of the ECA and it courses pos-
terosuperiorly between the occipital bone and C1
vertebra to supply the extensive musculocutane-
ous structures, meninges, and scalp.

Normally, the occipital artery anastomoses
with the ipsilateral vertebral artery in the C1 and
C2 spaces and with the deep cervical artery at the
C3 and C4 level. Sometimes, there is a connec-
tion between the musculospinal branch of the
ascending pharyngeal artery.

Among the branches of the occipital artery,
the stylomastoid artery and transmastoid artery
are the endocranial branches. As the stylomastoid
artery supplies the facial nerve and structures in
the middle ear, caution is needed during emboli-
zation. The transmastoid artery is the source of
high flow vascular lesions or tumors in the poste-
rior fossa.
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2.8.6 Posterior Auricular Artery

The posterior auricular artery courses posteriorly
and arises from distal portions of the occipital
artery to supply the superficial structures of the
outer ear such as the scalp around the ear, ear, and
external auditory meatus. Sometimes, it ramifies
the stylomastoid artery that supplies the chorda
tympani nerve.

2.8.7 Superficial Temporal Artery

The superficial temporal artery is the thermal
artery that supplies the frontal and parietal areas
of the scalp, ear, lateral aspect of the orbit and
parotid gland. Sometimes, it has important anas-

tomoses with the palpebral and lacrimal
arteries.
2.8.8 Internal Maxillary Artery

The internal maxillary artery is the largest ECA
branch. It terminates by ramifying numerous
branches that supply structures deep in the face
and nose, within the pterygopalatine fossa. The
middle meningeal artery that arises from the
proximal portion of the internal maxillary artery
is the largest branch. It enters the skull via the
foramen spinosum by curving at a right angle and
supplying the dura of the frontal, temporal squa-
mous, parietal area and near the sigmoid and
transverse sinuses. The accessory meningeal
artery is a small but important branch that arises
from the middle meningeal artery. It passes
through the foramen ovale or sphenoid emissary
foramen to enter the cranial space. It mainly sup-
plies the extracranial structures and additionally
the trigeminal ganglion, cavernous sinus, and
adjacent dura near the foramen ovale. It anasto-
moses with the inferolateral trunk of the ICA. The
sphenopalatine artery passes through the foramen
spinosum to supply the nose. It is mainly associ-
ated with posterior epistaxis. The distal branches
of the internal maxillary artery including the
artery of the foramen rotundum, the vidian artery,
and the palatovaginal arteries have numerous

anastomoses with other ECA branches and the
ICA and its branches.
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Abstract

In the TOAST classification of ischemic
strokes, large-artery atherosclerosis and small-
vessel occlusion are major subtypes. However,
the meaning of “large artery” and “small ves-
sel” is unclear. Histologically, the arterial sys-
tem of the human body comprises of elastic
and muscular arteries, arterioles, and capillar-
ies. Among them, muscular arteries are dis-
tributed to each organ in the body and are
present in the subarachnoid space of the brain.
Arterioles usually have a diameter of
10-100 pm and are mostly located in the
brain. “Large arteries” and “small vessels”
under the TOAST classification system are not
found in the histological classification of
arteries. This discrepancy causes a major hur-
dle in the understanding of stroke pathophysi-
ology. In this chapter, we will thoroughly
explore the different concepts of large arteries
and small vessels and provide a basis to under-
stand the stroke pathophysiology.
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The TOAST classification system of ischemic
strokes is based on its pathophysiology and
includes some unique subtypes, such as large-
artery atherosclerosis and small-vessel occlusion,
that are uncommon in other classifications [1]. It
is important to understand the meaning of “large
artery” and “small vessel.” Histologically, the
arterial system of the human body comprises of
elastic and muscular arteries, arterioles, and cap-
illaries, determined by their size and proximity
from the heart and does not include large arteries
or small vessels, the strokes of which are the
main subtypes in the TOAST system. Therefore,
early career physicians and physicians-in-training
of neurology intuitively assume that “large arter-
ies” mean aorta and muscular arteries, while
“small vessels” mean arterioles and capillaries.
Such intuitive assumptions may not be correct,
and because these words are key to the proper
understanding of stroke pathophysiology, they
must be clearly defined. Nevertheless, most text-
books and articles on stroke pathophysiology
have not provided any obvious explanation of the
terms.

The paper by Adams Jr. et al., Stroke 1993
on TOAST classification described large-artery
atherosclerosis as “clinical and brain imaging
findings of either significant (>50%) stenosis or
occlusion of a major brain artery or branch cor-
tical artery” [1]. In their description, large
arteries referred to the major brain arteries and
branches to the brain cortex, and their histolog-
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ical categories were not mentioned. Moreover,
they described the strokes caused by small-ves-
sel occlusion as “strokes are often labeled as
lacunar infarcts in other classifications,” with-
out explaining the concept of small vessels. The
global confusion on large arteries and small
vessels must have begun here. To understand
the pathophysiology of ischemic strokes, we
must know the vessels involved and the patho-
logical conditions they are involved in. In this
chapter, we will thoroughly explore the differ-
ent concepts of large arteries and small vessels
and provide a basis to understand the stroke
pathophysiology.

3.1 Histological Classification

of Arteries

Table 3.1 describes the histological classification
of the arterial system. The arteries from the heart
to the individual organs are generally catego-
rized as elastic and muscular arteries and arteri-
oles [3, 4].

The elastic arteries are the aorta and pulmo-
nary arteries, which begin directly from the heart.
They are the largest in diameter among all arter-
ies in the body. However, the vessel walls are
relatively thin. They are abundant in elastin, and
the elasticity is necessary to take blood from the

Table 3.1 The histological classification of the arterial system

Subtype Details
Intima Media Adventitia
Elastic artery (conducting artery)
A single layer of It consists of It contains elastic
Togicaining endothelial cellsis ~ abundant and collagen fiber,
supported by concentrating layers  vasa vasorum, and

Elastic artery

Muscular artery (distributing artery)

Muscular artery

Tunica Intima

Tunica Medi

J
. Tunica Externa

Arteriole (local regulating artery)

External elastic lamina
Internal elastic lamina

Tunica Intima

Tunica Media l

Small arter

Tunica Externa

Tunica Externa

elastin-rich collagen
IEL is not distinct

It is relatively thin
with well demarcated
IEL

It is made up of an
endothelium

It is very thin and
consists of only a
single layer of
endothelium

of elastic laminae
EEL is not distinct

It is consisted mainly
by smooth muscle
fibers

It is separated from
tunica adventitia by
prominent EEL

It consists of one to
six layers of smooth
muscle cell

There is no EEL

IEL internal elastic laminar, EEL external elastic laminar. Adapted from EC cardiology [2]

nervi vascularis

It consists of elastic
and collagen fibers
There is few
fibroblasts, vasa
vasorum and nervi
vascularis

It is about the same
size as tunica media
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heart and deliver it. The tunica intima is com-
posed of a single layer of endothelial cells and is
supported by elastin-rich collagen. The tunica
media is thick and has concentric sheets of elas-
tin, but the smooth muscle cells are few. The
tunica adventitia has a vasa vasorum for its own
blood supply. The internal and external elastic
lamina (IEL and EEL) are not found in elastic
arteries.

The muscular arteries are the blood vessels
distributed in the individual organs of our body,
which course through the subarachnoid space in
the brain. The tunica media contains many
smooth muscle cells that can shrink and relax
while supplying blood to the organs, and the elas-
tin component is less. The tunica intima is com-
posed of a single layer of endothelial cells, while
the tunica adventitia is thick and composed
mainly of collagen and elastin. Muscular arteries
characteristically have distinct IEL and EEL.

Arterioles usually have a diameter of
10-100 pm and almost always course through the
brain tissue. The three layers of tunica intima,
media, and adventitia are intact but are much
thinner compared to muscular arteries. The tunica
media consists of 1-6 layers of smooth muscle
cells, and the tunica adventitia has almost the
same thickness as tunica media. The IEL is intact,
but there is no EEL.

In the histological classification of the arterial
system, large arteries and small vessels are not
present. In addition, it is unclear why one of the
terms has “arteries” and the other “vessels.” It
might have been an attempt to include venous
diseases, but that is unlikely. It can be concluded
that the concept of large arteries and small ves-
sels in the arterial classification are clinical, and
not histological.

3.2 Differentiation of Large

Arteries and Small Vessels

Dr. Leonardo Pantoni et al. published an interest-
ing research in 2006 [5]. Considering that small
vessels have been defined poorly for clinical neu-
rologists, they conducted a survey on the defini-
tion of a small vessel among principal investigators

responsible for the top neuropathological centers
around the world. The answers for the definition
of small vessels had the agreement of less than
50%. This result is surprising because the respon-
dents to this survey were prominent experts in the
field of neuropathology. Their answers diversely
ranged from the diameter of less than 50 pm to
less than 500 pm and to only arterioles, etc. In
view of the situation of no material agreement on
the definition of large arteries and small vessels,
we have clinically dealt with the diseases of those
vessels.

Small vessels do not generally course through
the subarachnoid space. As mentioned above,
vessels present in the subarachnoid space are
muscular arteries histologically [6]. Hence, it is
reasonable to regard muscular arteries coursing
through the subarachnoid space as large arteries.
Moreover, these large arteries penetrate the brain
parenchyma in a perpendicular fashion [7, 8].
They are also called as deep perforating arteries,
which are the previously defined large arteries.
Deep perforating arteries representatively include
(1) posterior circulation: perforators to thalamus
and brain stem arising from the posterior cerebral
artery and the basilar artery, and (2) anterior cir-
culation: lenticulostriate arteries to basal ganglia
arising from the middle cerebral artery [9]. The
lenticulostriate arteries have a diameter of 300—
700 pm at the branching site on the middle cere-
bral artery, but the other perforators have a
smaller diameter [9, 10]. After branching into the
deep perforating arteries, the large arteries course
through the subarachnoid space in the brain, and
finally, penetrate the cerebral cortex [8]. These
vessels are called superficial perforating arteries,
which are the previously defined small vessels.

Large arteries coursing through the brain
undergo progressive narrowing of the internal
diameter with decreasing blood pressure, so the
superficial perforating arteries have lower blood
pressures and smaller diameters than the deep
perforating arteries [11]. Small vessels do not
have a vascular network with the adjacent small
vessels without a collateral circulation [12].
Thus, regardless of the cause, if one small vessel
is obstructed, lacunar infarction can occur
because of no alternative blood supply.



34

S.-H. Lee

The histological category of the clinical small
vessels must also be determined. As the vascular
microangiopathy of small vessels damaged by
long-standing hypertension is called “arteriolo-
sclerosis,” there have been prejudices that the
small vessels are arterioles [13]. However, as men-
tioned above, because the internal diameters of
arterioles are 10-100 pm and of deep perforating
and leptomeningeal arteries are approximately
50-800 pm, the small vessels are larger than arte-
rioles. We can conclude that small vessels are his-
tologically (1) “small” muscular arteries and (2)
“large-sized” arterioles. As shown in Fig. 3.1,
small vessels do not histologically belong to a
single category and range from small-size arteries
to large-size arterioles [ 14, 15]. Therefore, they are
called “small vessels” rather than “small arteries,”

Leptomeningeal artery

Cortical and
leptomeningeal
arterioles

Middle cerebral artery

and it should be noted that the venous system is
not included in the category of small vessels. From
large arteries to small vessels, the lumen diameter
dramatically reduces, but the blood pressure is
almost constant as shown in Table 3.2 and Fig. 3.2
[11]. Hence, small vessels are the most vulnerable
to long-standing hypertension. Chronic or long-
standing hypertension leads to hypertensive
microangiopathy (arteriolosclerosis), which ulti-
mately causes lacunar infarction or intracerebral
hemorrhage [14, 15]. Moreover, small vessels do
not include capillaries. Disorders of the capillary
circulation in the brain are generally not associated
with strokes because the proportion of blood flow
through the capillaries is too small to cause isch-
emia or hemorrhage. Chapter 6 describes cerebral
microangiopathy in detail.

White matter (superfical)
perforating arteries

Basal ganglia
perforating
arteries

Penetrating arterioles originating
from pontine arteries (short of
long circumferential)

Fig. 3.1 Anatomical location of small vessel diseases. The red spots in the brain parenchyme is frequent regions of
small vessel disease. Adapted with permission from Nature Reviews Neurology, Copyright Springer Nature [14]
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Table 3.2 Diameter and arterial pressure at several cerebral arterial locations

Subtype Diameter (mm) SBP (mmHg) DBP (mmHg)
Internal carotid 4.84 117 77
Basilar 345 113 73
Poserior cerebral 1.63 111 71
Distal medial striate 0.55 110 70
Prefrontal 0.96 95 61
Temporal branch of MCA 0.92 98 62
Lenticulostriate 0.58 113 73
Arterioles of lenticulostriate bed 0.19 102 65
Posterior parietal branch of MCA 1.04 85 54
Arterioles of posterior parietal bed 0.19 66 42

SBP systolic blood pressure, DBP diastolic blood pressure, MCA middle cerebral artery. Adapted with permission from
Stroke & Vascular Neurology, Copyright BMJ Publishing Group Ltd. [11]

Fig. 3.2 Blood pressure 140
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3.3  Conclusions

The terms “large arteries” and “small vessels,”
used in the clinical classification of ischemic
strokes, have caused confusion among physicians
in neurology. This is because they have not been
covered in basic medical contexts, such as anat-
omy and histology. Large arteries refer to the
extracranial cerebral arteries (carotid and verte-
bral arteries) and intracranial muscular arteries
coursing through the subarachnoid space, while
small vessels refer to the deep perforating arteries
and superficial perforating arteries that penetrate
the brain tissue. Histologically, small vessels are
the small-size muscular arteries and large-size
arterioles and are most vulnerable to high blood
pressure. Long-standing hypertension may result
in cerebral microangiopathy (arteriolosclerosis),

Perforating Arterioles Capillaries Venules,
arteries Veins

Right
Atrium

ultimately leading to lacunar infarction or intra-
cerebral hemorrhage. The descriptions of large
arteries and small vessels would aid in under-
standing stroke pathophysiology.
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Abstract

Large-artery atherosclerosis (LAA) is one of
the major three causes of ischemic stroke,
together with cardioembolism and small-
vessel occlusion, accounting for approxi-
mately 20-30% of all cases, albeit by race and
ethnicity. Pathophysiology of coronary ath-
erosclerosis responsible for acute coronary
syndrome is well established, and recent
development of knowledge about atheroscle-
rosis is mostly from studies on coronary dis-
eases. Researches on cerebral atherosclerosis
causing stroke has not been enough to fully
elaborate its pathophysiology, but there are a
lot of similarities and differences as compared
to the pathophysiology of coronary athero-
sclerosis. In this chapter, I will describe mech-
anisms of LAA-related stroke in detail.
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4.1 Atherosclerosis: A General
Concept
4.1.1 Formation of Atherosclerosis

Atherosclerosis is a chronic inflammatory dis-
ease in which an initial endothelial damage leads
to deposition and denaturation of lipids in the ves-
sel walls for several years, as shown in Fig. 4.1.
The vascular endothelial cell dysfunction can
be caused by various vascular risk factors, such
as hypertension, diabetes, and smoking, result-
ing in increased permeability among the endo-
thelial cells and invasion of monocytes, which
plays a crucial role in the development of early-
stage atherosclerosis. Meanwhile, low-density
lipoprotein (LDL) cholesterols penetrate to the
vascular walls and lodge in the internal extracel-
lular matrix. If the risk factors are not properly
corrected, LDL cholesterol particles continue
to be accumulated due to sustained vascular
stresses and begin to form a lipid mass inside
the vessel walls. Then, the LDL cholesterols are
transformed by modification such as oxidization,
which is a very strong pro-inflammatory mate-
rial, causing a further exacerbation of inflamma-
tion during the process of atherosclerosis.

The monocytes that penetrate into the subendo-
thelial areas are subsequently differentiated into
the macrophages by the macrophage colony-
stimulating factor. The macrophages show two
distinct subtypes that are markedly differentiated
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Fig. 4.1 Progression of atherosclerosis. LDL: low-density lipoprotein

by polarization in stages of atherosclerosis, M1
and M2 (Fig. 4.2): M1 macrophages generally
have a pro-inflammatory function, but in contrast,
M2 macrophages have an anti-inflammatory func-
tion [1]. In the early stage of atherosclerosis, mac-
rophages are differentiated to M1, and by
presenting surface pattern recognition receptors
that recognize modified LDL, they are subse-
quently transformed into foam cells through
uptake of lipids. The foam cells further aggravate
inflammatory status by releasing pro-inflammatory
cytokines and growth factors. In the meantime, the
vascular smooth muscle cells (VSMCs) move
from the media to the intima, producing extracel-
lular matrix material that is important for the for-
mation of fibrous caps. The foam cells may be
removed in the form of apoptosis by M2 macro-
phages, which is called efferocytosis. If this pro-
cess is active enough, overall inflammation process
can be reduced. However, when the inflammation
process is more severe than M2-related efferocyto-
sis, the M2 macrophages ingest apoptotic cells too
excessively, stress to the endoplasmic reticulum

inside the M2 macrophages are increased, result-
ing in dysfunction of efferocytosis. Then, inflam-
matory factors, coagulation factors, and matrix
metalloproteinases (MMPs) are released, which
induce a structural instability of atheromatous
plaques and ultimately, a rupture of the plaques.
After the ruptures, von Willebrand factors (vVWFs)
and collagen from the lesions stimulate the plate-
lets in the blood, which form a thrombus by adhe-
sion and aggregation of the platelets, causing a
thromboembolism to organs of the body such as
brain. The plaque instability or vulnerability
increases with fewer VSMCs and more undiffer-
entiated new blood vessels (angiogenesis) in the
necrotic plaque cores.

4.1.2 Classification
of Atherosclerosis

Atherosclerosis has various morphological fea-
tures, depending on the location of blood ves-
sels, the degree of exposure to risk factors, and
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Fig.4.2 The M1 and M2 subtypes of macrophage with differential functions according to atherosclerotic stage

the process stages. Therefore, classification of
the lesions is indispensable to understand its
pathophysiology. In 1958, WHO first classified
arteriosclerosis into four categories: fatty streak,
atheroma, fibrous plaque, and complicated
lesion [2]. In the mid-1990s, the American Heart
Association (AHA) recommended new classifi-
cation criteria for atherosclerotic plaques, which
was established after some minor modifications
(Table 4.1, Fig. 4.3) [3-5]. However, there might
be a caveat: this is a pathophysiological classifi-
cation for the coronary arteries, and it is not
clear whether it can be applied to all arteries in
our bodies, including cerebral arteries. Because
the nature of atherosclerosis is not considered to
be significantly different between the cerebral
arteries and coronary ones, application of this
classification for understanding of stroke mech-
anism would be plausible. As described in this
classification, atherosclerotic plaque lesions
responsible for the thrombosis are plaque rup-
tures, an erosion of the plaque, and a calcified
nodule (Figs. 4.4 and 4.5), and I will explain the

thrombosis mechanisms from these lesions in
this chapter [6].

4.1.2.1 Plaque Rupture

Plaque rupture is observed in the form of a rup-
ture of the necrotic core and the fibrous cap,
which are usually infiltrated with macrophages
and T cells [3]. The extracellular matrix of the
fibrous cap is mostly composed of collagen type
I, biglycan and decorin, and VSMC is rarely
found. Thrombus found on the ruptured lesion is
mostly composed of platelets—so we called it as
white thrombus by its color, which turns red-
colored thrombus in the form of red blood cells
embedded in fibrin layers (lines of Zahn) distal to
the center of the thrombus. This is the evidence
that platelets are activated early due to rupture of
the plaque, and that clotting factors are activated
subsequently after stagnation of blood. Rupture
of the fibrous cap occurs in the shoulder area of
the plaque, which is generally considered the
weakest part of the plaque. Secretion of proteo-
lytic enzymes from macrophages and the shear
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Table 4.1 The AHA classification of atherosclerotic lesions

Type of lesion Subtype of lesion Morphological description

Nonatherosclerotic Intimal thickening Natural accumulation of smooth muscle cells in the absence of lipid,

intimal lesions

Progressive
atherosclerotic lesions

Lesions with acute
thrombi

Healed lesions

Intimal xanthoma

Pathological intimal
thickening

Fibroatheroma

Intraplaque
hemorrhage or plaque
fissure

Thin-cap
fibroatheroma

Plaque rupture
Plaque erosion

Calcified nodule

Healed plaque
rupture, erosion, or
calcified nodule

macrophage foam cells, and thrombosis

Superficial accumulation of foam cells without a necrotic core,
fibrous cap, or thrombosis

Plaque rich in smooth muscle cells, with hyaluronan and
proteoglycan matrix and focal accumulation of extracellular lipid.
Absence of thrombosis

During early necrosis: Focal macrophage infiltration into areas of
lipid pools with an overlying fibrous cap. During late necrosis: Loss
of matrix and extensive cellular debris with an overlying fibrous
cap. With or without calcification. Absence of thrombosis

Large necrotic core (size >10% of plaque area) with hemorrhage,
and plaque area shows the presence of angiogenesis. Necrotic core
communicates with the lumen through a fissure. Minimal tear
without obvious thrombus

A thin, fibrous cap (<65 pm) infiltrated by macrophages and
lymphocytes, with rare or no smooth muscle cells and relatively
large underlying necrotic core (>10% of plaque area). Intraplaque
hemorrhage and/or fibrin might be present. Absence of thrombosis
Thin-cap fibroatheroma with cap disruption. Thrombosis is present
and might or might not be occlusive. The luminal thrombus
communicates with the underlying necrotic core

Can occur on pathological intimal thickening or on a fibroatheroma.
Thrombosis is present and might or might not be occlusive. No
communication of the thrombus with the necrotic core

Eruptive (shedding) of calcified nodule with an underlying
fibrocalcific plaque with minimal or no necrosis. Thrombosis is
usually not occlusive

Healed lesion composed of smooth muscle cells, proteoglycans, and
collagen type III with or without underlying disrupted fibrous cap,
necrotic core, or nodular calcification. Lesions can contain large
areas of calcification with few inflammatory cells and have a small
or no necrotic core. The fibrotic or fibrocalcific collagen-rich plaque
is associated with significant luminal stenosis. Absence of
thrombosis

An updated version of the modified AHA classification published in 2016, which was based on the original AHA clas-
sification published in the mid-1990s. AHA American Heart Association

stress and tension on the plaque may act as a
basal mechanism for the rupture. In addition,
dying macrophages or VSMC-derived microcal-
cifications (>5 pm) inside the fibrous caps may
induce detachment from plaques under blood
pressure, resulting in rupture of the plaques.

4.1.2.2 Plaque Erosion

Plaque erosion refers to atherosclerotic lesions
that can cause blood clots without rupture, expos-
ing the VSMCs and the proteoglycan matrix with
a slight peeling of the endothelial lining. These
lesions usually occur during the intimal thicken-
ing or early- or late-stage fibroatheroma, and they

are less inflammatory than the ruptured plaques.
The plaque rupture causes positive remodeling,
whereas the plaque erosion causes negative
remodeling. Usually, large -calcifications are
rarely observed in the plaque erosion, and only
microcalcifications are observed at about 40%
[7]. The tissue at the thrombosis-occurring site of
the plaque erosion was identified as activated
VSMCs embedded to a proteoglycan-rich sub-
strate composed mainly of collagen type III,
hyaluronan, and versican. This is in contrast to
the fibrous caps mainly composed of collagen
type I in the ruptured or stable plaques. Plaque
erosion may cause more microembolization to
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Rupture

legture Site

Fig. 4.5 Pathology of the coronary plaques of three dif-
ferent morphologies (rupture, erosion, and calcified nod-
ule). Ruptured plaques have thin fibrous cap which is
critical site of rupture. In case of rupture, the luminal
thrombus (Th) has communication with the lipid-rich
necrotic core (NC). Surface erosions usually occur in area

the distal regions than that the plaque ruptures
(artery-to-artery embolism). It was reported that
tobacco smoking rather than blood lipid levels
are correlated with the incidence of plaque ero-
sion, but it needs to be more verified [7].

4.1.2.3 Calcified Nodule

Among  thrombosis-related  atherosclerotic
lesions, calcified nodules are the least common
form: only 5% of thrombosis in coronary arteries
are caused by these lesions—even so with
advanced calcifications [8]. Because cerebral
arteries show lower incidence of arterial calcifica-
tion than coronary arteries, the attributable frac-
tion of calcified nodules for cerebral infarction is
likely to be much lower. The mechanism by which
thrombosis develops on the calcified nodules is
uncertain, and it was hypothesized as follows:
when calcified tissue membranes break down due
to blood pressure, fibrin accumulates around the
destroyed lesions, and eventually erupt up to the
luminal surface [9]. Fibrin is relatively common
even in non-erupted calcified nodules but not
communicated to the lumen, which may come
from the surrounding damaged capillaries.
Eruptive calcified nodules are common in asym-
metrically shaped lesions, and these eruptions
may stimulate platelet activation. Calcified nod-
ules are more observed in older people. These

lacking surface endothelium. In rare cases of erosion with
necrotic core, the necrotic core does not communicate
with the luminal thrombus. Calcified nodules are fibrocal-
cific plaques protruding into lumen with disruption.
Adapted with permission from Heart, Lung and
Circulation, Copyright Elsevier [6].

lesions should not be confused with the nodular
calcification: the nodular calcification can destroy
the structure of the media, but not invade to the
adventitia, and is not associated with thrombosis.

4.2  Large Artery Atherosclerosis:
Intracranial Versus

Extracranial

LAA causing ischemic stroke can be divided into
two types: atherosclerosis in intracranial arteries
and those in extracranial arteries. Intracranial
arteries mean all cerebral large arteries in the
intracranial space, and extracranial arteries mean
large arteries in the extracranial area, but relevant
to ischemic stroke: parts of aorta (ascending and
arch), common carotid artery, internal carotid
artery, and vertebral artery. Internal carotid artery
and vertebral artery run through both extracranial
and intracranial space, so these arteries belong to
both categories according to their locations.
Extracranial artery and intracranial artery not
only differ in embryological origin but also in
histologic findings. Due to their structural
differences, clinical features of atherosclerosis
and thromboembolism is a little different from
those of coronary artery. This will be explained in
detail below.
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4.2.1 Epidemiology of Intracranial

Atherosclerosis

First, we need to look at the burden of intracra-
nial atherosclerosis in the general population. A
European population study indicated that by age
65, 80-97% had pathological evidence of intra-
cranial atherosclerosis [10]. In addition, accord-
ing to the Rotterdam Scan Study, calcification of
intracranial internal carotid arteries confirmed by
CT scan was found in 82% [11]. A clinico-
radiologic study in patients with ischemic stroke,
45-62% of patients were identified to have intra-
cranial plaques or stenoses [12]. The prevalence
of symptomatic intracranial stenosis has been
reported to be 20-53%, depending on the sub-
jects, methods, and races [13]. In particular,
intracranial atherosclerosis is much more preva-
lent in Asian (Korea, Japan, China and etc.) and
African-American individuals than in Caucasian
whites [14]. According to the Northern Manhattan
Study, intracranial atherosclerosis was found
only in 9% for white individuals as compared
with 17% for African-American, and 15% for
Hispanic [15]. East Asia studies have shown that
the prevalence is up to 30-40% [16, 17].

4.2.2 Histologic Comparisons
of Normal Arteries

Extracranial arteries belong to elastic arteries,
because elastin is profuse in tunica media. In
contrast, intracranial arteries are classified as
muscular arteries, because they have little elastic
fibers [18]. In terms of internal carotid arteries, a
transition from elastic artery to muscular artery
occurs in carotid bifurcation due to differences in
embryological development. Compared to extra-
cranial arteries, intracranial arteries are charac-
terized by a thin tunica media and adventitia, no
external elastic lamina, but an intense internal
elastic lamina. External elastic lamina exists to
the petrous portion of the internal carotid artery
but disappears at the cavernous portion, which
may be associated with frequent occurrence of
atherosclerotic stenosis at this site.

In extracranial arteries, vasa vasorum plays an
important role in the survival of vascular cells,
but intracranial arteries do not have vasa vasorum
from 1.5 cm after dural penetration: the function
of vasa vasorum, delivery of oxygen and nutri-
ents, is replaced by luminal diffusion from the
cerebrospinal fluid [18]. Due to the thin media
and adventitia, and the absence of external elastic
lamina, the intracranial artery can carry out this
process. Given that the vasa vasorum may play an
important role in atherogenesis, a later onset of
intracranial atherosclerosis is likely related to the
absence of vasa vasorum.

4.2.3 Pathologic Comparisons
of Atherosclerosis

Aging in the intracranial arteries gradually
reduces the elastic fibers and muscle components
and replaces them with collagen tissue. Initially,
intimal thickening, reduplication, and splitting of
the thick internal elastic lamina occur, together
with fibrosis and hyalinization of the media and
adventitia [18]. At this time, there was little lipid
in the vessel wall. Intracranial atherosclerosis is
predominantly found as fibrous plaques, with
less frequent fatty streaks or complicated lesions.
Plaque ruptures or calcified nodules, representa-
tive complicated atheromatous lesions causing
thrombosis, are found at internal carotid arteries,
basilar artery, and proximal segments of vertebral
arteries, but rarely in old age. In the proximal
segment of distal internal carotid arteries or mid-
dle cerebral arteries, fibrous plaques rather than
calcification and plaque rupture are predominant
[19]. However, uncontrolled exposure to risk fac-
tors can result in complicated plaques with high-
lipid content, intraplaque necrosis or hemorrhage,
neovascularization, macrophage and T lympho-
cyte infiltration, which can lead to thrombosis-
related stroke.

The progression of atherosclerosis differs in
occurrence timing and rate of intracranial arter-
ies from those of extracranial arteries. Aortic
atherogenesis increases linearly, whereas intra-
cranial atherogenesis occurs very late, but dete-
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riorates very rapidly in the 1950s and 1960s, and
then slowly in the 1970s and 1980s. This is quite
contrast to the coronary atherogenesis, which is
rapidly deteriorating in the 1930s and relieving
from the 1940s to the 1970s [18]. The sites of
atherosclerosis development in the intracranial
arteries are mainly anterior circulation: internal
carotid arteries are the most common, followed
by middle cerebral arteries, basilar artery, verte-
bral arteries, posterior cerebral arteries, and
anterior cerebral arteries. In Asian countries,
middle cerebral arteries are known to be the
most common site, with ICA being the next most
frequent.

4.3 Thrombus Formation
in Large Artery

Atherosclerosis

Thrombus or blood clot is the final product of the
coagulation process and consists of two compo-
nents: (1) a plug agglomerated with platelets and
(2) a fibrin-derived meshwork structure to secure
the platelet plug firmly. Thrombosis is basically a

result of a defense mechanism against bleeding,
but when it occurs inside the lumen of blood ves-
sels without bleeding, we generally call it throm-
bosis. It may occur that a thrombus suddenly
obliterates cerebral blood vessels leading to cere-
bral infarction, but it can be originated from an
atherosclerotic lesion or from the heart with dys-
functions such as atrial fibrillation.

In general, the conditions for development of
thrombi are firstly illustrated as “Virchow’s
triad”: (1) damage to vascular endothelial cells:
trauma or arteriosclerosis, (2) abnormal blood
flow: loss of laminar flow due to stagnation of
blood flow in veins or turbulence in arteries, and
(3) hypercoagulability. The thrombi can be clas-
sified into white thrombi, which are mainly
composed of aggregated platelets, and red
thrombi, which are mainly composed of red
blood cells and fibrin, depending on its compo-
sition (Fig. 4.6) [20]. Both types of thrombi can
result in ischemic stroke, but the type of throm-
bus may influence the patient’s early course,
effect on acute treatment, and prognosis and
secondary prevention. Therefore, in order to
properly diagnose and treat ischemic strokes, it

C White thrombi

d Red thrombi

Fig. 4.6 Schematic figures and scanning electron microscopy images of white thrombi (a, ¢) and red thrombi (b, d).
Adapted with permission from Stroke, Copyright Wolters Kluwer Health [20].
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Platelet

Activation and secretion

Platelet adhesion receptors

Fig. 4.7 Mechanism of platelet activation

is of note to understand the mechanisms, com-
ponents, and related factors of thrombus devel-
opment [21].

The Formation of Platelet
Thrombus

4.3.1

Endothelial cells, collagen in subendothelial
layer, and tissue factor (TF) are important for the
maintenance and homeostasis of the vascular
system. In particular, endothelial cells form the
inner lining of blood vessels and produce three
thromboregulators (nitric oxide, prostacyclin,
and ectonucleotidase CD39) that inhibit blood
clot formation.

4.3.1.1 Two Independent Pathways

for Platelet Activation
There are two well-known substances that cause
platelet activation: collagen and TF. When rup-
ture of vessel walls causes bleeding to the sur-
rounding tissue, collagen and TF are exposed to
the blood and begin to form blood clots to stop

the further bleeding (Fig. 4.7). Collagen pro-
motes platelet aggregation and activation, while
TF initiates thrombin formation, leading to fur-
ther activation of platelets and conversion from
fibrinogen to fibrin. The two pathways can be
activated predominantly in either situation, with
the same result—platelet activation.

Collagen exposed to blood due to vascular
damage causes platelets to adhere to the endothe-
lial cells (platelet adhesion) through interactions
between collagen and glycoprotein VI of plate-
lets or between vWFs attached to collagen and
glycoprotein Ib-V-IX of platelets. Glycoprotein
VI acts as the most important promoter for early
platelet activation and platelet granule secretion.
Platelet activation here is not due to thrombin.

TF activates the TF pathway, the second most
important pathway for early platelet activation.
Platelet activation here is closely related to
thrombin, but not to vascular endothelial rup-
ture, vWFs, and glycoprotein VI. Originally, TF
is present as two forms, either in an inactive
form on the vessel wall or in an activated form
inside the vessel wall. The inactivated TF form is
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activated by protein disulfide isomerase, and
forms a complex with factor VIla, which in turn
activates factor IX, producing thrombin along
the proteolytic pathway. Thrombin activates
platelets by breaking down protease-activated
receptor 4 (Par 4 in mice, Par 1 in humans) on
the platelet surface. As a result, activated plate-
lets secrete adenosine diphosphate (ADP), sero-
tonin and thromboxane A2, which in turn amplify
the signal for thrombin formation, activating
other platelets.

4.3.1.2 Thrombus Propagation

Platelet integrin allbp3 (also known as glycopro-
tein IIb/IIla) is activated and serves to platelet—
platelet interaction and to draw platelets into
thrombi. Integrin ollbf3 requires protein disul-
fide isomerase to be activated [22]. Platelets
adhering to damaged endothelial cells promote
structural changes in ollbp3, resulting in

increased affinity with fibrinogen or vWFs as

ligands of allbp3. In addition, activated platelets
secrete alpha granules and dense granules, which
are critical for the formation of thrombi. Alpha
granules contain a variety of proteins for throm-
bus formation, while dense granules contain ADP
and calcium ions. As a result, the secreted ADP
attaches to the P2Y 1 and P2Y 12 receptors on the
platelets to further promote platelet activation.

4.3.2 Blood Coagulation

The coagulation pathway in blood plasma con-
sists of the following three pathways that are
sequentially activated (Fig. 4.8).

4.3.2.1 Contact Activation Pathway
(Intrinsic Pathway)

The contact activation pathway begins with the

formation of an initial complex after high-

molecular-weight kininogen (HMWK), prekalli-

C att

The three pathways that makeup the classical blood coagulation pathway

Xl - Hageman factor, a serine protease

Xl - Plasma thromboplastin, antecedent serine protease
IX - Christmas factor, serine protease

VIl - Stable factor, serine protease

XIlI - Fibrin stabilizing factor, a transglutaminase

PL - Platelet membrane phospholipid
- Calcium ions
TF - Tissue Factor

(, = active form)

TRV < tissue damage

Extrinsic

Fig. 4.8 Cascades of clotting factor activation: contact activation pathway, tissue factor pathway, and common
pathway
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krein, and factor XII (Hageman factor) encounter
collagen. As prekallikrein changes to kallikrein,
factor XII is activated by Xlla. Factor XIIa con-
verts factor XI to XIa, and in turn, factor XIa con-
verts factor IX to IXa. Factor IXa forms a tenase
complex with a cofactor, factor VIIIa, which acti-
vates factor X to Xa. The contact activation path-
ways are very powerful for coagulation in
laboratory environments, but are not necessary
in vivo for initiation of blood coagulation.
Activation of Factor XII is important as the start-
ing point of the contact pathway, whose deficiency
is identified by a prolonged partial-thromboplastin
time (PTT). However, this does not necessarily
mean that patients lacking factor XII have hemor-
rhagic disease, so the importance of factor XII and
Xl is to be more clarified.

4.3.2.2 TF Pathway (Extrinsic Pathway)
The most important role of the tissue factor path-
way is the “explosive increase in thrombin” by
including feedback mechanisms, the most impor-
tant component of the entire coagulation path-
way. TF, as mentioned earlier, is a membrane
protein with various roles. TF is consistently
expressed in fibroblasts, pericytes in outer layers
of vessels, and smooth muscle cells of vascular
walls, and part expressed in cells which are not
related to blood vessels as well. TF interacts with
some nano- or microparticles (<1000 nm) in
blood. During the thrombus formation, platelets
attach to endothelial walls and become activated,
expressing an adhesion molecule called
P-selectin. P-selectin binds to microparticles
expressing a receptor called P-selectin glycopro-
tein ligand 1 (PSGL-1), allowing microparticles
expressing TF derived from monocytes to be
caught to thrombi. As such, TF derived from
blood plays an important role in the expansion of
fibrin in thrombi.

Because only activated TF is associated with
blood clotting activity, it is necessary for the
inactivated TF (latent or encrypted form) present
in the endothelial cells to become active in order
to participate in blood coagulation. Although
molecular mechanisms of TF activation have not
been clearly identified, it is believed that TF acti-
vation needs release of disulfide bonds in the cys-

teine group of TF protein. This bond is separated
by protein disulfide isomerase, which is released
from activated endothelial cells or platelets. In
other words, protein disulfide isomerase is
involved in both fibrin production and platelet
activation for thrombus formation.

Of the various coagulation factors, factor VIla
is higher in the amount than other coagulation
factors. Factor VII is activated by thrombin, XIa,
XII and Xa. When blood vessels are damaged,
factor VIIa enters fibroblasts or monocytes con-
taining TF and binds to TF to form complexes.
This complex activates factors IX and
X. Activation of X by the complex can be inhib-
ited immediately by tissue factor pathway inhibi-
tors (TFPI). Factor Xa and the cofactor factor Va
form a prothrombinase complex, which converts
prothrombin to thrombin. Thrombin affects vari-
ous coagulation factors, such as factor V and fac-
tor VIII. Activated factor VIIIa, as mentioned
above, acts as a cofactor for factor [Xa, creating a
tenase complex. Collectively, this process ampli-
fies thrombin formation.

4.3.2.3 Common Pathway

Basically, thrombin exists from the initial aggre-
gation of platelets and performs a lot of functions
besides simply converting fibrinogen into fibrin,
as the most important coagulation factor.
Thrombin activates factors VIII and V and also
activates protein C under the presence of throm-
bomodulin. Activated protein C inhibits VIII and
V to compromise blood clotting. Thrombin also
activates factor XIII to crosslink fibrin monomers
into polymers. The common pathway acts to
maintain coagulation tendency with sustained
activation of factors VIII and IX until suppressed
by anticoagulation mechanisms.

4.3.2.4 Cofactors and Modulators

Cofactors include calcium, phospholipids and
vitamin K. Calcium and phospholipids as compo-
nents of platelet cell membranes act as cofactors
in the functions of the tenase complex and the
prothrombinase complex. Calcium is also reported
to play a role in the activation of other coagulation
factors. Vitamin K is an essential component of
the hepatic gamma-glutamyl carboxylase, which
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attaches carboxyl groups to the glutamic acid
residues of factors II, VII, IX, X and proteins C,
S, and Z. In this process, vitamin K itself is oxi-
dized. An enzyme called Vitamin K epoxide
reductase (VKORC) returns vitamin K back to
active state. VKORC is a pharmacologically
important enzyme because it is a target of warfa-
rin. Warfarin blocks VKORC, causing vitamin K
deficiency and preventing clotting factors from
being activated.

Modulators include protein C, antithrombin,
TFPI, plasmin and prostacyclin (PGI2). First, as
a major anticoagulant, protein C is activated by
thrombin bound with cell surface protein throm-
bomodulin. Activated protein C inactivates factor
Va and VIlla along with cofactors S and phos-
pholipids. Decreased levels of protein C or S
cause various thrombosis, including ischemic
stroke. Antithrombin is a serine protease inhibi-
tor (serpin) that breaks down the serine proteases
such as thrombin, factors [Xa, Xa, XIa, and XIla.
It is always activated in the body, and the effect is
enhanced when heparan sulfate is present or
when heparin is injected from the outside. Its
quantitative deficiency may also lead to various
thrombosis, including ischemic stroke. Second,
TFPI limits the action of TF. Third, in the liver,
plasmin is produced by the decomposition of
plasminogen. This process is catalyzed by tissue
plasminogen activator (t-PA), which is synthe-
sized and secreted from vascular endothelial
cells. Plasmin decomposes fibrin into fibrin deg-
radation product (FDP), which acts to inhibit the
formation of excess fibrin. For the initial treat-
ment of ischemic stroke, the method of injecting
recombinant t-PA for thrombolysis has been
widely used worldwide. Finally, prostacyclin
(PGI2) is secreted from endothelial cells to acti-
vate the platelet Gs protein-linked receptor. This
in turn activates adenylyl cyclase and increases
cyclic adenosine monophosphate (cAMP) syn-
thesis. cCAMP lowers intracellular calcium levels,
inhibits platelet activation, and inhibits the secre-
tion of granules that induce secondary platelet/
coagulant activation.

4.4  Conclusions

In this chapter, I carefully looked into the patho-
physiology of LAA, one of the three major causes
of ischemic stroke. Atherosclerosis results from
chronic inflammatory processes due to innate
immunity inside the vascular walls of large arter-
ies, and monocytes and LDL cholesterol play a
critical role in the pathogenesis. Atherosclerotic
lesions responsible for thrombosis are plaque
rupture, plaque erosion, and calcified nodule
according to the AHA’s morphological classifica-
tions: the plaque rupture is the most common
lesion for acute coronary syndrome, but in terms
of ischemic stroke, the attributable risk need to be
clarified. Platelet activation is the main mecha-
nism of LAA-derived thrombi, whose propaga-
tion is dependent on the coagulation factor
cascades in the plasma [3]. This knowledge of
pathophysiology on the LAA-related thrombosis
is the key to prevent future stroke or coronary dis-
ease in patients with atherosclerosis.
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Pathophysiology of Stroke
Resulting from Large-Artery
Atherothrombosis

Jae Guk Kim and Soo Joo Lee

Abstract

Atherosclerosis is the most common cause of
the local disease within the large extracranial
and intracranial arteries that supply the brain.
Cerebral infarction due to large-artery athero-
thrombosis primarily caused by rupture of the
plaque, thrombus formation, occlusion, and
hypoperfusion. The atherosclerotic plaque
that is easy to rupture consists of a lipid core,
an intra-plaque hemorrhage, and thin fibrous
capsule. The atherothrombotic lesion in large
extracranial and intracranial arteries cause
symptoms by reducing blood flow beyond
obstructive lesions, and by serving as the
source of intra-arterial emboli. The cerebral
infarction varies according to the stability, the
location of the plaque, and the degree of the
stenotic vessel. Occasionally, the atheroscle-
rotic plaque at the entrance of the penetrating
artery gradually becomes larger and may
cause occlusion. The atherothrombotic strokes
of large artery can be divided into four mecha-
nisms as follows: in situ thrombosis, artery-to-
artery embolism, hemodynamic infarct, and
branch atheromatous disease. The ischemic
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strokes can be expressed in two or more com-
plex mechanisms, not actually one.

5.1 Introduction

Atherosclerosis is the most common cause of in
situ arterial disease within the extracranial and
intracranial arteries that supply the brain. White
platelet-fibrin and red erythrocyte-fibrin thrombi
are often superimposed upon the atherosclerotic
lesions, or they may develop without severe vas-
cular disease in patients. The atherothrombotic
lesions in cervical and cerebral large arteries
cause symptoms by reducing blood flow beyond
obstructive lesions, and by serving as the source
of intra-arterial emboli. At times a combination
of mechanisms is working. Severe stenosis can
promote the formation of thrombi which can
break off and cause embolization, and the reduced
blood flow caused by the arterial obstruction
makes the circulation less competent at washing
out and clearing these emboli [1].

Thrombosis refers to obstruction of a blood
vessel due to in situ occlusive process within a
blood vessel. The obstruction may occur acutely
or gradually. In many cases, underlying pathol-
ogy such as atherosclerosis may cause narrowing
of the diseased vessel [2]. This may lead to
restriction of blood flow gradually, or in some
cases, platelets may adhere to the atherosclerotic
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plaque forming a clot leading to acute occlusion
of the vessel. Identification of the specific local-
ized vascular lesion, including its nature, sever-
ity, and localization, is important for treatment
because specific therapy may be effective (e.g.,
surgery, angioplasty, intra-arterial thrombolysis).
In most patients, it should be possible clinically
to determine whether the local vascular disease is
within the carotid or vertebral-basilar circulation
and whether the disorder affects large or small
penetrating arteries. Delivery of adequate blood
due to a blocked or partially blocked artery
depends upon many factors, including blood
pressure, blood viscosity, and collateral blood
flow. Local vascular lesions also may throw
emboli off, which can cause transient symptoms.
In patients with thrombosis, the neurologic symp-
toms often fluctuate, remit, or progress in a stut-
tering pattern. Although the formation of
atherothrombotic plaque must be a long and
gradual process over many years, the clinical
symptoms usually occur acutely and tend to clus-
ter in time. For example, stroke tend to occur
sooner after transient ischemic attack rather than
later, perhaps as a result of recent breakdown and
instability of atherothrombotic plaque [3, 4].

Occlusion secondary to atheromatous plaque
occurs by three mechanisms. First, thrombus
may occur on atheroma lesions that cause in situ
occlusion. Second, embolization of a part of
plaque and thrombi may occlude more distal
arteries. Third, the origin of small artery may be
blocked by the growth of plaque in the parent of
artery. In the other situation without occlusion,
when atheromatous plaque growth cause severe
stenosis of arterial lumen and hypoperfusion of
distal brain region, that may lead to hemody-
namic (watershed) infarction following severe
hypotension or hypoxia. The atherothrombotic
stroke of large artery can be summarized in the
following four mechanisms: in situ thrombosis,
artery-to-artery embolism, hemodynamic infarct,
and branch atheromatous disease [1]. The isch-
emic strokes can be often expressed in two or
more complex mechanisms, not actually one
(e.g., hemodynamic failure and arterial-artery
embolism, or atherosclerosis and arterial-artery
embolism).

5.2  Territorial Infarct
Knowledge of the vascular territories is impor-
tant, because it enables you to recognize infarc-
tions in arterial territories, in watershed regions
and also venous infarctions. It also helps you to
differentiate infarction from other pathology.
The intracranial circulation can be divided
into anterior and posterior circulation, on the
basis of internal carotid artery and vertebral
artery supply respectively [1]:

e Anterior circulation (carotid artery territory)
— Anterior choroidal artery
— Anterior cerebral artery (ACA)
Medial lenticulostriatal arteries
— Middle cerebral artery (MCA)
Lateral lenticulostriatal arteries
e Posterior circulation (vertebral
territory)
Posterior cerebral artery (PCA)
— Basilar artery
Superior cerebellar artery (SCA)
Anterior inferior cerebellar artery (AICA)
Posterior inferior cerebellar artery (PICA)

artery

The presence of acute infarction with stenosis
or occlusion of the relevant artery is essential for
diagnosis of infarct resulting from large-artery
atherothrombosis. Since the original TOAST
classification scheme was developed in the early
1990s, advances in stroke evaluation and diag-
nostic imaging have allowed more frequent iden-
tification of potential vascular and cardiac causes
of stroke. An evidenced-based modification of
the TOAST criteria called SSS-TOAST was
developed [5]. The SSS-TOAST system divides
each of the original TOAST subtypes into three
subcategories as “evident,” “probable,” or “pos-
sible” based upon the weight of diagnostic evi-
dence as determined by predefined clinical and
imaging criteria. In a further refinement, an auto-
mated version of the SSS-TOAST called the
Causative Classification System (CCS) was
devised to improve its usefulness and accuracy
for stroke subtyping [6].

In this classification criteria of cerebral infarc-
tion commonly used in clinical practice [6],


https://radiopaedia.org/articles/internal-carotid-artery-1
https://radiopaedia.org/articles/vertebral-artery
https://radiopaedia.org/articles/vertebral-artery
https://radiopaedia.org/articles/anterior-choroidal-artery
https://radiopaedia.org/articles/anterior-cerebral-artery
https://radiopaedia.org/articles/medial-lenticulostriate-arteries
https://radiopaedia.org/articles/middle-cerebral-artery
https://radiopaedia.org/articles/lateral-lenticulostriate-arteries
https://radiopaedia.org/articles/posterior-cerebral-artery
https://radiopaedia.org/articles/basilar-artery
https://radiopaedia.org/articles/superior-cerebellar-artery
https://radiopaedia.org/articles/anterior-inferior-cerebellar-artery
https://radiopaedia.org/articles/posterior-inferior-cerebellar-artery

5 Pathophysiology of Stroke Resulting from Large-Artery Atherothrombosis 53

atherothrombotic stroke of large artery becomes
evident when the following criteria are met; (1)
either occlusive, or stenotic (>50% diameter
reduction or <50% diameter reduction with
plaque ulceration or thrombosis or plaque with
<50% diameter reduction that is seated at the site
of the origin of the penetrating artery supplying
the region of an acute lacunar infarct) vascular
disease judged to be due to atherosclerosis in the
clinically relevant extracranial or intracranial
arteries. (2) The absence of acute infarction in
vascular territories other than the stenotic or
occluded artery (Table 5.1).

In Situ Thrombosis
and Artery-to-Artery
Embolism

5.3

In Situ Thrombosis Atheromatous plaque may
promote platelet adhesion, activation, and aggre-
gation, which can stimulate the blood coagula-
tion pathway and produce mural thrombus form
an early stage [2]. The atheroma and athero-
thrombotic plaque gradually grows because of
repeated event of mural thrombosis layering one
on top of the other, finally the arterial lumen may
be occluded. The intraluminal thrombus can then
propagate to the proximal portion of artery or dis-
tal portion of the artery. But it usually propagates
no further than the next branching point of the
artery. The balance of pro-thrombotic and anti-
thrombotic factors may determine whether a
thrombus superimposed on atheromatous plaque
or an occlusive embolus grows, lysed or become
incorporated into the arterial wall and produce
the gradually enlarging atherothrombotic plaque.
As with acute myocardial infarction, it is not
uncommon to have a severe cerebral infarction
due to cervical carotid artery occlusion. The rup-
ture of an unstable atherosclerotic plaque results
in a fatal occlusion. However, symptomatic acute
in situ atherothrombotic occlusion rather than
artery-to-artery embolism does not often appear
as a cause for ischemic stroke or transient isch-
emic attack in the carotid system. For example,
internal carotid artery can be better observed than
middle cerebral artery (Figs. 5.1, 5.2, and 5.3).

Table 5.1 Causative classification system (CCS) of isch-
emic stroke etiology: diagnostic criteria of large-artery
atherothrombotic stroke

Level of
confidence Criteria

Evident 1. Either occlusive or stenotic (>50%
diameter reduction or <50% diameter
reduction with plaque ulceration or
thrombosis) vascular disease judged to
be caused by atherosclerosis in the
clinically relevant extracranial or
intracranial arteries, and

The absence of acute infarction in
vascular territories other than the
stenotic or occluded artery.

i

Probable 1. History of >1 transient monocular
blindness (TMB), TIA, or stroke from
the territory of index artery affected by
atherosclerosis within the last month, or
2. Evidence of near-occlusive stenosis or
non-chronic complete occlusion judged
to be caused by atherosclerosis in the
clinically relevant extracranial or
intracranial arteries (except for the
vertebral arteries), or
. The presence of ipsilateral and
unilateral internal watershed infarctions
or multiple, temporally separate,
infarctions exclusively within the
territory of the affected artery
The presence of an atherosclerotic
plaque protruding into the lumen and
causing mild stenosis (<50%) in the
absence of any detectable plaque
ulceration or thrombosis in a clinically
relevant extracranial or intracranial
artery and history of >2 TMB, TIA, or
stroke from the territory of index artery
affected by atherosclerosis, at least 1
event within the last month, or
2. Evidence for evident large-artery
atherosclerosis in the absence of
complete diagnostic investigation for
other mechanisms

[S¥]

Possible 1.

Source: Ay H, Benner T, Arsava EM. A computerized
algorithm for etiologic classification of ischemic stroke:
the causative classification of stroke system. Stroke 2007;
38:2979 [6]

This may be because atheroma affects the larger
arteries and it take a very large plaque to occlude
them or because the collateral blood flow is better
distal to larger arteries [7, 8]. In situ thrombotic
occlusion is not common in other intracranial
arteries. Because intracranial arterial stenosis
progresses for a long time and collateral blood
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Fig.5.1 In situ thrombosis, internal carotid artery (ICA).  frontotemporal cortex and subcortical white matter area
(a) Occlusion of left proximal ICA on CT angiography. on diffusion-weighted image
(b) Acute infarct of insular and striatocapsular region,

Fig.5.2 In situ thrombosis, internal carotid artery (ICA).  insular, basal ganglia, and some frontotemporal cortex on
(a) Occlusion of right proximal ICA with faintly visible diffusion-weighted image
right distal ICA on CT angiography. (b) Acute infarct of

Fig. 5.3 In situ thrombosis, middle cerebral artery (MCA). (a) Occlusion of left MCA (M1) on CT angiography. (b)
Acute infarct of insular and striatocapsular region on diffusion-weighted image

flow is well developed, cerebral infarcts involv- Symptoms are also mild and may appear as
ing whole area of the arterial territory usually TIA. On the other hand, in situ atherothrombotic
occur in the rare. Infarcts usually occur in deep occlusion may be more common in the posterior
areas such as striatocapsular or border zone area. circulation such as basilar artery but even here
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Fig.5.4 Artery-to-artery embolism. (a) Severe stenosis at right ICA and focal stenotic lesion of MCA on CT angiog-
raphy. (b) Acute scattered infarct of right occipitotemporal area and small frontal cortex on diffusion-weighted image

artery-to-artery embolism is also often found.
Figures 5.1, 5.2, and 5.3 show cases with in situ
thrombosis.

Artery-to-Artery Embolism One of the most
common aspects is the ulcer or rupture of the sur-
face of the plaque, resulting in distal embolism,
which blocks the blood vessels at the distal end,
resulting in cerebral infarction. Atheroma and/or
thrombus may become emboli to obstruct a
smaller distal artery, usually at a branching point.
Emboli consist of platelet—fibrin particles, com-
bined red thrombi, cholesterol crystals, and other
debris from plaque, calcified particles, and any
combinations. Depending on the size and nature
of emboli, the embolus can be lyzed, fragmented,
and then swept on into microcirculation. In other
case, emboli permanently can block the distal
artery and prod