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INTRODUCTION

B. J. Schaller

Department of Neuroscience, Karolinska Institute, Stockholm, Sweden

“The most effective surgery is always that administered
by the trained brain and hands of a surgeon” (M. G.
Yasargil, 2005)

An adequate and state-of-the-art treatment of athero-
sclerotic disease of the extra- and intracranial carotid ar-
teries in a patient with an advanced degree of stenosis
substantially reduces the risk of subsequent ischemic
stroke in patients with recently symptomatic 70 to 99%
carotid artery stenosis. The benefit that is to be expected
for 50 to 69% symptomatic stenosis, and for asymptom-
atic stenosis, is more modest [3]. Whether surgical end-
arterectomy, endovascular stent placement or any other
treatment option proves to be the more effective treat-
ment strategy of the narrowed carotid artery has not yet
to be demonstrated. In any event, accurate assessment of
the degree of luminal narrowing is an important step in
the treatment planning. Conventional angiography was
generally used to select patients for treatment in the past.
However, given the risks of death and disabling stroke
due to angiography (1.2% in the Asymptomatic Carotid
Atherosclerosis Study [9] versus 1.1% for surgery itself),
alternative noninvasive imaging techniques have been
sought and investigated during the last years. There are
several reasons for such a procedure: (i) the noninvasive
methods are safe compared with conventional angiog-
raphy, which still carries a mortality/morbidity rate of
1.2%, (ii) the noninvasive imaging can be done on an
outpatient basis and is clearly preferred by patients and
(iii) many physicians believe now that noninvasive im-
aging is sufficiently sensitive and specific to be used in at
least some situations before endarterectomy.

Such new imaging methods necessarily provide
more accurate results, and frequent re-evaluation of
which methods are most efficacious is appropriate and
necessary. The multimodal assessment of the plaque
vulnerability involving the combination of biomarkers

and these new imaging techniques that also target in-
flammatory and thrombotic components may be the
best prerequisite to better understand the atherothrom-
botic risk and to be able therefore to better prevent
ischemic stroke.

Any such investigation involving multi-technique
imaging of the carotid arterial lumen rises the question
of how meaningful are the comparisons made between
modalities that are sensitive to the luminal area and
those that assess the lumen diameter. Magnetic reson-
ance (MR) angiography and computed tomography
(CT) angiography provide images of the lumen in cross
section, and Doppler sonography provides velocity
measurements that are area-dependent, whereas con-
ventional angiography, the historic “gold-standard”
technique, is generally interpreted in terms of diameter
measures.

Doppler ultrasound techniques are safe and rela-
tively easy to perform, but when compared with angio-
graphy, they demonstrate only moderate sensitivity (65
to 87%) and specificity (71 to 91%) for detection of ca-
rotid artery stenoses that would be appropriate for sur-
gery [1], [5]. Power Doppler [10] and contrast enhance-
ment [8] are improvements, but ultrasound still cannot
reliably differentiate high-grade carotid artery stenosis
from occlusion, a critical factor in surgical and also
non-surgical decision-making. Transcranial Doppler
was limited therefore in the detection of intracranial
carotid artery stenoses (“tandem lesions”) by a high
false positive rate [13], and was not possible in 15 to
20% of patients due to failure of ultrasound to pene-
trate the skull in the past.

MR angiography (MRA) is increasingly used in
the neurovascular evaluation, especially with contrast
enhancement [12], and may be improved by high-
strength field gradients and high-resolution tech-
niques. CT angiography (CTA) is still not used widely



Introduction

enough to determine its effectiveness and, in any case,
can only evaluate a limited segment of cerebral vascula-
ture [6]. Because of its convenience and anatomic im-
aging qualities, there seems little doubt that CTA will
become more widely used to screen for carotid artery
stenosis and to assess patients with acute stroke and
transient ischemic attacks. Technologic innovations
will likely improve its imaging ability.

The choice of imaging strategy is also important in
asymptomatic carotid artery disease. There is concern
over the generalization of the results of the Asymptom-
atic Carotid Atherosclerosis Study, given the exemplary
perioperative stroke/death rate of 2.3% seen in the trial,
1.2% of which was due to conventional angiography [2],
[9]. Quoted surgical complication rates in asymptomatic
case series range from 2.5% [7] to 5.6% [11]. Given
these higher surgical complication rates seen in real-life
clinical practice, the opportunity for patients to benefit
from the procedure is further eroded by the inherent
risks of angiography. Noninvasive imaging removes this
additional risk to patients and may mean that skilled
surgeons reach the 3.0% complication rate of stroke/
death suggested by the American Heart Association for
carotid endarterectomy to be appropriate for asymptom-
atic disease [4].

Despite these limitations, there is a growing ten-
dency to rely solely on ultrasound or MRA/CTA in the
presurgical assessment of patients with carotid artery ste-
nosis. New and promising imaging techniques are addi-
tionally examined. Those capabilities should provide new
opportunities for determining those image characteristics
of the advanced atherosclerotic lesion that more compre-
hensively capture the complex nature of disease and more
tully identify the true determinants of future neurological
risk. The present book tries to give answers and proposals
of solutions on some of these questions.
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Chapter 1.1

THE PATHOLOGY OF ATHEROSCLEROSIS

M. P. Dunphy and H. W. Strauss

Department of Radiology, Memorial Sloan-Kettering Cancer Center, New York, USA

Atherosclerosis is an indolent, chronic arterial dis-
ease involving inflammation and thickening of the
walls of medium- and large-sized vessels, with po-
tentially-lethal sequelae. An atherosclerotic lesion is
an accumulation of lipids and inflammatory cells,
within the arterial wall, which becomes more com-
plicated and extensive and deforms the involved ar-
tery, with time. Clinically-significant lesions of
atherosclerosis typically become manifest after de-
cades of growth and transformation; yet, not all le-
sions become symptomatic and many end by becom-
ing calcified or fibrotic, with no clinical significance.
Atherosclerotic lesions of the carotid arteries be-
gin in infancy [19]. The arterial response that ini-
tiates atherosclerosis has not been definitively
identified [63]. Yet the subsequent natural history
of atherosclerosis has been well-characterized. The
vascular burden of atherosclerosis increases in vol-
ume and extent, over decades, remaining clinically
‘silent’, while progressing through stages of deve-
lopment, with changes in the morphology and
composition of lesions. Atherosclerotic lesions,
known in advanced stages as ‘atheroma’ or ‘pla-
ques’, may expose ‘thrombogenic’ substances or be-
come bulging plaques that obstruct blood flow
through the carotid, causing local ‘hypercoagulability’.
Such thrombogenicity and hypercoagulability may
provoke the local formation of a blood clot, or
‘thrombus’, in the lumen of the carotid artery.
Thrombi which are so formed may become frag-
mented, forming ‘emboli’. Thromboembolism, or
downstream circulation of blood clot fragments,
from carotid atheromata, can cause frightening
neurological symptoms and permanent damage of
the brain, or stroke, when emboli lodge emboli in
smaller vessels, blocking blood flow to vital neuro-
logical tissues downstream.

Clinicians caring for patients with carotid ath-
erosclerosis are unable to monitor disease-progression
or predict the occurrence of sequelae to any reliable
degree by physical examination and history alone.
Medical imaging modalities, in particular ultrasound
and magnetic resonance imaging, have given clini-
cians the ability to examine the carotid arteries non-
invasively [68], to identify and monitor the growth
of atherosclerotic lesions, evaluate the adequacy of
carotid blood flow, and detect thrombus formation.
Regrettably, imaging cannot predict the efficacy of
pharmacotherapy or lifestyle-interventions on ath-
eroma; identify patients who will benefit most from
invasive carotid procedures (except in limited cir-
cumstances [9]); or identify atheroma most likely to
provoke a dire vascular event — so-called ‘vulnerable’
or unstable plaques.

A major goal of non-invasive radionuclide vas-
cular imaging is to supply clinicians with these capa-
bilities. Current medical imaging of carotid athero-
sclerosis provides information about the morphology
of the lesion, while new techniques, interrogating
the cellular composition of the lesions, are likely to
identify factors that promote plaque instability.

Atherogenesis

The response to injury hypothesis [51], [32] proposes that
an injury to the endothelium exposes the underlying
vessel wall, triggering a vascular response which, rather
than being reparative, results in an atherosclerotic le-
sion. The precise nature of this initial dys-response, the
ultimate cause of atherosclerosis, or atherogenesis, re-
mains a mystery. Yet the formation and propagation of
atherosclerotic lesions, is increasingly well-understood
to involve dyslipidemia and inflammation [32], [14].
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Atherosclerosis is common, detected even in the
arteries of healthy young people, in their second or
third decade of life [36], and has even been found in
the newborns of hyperlipidemic mothers. Yet ath-
erosclerosis does not manifest itself clinically until
much later in life. The symptoms are due to decreased
perfusion distal to the atheroma, due to the flow
limiting stenosis in a major vessel such as a carotid
or coronary artery, or to a pathological expansion of
the diameter of an affected segment of artery, as in
abdominal aortic aneurysms (AAAs). These two
types of arterial ‘remodeling’ can overlap, as, for exam-
ple, an outward enlargement of coronary lesions pre-
cedes narrowing of the lumen [20] in atherosclerosis
of the heart. Atheromata develop in stages, with
years of silent progression leading up to an event,
such as a transient ischemic attack or stroke. In the
early stages, atheromata accumulate lipids, such as
low-density lipoproteins (LDL), between the endo-
thelium and intima/media of the vessel. The endo-
thelium is a single layer of cells, which lines the in-
ner surface of blood vessels. The endothelial cells
communicate with other cells in important ways, as
will be discussed.

Traditionally, lipids are thought to enter athero-
sclerotic lesions by diffusion from the lumen, diffu-
sing through the inner layers of the vascular wall.
Yet, atheroma may also gather lipids from the vascu-
lature of the vessel itself, the vasa vasorum. In grow-
ing atherosclerotic lesions, the number of vessels in
the vasa vasorum is increased, in response to the in-
flammation in the lesion, and these proliferating
vasa are fragile and permeable. These fragile vessels
can rupture, leading to intramural hemorrhage, or
may allow small amounts of plasma and red cells
to extravasate. When this occurs, the plasma mem-
branes of the extravasated erythrocytes provide ath-
eromata with a rich source of additional lipids and
cholesterol [29], leading to further growth of the le-
sion. Inflammation caused by the atheroma leads to
macrophage recruitment. The macrophages attempt
to ingest and digest the lipid, which leads to increased
metabolism on the part of the cells, and creation of a
local environment conducive to oxidation of LDL in
the area. While non-oxidized LDL cholesterol is a
normal component of the arterial wall, oxidized

LDL is extremely irritating, contributing to local in-
flammation in the lesion.

Oxidized molecules accumulate in atheroma,
often in association with an undersupply of antioxi-
dants in the microenvironment [59], [35]. The ex-
cess of oxidants in vascular cells puts an ‘oxidative
stress’ on the vessel wall which promotes athero-
sclerosis by impairing endothelial cell function and
oxidizing LDL [59], [35].

The hostile microenvironment of inflammatory
cells provokes the overlying endothelium to release
cytokines and growth factors which stimulate the
growth of smooth muscle cells (SMCs), degrade the
extracellular matrix of the atheroma, and invite ad-
ditional inflammatory cells into the lesion, from the
blood. As lipid-laden macrophages, or ‘foam cells,
accumulate and SMC proliferation continues, the
atheroma grows.

Predispositions to atherosclerosis

Patients with a family history of atherosclerotic disease
are at higher risk of developing significant athero-
sclerotic disease, and several genes have been associat-
ed with worse manifestations of atherosclerosis [18].
The genes which transmit a heritable trait of suscepti-
bility to worse forms of atherosclerosis do not follow
simple Mendelian patterns, and atherosclerotic suscep-
tibility is likely the result of multiple genes. For exam-
ple, progression of atherosclerotic lesions is associated
with ‘remodeling’ of the microenvironment of the le-
sion, including degradation of the extracellular matrix,
by the family of matrix metalloproteinases (IVMIMPs).
Abnormal polymorphisms in the genes for MMPs-3
and -9 have been identified, in patients suffering from
more severe atherosclerosis. Similarly, a large number
of genes control plasma levels of lipids, such as LDL
cholesterol, HDL cholesterol, triglycerides and lipo-
protein (a) (reviewed by [4]) which, typically in con-
junction with diet, can play key roles in atherogenesis.
Preliminary research into genetic alterations affecting
inflammatory biomolecules, such as CRP, various in-
terleukins, chemokines and Toll-like receptors (re-
viewed by [4]) suggest a heritable risk in the inflam-
matory component of atherosclerosis, as well.
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Gene therapy is being explored to correct the
imbalances of gene expression at sites of disease
or at one or more organ sites to effect systemic
changes. For example, in carotid atherosclerosis, lo-
cal gene transfer to the arterial wall may be em-
ployed to inhibit restenosis after carotid vascular in-
terventions, or stabilize vulnerable plaques; or gene
transfer may seek to produce systemic changes in li-
poprotein metabolism, for example, by targeting me-
tabolic genes in the liver.

Recent research implicates the aging of the endo-
thelial layer in the progression of atherosclerosis.
Endothelium is subject to injury and must be able to
replace lost endothelial cells. Recent data suggests
that, as people age, endothelium becomes senescent ,
losing its ability to regenerate after injury. This obser-
vation adds a maladaptive healing response to injury as
an age-related cause of atheroma.

Young blood vessels reconstitute defects in the
endothelial layer through the formation of new
endothelial cells by proliferation of neighboring vas-
cular endothelial cells, or the recruitment of endo-
thelial progenitor cells (EPCs) which circulate in the
bloodstream after being formed in the bone marrow.
During life, endothelial cells and the marrow pre-
cursors are called upon to divide, creating new (du-
plicate) cells. With each cell division, the length of
chromosomal telomeres becomes shorter, called zelo-
meric attrition. Telomeres are repetitive nucleotide
sequences found at the end of chromosomes, crucial
for DNA replication and stability. The more often
an endothelial cell divides, the more its chromo-
somal telomeres shorten. Radioautographic studies
show a higher rate of turnover of endothelial cells
overlying atherosclerotic lesions than cells in normal
endothelium. Once telomere length shortens to a
critical threshold, endothelial cells will no longer di-
vide, a state known as senescence. Senescent endothe-
lial cells have been found covering plaques, in au-
topsy studies of adults [39].

Endothelial senescence likely plays an important
role in progression of disease but is unnecessary for
the initiation of atheroma since fatty streaks can be
found in the aortae and carotid arteries of healthy in-
fants [19], before telomere attrition would reasonably
occur. However, injury to the endothelium acceler-

ates endothelial senescence and, therefore, may con-
tribute to the development of carotid atherosclerosis
in younger patients exposed, for example, to carotid
balloon injury or neck irradiation. Progression of
atherosclerosis, in the aged, is also associated with
changes in sex hormones, in both men and women.

The prevalence and extent of atheromata is in-
creased by cigarette-smoking [37], hypertension,
diabetes, and specific genetic diseases [4]. In carotid
atherosclerosis, cigarette-smoking has been shown
to increase intralesional macrophage content, with
an associated increase in intralesional inflammatory
enzymes (i.e., macrophage-derived metalloelastase)
which degrade vascular tissue.

Morphology

Atherosclerotic lesions have traditionally been ana-
lyzed in terms of histology; the progression of a plaque
is commonly-rated according to its histological struc-
ture and composition [65]. In youth, atherosclerotic
lesions are frequently composed of ‘fatty streaks’ [10];
the prevalence of such lesions plateaus after the first
three or four decades of life, whereas raised plaques,
more advanced forms of atherosclerosis, continue to
accumulate until the end of life. An ‘advanced’ athero-
sclerotic lesion is commonly called either an ‘ath-
eroma, after the Greek words azhere, for ‘porridge’, and
oma, for tumor (referring to the swollen appearance of
the lesion,) or a plaque, denoting its raised morphol-
ogy (see discussion of atherosclerosis terminology be-
low). A formal definition of an ‘advanced’ athero-
sclerotic lesions has been given as one in which in the
layer of the blood vessel wall immediately adjacent to
the vascular lumen, or infima, has become thickened
and disorganized and the artery deformed [62].
Plaques are often associated with complications, on or
immediately beneath the luminal surface, in the ‘cap’
of the lesion, such as fissures, ulcerations, and ruptures
(see below). Deposits of hematoma, or intraplaque
hemorrhage, and thrombosis may become incor-
porated into plaques as fibromuscular tissue [65].

The American Heart Association (AHA) pro-
posed a formal system of histological classification, of
early versus advanced atherosclerotic lesions, using a



10

Chapter 1.1

numerical nomenclature (see Fig. 1), and recom-
mended the use of such classifications as “histological
‘templates’ for images of lesions. .. obtained with a va-
riety of invasive and noninvasive techniques” [65].

The arrangement of lesion-types, from I to
VIII, is intended to reflect the natural history of
atherosclerosis and distinguishes lesions associated
with adverse clinical manifestations (types IV=VIII)
from lesions without such potential (types I-III)
[62]. In what is generally-regarded as early forms of
atherosclerosis (types I-1II) [63], endothelial injury
exposes the intima to deposition of a small amount
of lipids, inciting a local inflammatory reaction
populated by macrophages. In early-stage lesions
endothelial integrity is usually intact, although, in
animal models of aggressive atherosclerosis, it can be

| Macrophage foam cells (isolated)
N

i

Il Macrophage foam cells (layers)

Il Extracellular lipid pools (isolated)

\ 1t )
) I
\V] Extracellular lipid pools
L s
) 1l
vV Fibromuscular proliferation
L <
[
g
VI Intralesional hematoma, surface

erosion, and/or luminal thrombosis

Vil Calcification without lipid pools

VI Fibrous tissue without lipid pools

\ J

Fig. 1. An outline showing the AHA-recommended numerical
classification of atherosclerotic lesions, with roman numerals and
predominant histological characteristic(s). Arrows indicate possi-
ble changes in the histology of atherosclerotic lesion at different
stages. Modified from [65].

focally-disrupted, with platelets bound to exposed
foam cells [12], [13]. The endothelium overlying le-
sions undergoes other changes, even at early stages,
including a loss of alignment to blood flow, increase
in stress fiber content, and an increased susceptibi-
lity to adherence by circulating leukocytes, thought
to be due to increased endothelial expression of spe-
cific adherence molecules like vascular cell adhesion
molecule-1 (VCAM-1).

Injury exposes the vessel wall to the deposition
of circulating lipids. Infiltrating macrophages ingest
the lipid deposits, becoming foam cells, and secrete
growth factors and pro-inflammatory molecules
(eg, matrix metalloproteinases, and possibly myelo-
peroxidase [38]) that perpetuate and amplify local
inflammation, e.g., by oxidation products (see be-
low). Initially, atheromata are no more than yellow
dots (type I) on the vascular surface, composed of
foam cells. As foam cell groups expand into layers
(type II), sometimes visible as streaks, smooth muscle
cells begin accumulating lipids, mostly cholesterol
esters, though a surplus of lipid-free macrophages are
present. Mast cells and T-lymphocytes also arrive,
but in far fewer numbers. In ‘pre-atheroma’ (type III)
lesions, lipid begins accumulating in small pools’, out-
side of cells, but not to a large extent; and the lipids
are of a different mixture than in prior stages, inclu-
ding more free cholesterol [60].

The term ‘atheroma’ is commonly used to refer to
all advanced lesions (types IV=VIII) which are distin-
guished by (1) accumulations of lipid, cells, and/or
matrix components, including minerals; (2) intimal
disorganization, repair, and thickening; and (3) defor-
mity of the arterial wall [62]. Atheroma’ originally re-
terred to the type IV lesion, which has a large ‘core’ of
confluent extracellular lipid pools. Type IV athero-
mata expand by growth of the lipid core, but usually
away from the lumen, so-called Glagovian expansion
[20]. This type of lesion rarely occludes blood vessels
[65]. The type IV atheroma has a normal ‘cap’ — i.e.,
intimal tissue found between lesion and endothelium
is normal [64]; though the cap can be relatively-thick,
at characteristic arterial sites, as an adaption to me-
chanical forces, its composition is that of normal inti-
mal tissue. Yet inflammatory macrophages are abun-

dant, in the periphery of type IV atheromata. The
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integrity of the cap is important, since ‘fissures’, ‘ulcer-
ations’, or ‘ruptures’ of the cap can provoke vascular
thrombosis [74]. Thinning of the cap is also more fre-
quent in symptomatic than in asymptomatic carotid
plaques [5]. Having well-maintained caps, type IV
atheromata are rarely associated with vascular events
[65], unless type IV lesions become type VI lesions
(see below). Type V lesions, once called ‘fibroath-
eroma’ are distinguished by an increased amount of
smooth muscle cells, in the intima, and fibrous tissue,
mostly notably in the cap, with persistence of a fatty
lesion core. The fibromuscular tissue arises during re-
pairs of intima from damage caused by the extracellu-
lar lipids or thrombotic deposits. The term ‘plaque’
was initially intended to denote the fibrous cap of
type V lesions [62]; however, like ‘atheroma’, ‘plaque’
has become indiscriminately-used to refer to all types
of advanced atherosclerotic lesions. Repeated repair
episodes are the presumed cause of multi-layered
(type V) lesions. As each new layer forms, the tough
fibrous tissue of underlying plaque-layers forces the
lesion to expand by growing into the lumen of the ar-
tery. The layer outside of the intima, the media, and
the outermost vascular layer, the adventitia, both de-
monstrate changes, in composition, in type V lesions.
For example, the smooth muscle cells are disorgani-
zed, in the media, and both the media and adventitia
accumulate inflammatory cells, including macropha-
ges, lymphocytes, and, sometimes, mast cells. The li-
pid pool may persist, in type V lesions, or be absent,
though inflammatory cells persist regardless. For the
first time, calcifications are sometimes seen. A type
VI, or complicated, lesion is marked by the occur-
rence of (1) erosions or fissures on the surface of the
lesion, whether superficial, involving only the endo-
thelium, or deep, down to the lipid core; (2) hema-
toma, blood collections within the lesion, which may
form by tears in the surface of the lesion and/or
rupture of lesional microvessels formed during angio-
genesis (see below) [1], [47]; and/or (3) thrombosis,
on the surface of the lesion, which can be microscopic
or grossly-visible [7]. Type VI is the lesion-type most
often associated with clinical manifestations, inclu-
ding lethal ones [65]; hemorrhage-laden type VI lesi-
ons are likely to increase in volume, expand their
necrotic lipid cores, and develop recurrent intralesion-

al hemorrhages, from year to year [67]. As lesions be-
come advanced, apoptotic cells begin accumulating,
particularly around the necrotic lipid core [24], [27],
[69]. In part, apoptotic cell-accumulation can be at-
tributed to the increasing oxidative stress, in advanced
lesions, which interferes with the phagocytosis and
clearing functions of infiltrating macrophages [58].

As illustrated in Fig. 1, type VI lesions arise
from lesions of either type IV or type V. A type VI
lesion can worsen, leading to thrombotic occlusion
of the carotid artery, or repair itself, becoming a
type V lesion. Not all type VI lesions have acute
consequences or will necessarily become clinically-
manifest, nor are such lesions even uncommon in
the arterial tree; for example, type VI lesions have
been found in young adults [61] and in the aortae
of 38% of adults below the age of 60 years [7]. Yet,
in carotid atherosclerosis, plaque disruption is as-
sociated with symptomatic disease, even between
lesions with similar degrees of stenosis [5].

Should the lipid core of a type IV=VI lesion re-
gress, either calcification (type VII, or calcific, lesion)
or fibrous tissue (type VIII, or fibrotic, lesion) will
predominate, replacing normal intimal tissue [61].
Lastly, the histology of a specific atherosclerotic lesion
most often varies, along its extent (e.g., a lesion may
demonstrate type II features, in one area, and type V,
in another); yet, in pathology, atherosclerotic lesions
are classified according to the most advanced and clin-
ically-significant intralesional histology present.

Causes of plaque ‘vulnerability’

Acute vascular events associated with atheroma do
not require exposure of thrombogenic substances,
since thrombi may form on the surface of lesions
with intact endothelium. The hypothesized etiology
of thrombosis in such cases is a focal change in blood
flow secondary to deformity of the vessel overlying a
lesion. Thrombotic occlusion tended to occur at flow
dividers and locations of arterial angulation [66],
suggesting a role for shear stress in thrombosis or un-
derlying intimal disruption and hematoma and a rea-
son for the predilection of atherosclerosis at the
carotid bifurcation [45]. Another factor in the devel-
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opment of a clinical event is the patients likelihood
of forming a thrombus. This concept of ‘vulnerable
blood’ (an integral component of the vulnerable pa-
tient), proposed by Naghavi et al. [42] suggests that
some patients are more likely to form an obstructive
thrombus following a triggering event.

In 1995, Stary et al. summarized evidence impli-
cating numerous biological elements leading to dis-
ruption of the intima, particularly macrophages,
which release proteolytic enzymes. This disruption
can result in coronary spasm and structural weakness
particularly in lesions with a high concentration of

foam cells [48] and shear stress [20].

Immune components of atherosclerosis

There is a growing body of evidence linking inflam-
mation and atherosclerosis [21]. Many reports [8],
[30], [71], [3], [72], [26], [34], [40] have correlated
inflammation in the cap and shoulder of the athero-
sclerotic lesion with plaque disruption and conse-
quent acute thrombotic complications. The concen-
tration of active inflammatory cells is higher in
ruptured plaques than in asymptomatic carotid pla-
ques, with similar degrees of stenosis, and carotid
plaques with greater concentrations of foam cells are
more likely to be symptomatic [5]. In the coronary
arteries, plaques usually rupture at sites where the
circumferential stress is high [48] and where the
plaque has been weakened as a result of a local in-
flammatory reaction [40], [73]. The association bet-
ween inflammation and the progression of athero-
sclerotic lesions, specifically in the carotid arteries, is
supported by associations with serum markers [56].

Apart from inflammation within the cap, it has
been proposed [30], [71], [30], [28] that adventitial
inflammation and neovascularization contribute to
plaque instability, by thinning the medial layer
of coronary artery segments, with resultant ‘com-
pensatory enlargement’. Compensatory enlarge-
ment can be seen, teleologically, as a means of pre-
serving the patency of the vessel lumen; yet
disrupted plaques are found in areas of compensa-
tory enlargement [20], [46], [75], [57]. Rupture of
the internal elastic lamina, allowing expansion of
the atherosclerotic process into the tunica media, is

a recognized feature of complex atherosclerotic pla-
ques [34], [31].

Inflammatory cells in the plaque secrete a variety
of vascular growth factors, which promote the growth
of wasa vasorum to meet the metabolic needs of the
inflammatory cells [31], [41], [22] (see below).

In addition to macrophages, mast cells and
T-lymphocytes [49] are present, in atherosclerotic
lesions, but far less prevalent. Leukocytes which in-
filtrate the vessel wall at sites of inflammation and
populate atherosclerotic lesions are drawn from the
circulation. The recruitment of circulating leukocytes
begins with a leukocyte responding to increased ad-
hesion molecule expression on the endothelium.
Different cellular adhesion molecules (CAMs) me-
diate this process, depending on the type of tissue
and type of inflammation. Most notably, the endo-
thelium expresses P- and E-selectin, the latter also
being known endothelial-leukocyte adhesion mole-
cule-1 (ELAM-1); the endothelial selectins interact
with a4-integrin receptors on some leukocytes to
cause the leukocyte tethering and rolling phenome-
non. Well-characterized molecules which regulate
adhesion include VCAM-1 and ICAM-1. Circula-
ting forms of VCAM-1, ICAM-1 and E-selectin
are present in plasma, for unknown reasons.

Other components of the immune system also
have roles in atherosclerosis. Deposition of com-
plement complexes, including C5b-9, increases,
with progression of atherosclerotic lesions. Lipo-
proteins, including free cholesterol, that become
trapped within the vessel wall are capable of activa-
ting complement pathways. Lipoproteins, particularly
LDL, are modified by proteases and cholesteryl
esterases when ‘trapped’ within the vessel wall. The
modified lipoproteins activate complement path-
ways for the physiological purpose of recruiting
innate immune responses to remove the trapped li-
poproteins and bind C-reactive protein (CRP),
from the circulation. CRP, which is made by the li-
ver, regulates complement activation when bound to
trapped lipids and, in the circulation, likely interfe-
res with the reparative functions of endothelial pro-
genitor cells [17].

Lastly, autoimmune cross-reactivity, between
antigens of pathogens and homologous human an-
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tigens in the vascular wall (e.g., the 60 kDa heat
shock protein of Chlamydia pneumoniae) may be
another means of provoking immune-mediated
atherosclerosis.

The redox balance

The accumulation of oxidants in atherosclerotic lesi-
ons damages the vascular wall by increasing lesion-
inflammation, through lipid oxidation and produc-
tion of toxic molecules, such as hydroxyl radicals
("OH) and other ‘reactive species’ [59]. Others [76]
have also proposed reductive stress, the excessive ac-
cumulation of molecular reductants, as another cause
of vascular damage, particularly in association with
diabetes.

Angiogenesis

Vasa vasorum feed the outer layers of blood vessels,
which are too distant from the vascular lumen to re-
ceive nutrition by direct diffusion through the in-
tima. Similar to other pathological conditions (most
notably neoplastic tumor formation [25]) the wvasa
vasorum are stimulated to grow by the atheroma it-
self [22]. This angiogenesis is vital for the progression
of atheromata [41]. As observed by Judah Folkman
[16], it is an interesting fact that patients with
Down Syndrome (trisomy 21) do not develop clini-
cally-significant atherosclerosis, despite living to re-
latively-advanced ages [6]. This resistance to athero-
sclerosis may be attributable to the presence of three
copies of a gene on chromosome 21, which provide
Down Syndrome patients with high serum levels of
endostatin [77], an inhibitor of angiogenesis. This
observation suggests that a pathological form of an-
glogenesis plays a significant role in the progression
of atherosclerosis.

Pathological angiogenesis yields a dense net of
deformed and leaky microvessels, without any ob-
vious organization [25]. Such wvasa may allow
erythrocytes, with lipid-rich plasma membranes to
extravasate into atheromata [29]. Moreover, angio-
genic microvessels, in atheromata, are weak and
prone to rupture (i.e., the formation of type VI le-

sions) and are implicated in plaque instability
[29], [1].

Endothelium regulates the migration of smooth
muscle cells (SMCs), in normal angiogenesis [15].
As endothelial cells form a new lumen, SMCs mi-
grate, according to a gradient of endothelial signals
[55], [33], to surround the vessels and establish a
mature vasculature. In dys-angiogenesis, a disarray
of signal-gradients from endothelial cells may ac-
count for the disorganized migration of SMCs into
the media and adventitia, as seen in type V lesions
[18]. Similarly, migration of SMCs into the cap of
plaques may represent a dys-angiogenic phenome-
non, related to endothelial signaling.

The role of lymphatic function and lymphangio-
genesis, in atherosclerosis, has rarely been studied
[43]. Nakano et al. [43] presented evidence, in one of
the rare studies, that lymphatic drainage from plaques
may be poor. Lymphatic vessels are responsible for
draining inflammatory cells; as such, impaired lym-
phatic function may directly amplify atherosclerotic
inflammation. Indirectly, poor lymphatic function
could hypothetically lead to the accumulation of in-
terstitial fluid and proteins, which may further de-
range healing in the tissue microenvironment.

Thrombosis and blood elements in
atherosclerosis

Circulating endothelial progenitor cells (EPCs)
have a reparative role in vascular biology. In addi-
tion to the known hemostatic and thrombotic func-
tions of platelets, studies now reveal a pro-inflam-
matory role for platelets in atherosclerosis. Platelets
carry granules laden with immune-signaling mole-
cules. When passing over endothelium overlying
inflamed plaques, platelets are activated to release
platelet microparticles (PMPs); PMPs, scattered
over the endothelium, also secrete granular con-
tents, including RANTES , or the ‘regulated on ac-
tivation normal T cell expressed and secreted’ mole-
cule. RANTES is detectable on the luminal surface
of atherosclerotic human carotid arteries. RAN-
TES, when scattered over the atherosclerotic endo-
thelium, by platelets, promotes monocyte infiltra-
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tion into the vascular wall. PMPs also express va-
rious adhesion molecules.

Though PMPs promote atheromatous in-
flammation, PMPs also contact hematopoietic stem-
progenitor cells (HSPCs), which help repair the
endothelium. HSPCs that contact platelets subse-
quently display PMP-derived molecules which en-
hance the adhesion of HSPCs to the endothelium,
suggesting a mechanism for EPC homing, during
endothelial regeneration.

Conclusions on carotid atherosclerosis

Carotid atherosclerosis is a chronic disease of the ca-
rotid arteries, with potentially-life threatening acute
complications, particularly stroke. Atheromata can
become clinically-evident either by the growth of
the lesion within the vascular wall, until blood flow
through the lumen is obstructed, and/or by provo-
king thrombo-emboli, with or without blood flow
obstruction, by exposing the bloodstream to throm-
bogenic substances within the lesion.

In response to injury, inflammation may mod-
erate the healing of the vessel wall, as in other tissues.
In atherogenesis, the vascular healing process goes
awry. Atheromata are made by insudates of inflam-
matory cells and inflammants, particularly lipids,
and, in advanced lesions, by the hyperplasia of vas-
cular tissue. Inflammatory cells and molecules are
drawn into atherosclerotic lesions both through the
intima and outer layers of the vessel wall. The inter-
nal microenvironment of the atheroma is a haywire
network of cell signaling and a poisoned atmos-
phere, with oxidants which derange inflammatory
and endothelial cells. Vascular inflammation can
perpetuate itself, by stimulating the (mal)formation
of new, incompetent vasa vasorum which spill in-
flammatory cells and substances into the lesion. If
the vessel wall fails to heal, after decades, then the
endothelium loses its capacity for further self-repair;
such endothelial senescence opens the intimal door to
tissue inflammants.

Yet not all carotid atheromata become clot-pro-
voking lesions. Some resolve into silent fibrotic or

calcific scars. The incidence and fate of nascent
atheromata are determined at all levels, even beyond
the plaque itself, reflecting a profile of the whole pa-
tient, from genetics, cellular events, and &/ood bioche-
mistry [70], to patient diet and behavior. For exam-
ple, the ‘vulnerable patient’ and the patient who is
less or not vulnerable to a stroke may, theoretically,
have identical plaques, but one patient is ‘vulnerable’
because his or her &lood has a composition with a
greater predisposition to clotting, when exposed
thrombogenic factors within the plaque. As such,
other non-imaging clinical tests, particularly serum
analyses, will play a great role, in risk-stratifying pa-
tients with carotid atherosclerosis.

The character of the plaque is a key to distin-
guishing the vulnerable patient, as carotid symptoms
and events are associated with specific plaque cha-
racteristics. The concentration of inflammation in
the cap and rupture of malformed vessels frequently
mark the ‘vulnerable plaque’. Noninvasive imaging
has begun to provide physicians with the ability to
detect and measure the plaque features which preci-
pitate carotid stroke, on anatomical and biochemical
levels, as subsequent chapters will discuss.

Medical imaging of atherosclerosis
by scintigraphy

In the past contrast angiography of the carotid and
cerebral vessels was the norm to objectively evaluate
the degree of carotid stenosis. Today less invasive
approaches, such as duplex Doppler ultrasound and
magnetic resonance angiography are routinely per-
formed to determine the severity of carotid lesions.
These techniques will be discussed in detail in sub-
sequent chapters.

In addition to these anatomic techniques,
nuclear medicine approaches are being developed
to specifically identify and characterize plaques.
The in wvivo biodistribution of administered radio-
pharmaceuticals can be visualized by scintigraphy.
Radiopharmaceuticals used in single photon emis-
sion computed tomography (SPECT) and positron
emission tomography (PET) differ by the types of
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radioactivity emitted. Radiopharmaceuticals used in
SPECT emit gamma rays, which are physically-
identical to X-rays (X-rays and gamma rays only
differ in how they are created). In PET, radiophar-
maceuticals release positrons, which are the antimat-
ter of electrons. A positron will travel a very short
distance in tissue (typically 1-3 millimeters) before
encountering an electron. The mass of the positron
and electron is converted into pure energy (in a de-
monstration of Einstein’s formula £ = m®). The
energy from this ‘annihilation reaction’ splits, for-
ming two gamma rays traveling in opposite direc-
tions. In general, PET is superior to SPECT, in
terms of the image detail, or spatial resolution, that
is possible. The strength of the signal from PET
radiopharmaceuticals is also better (i.e., improved
sensitivity), because the gamma rays are of a much
higher energy and do not get absorbed by the body
as much as the lower-energy photons typically emit-
ted by SPECT radiopharmaceuticals.

Nuclear imaging of atherosclerosis can be cate-
gorized as direct or indirect. Direct methods of
imaging atherosclerosis involve scintigraphic visua-
lization of radiolabeled biomolecules that can accu-
mulate within atheroma [23]. Indirect methods have
dominated myocardial and brain blood flow measu-
rements by depicting the altered distribution of per-
tusion in the downstream tissue.

Since carotid endarterectomy (CEA) reduces the
risk of stroke in symptomatic patients with a lesion
causing a severe (>70%) stenosis [2], it is important
to objectively evaluate the carotid vessels of patients
with symptoms. The risks associated with CEA are
not insignificant and the prevalence of surgical com-
plications has likely been underestimated by even the
most notable trials [52]. It is, of course, imperative,
therefore, to identify patients with the most favorable
risk:benefit ratio, before undertaking carotid surgery.
Yet US is incapable of this task, in asymptomatic pa-
tients with severe carotid stenosis [11] and in sym-
ptomatic patients with moderate carotid stenosis
[53]. Radiotracer techniques may have a role in the
management of carotid artery disease, particularly if
the images provide information on the vulnerability
of an individual plaque to rupture.

Scintigraphic visualization
of atherosclerotic elements:
feasibility of nuclear imaging

Factors which hinder the ability of scintigraphy (in-
cluding PET) to visualize activity within a carotid
atheroma include (1) lesion size, (2) background ac-
tivity, (3) biological flux or density of the specific

target of a tracer, and (4) motion artifact.

Size

As of 2006, the overall spatial resolutions of state-
of-the-art clinical PET and SPECT cameras are
roughly 4- and 7-mm respectively. This fact might
discourage one, at first, from attempting to detect a
lesion within the thin walls of the vasculature. Yet
the ability of scintigraphic cameras to detect lesions
depends not only upon spatial resolution and con-
trast, as in X-ray computed tomography (CT), but
also upon the intensity of the signal. If a particular
radiotracer accumulates in a lesion, the lesion be-
comes a ‘focus’ of radioactivity, emitting rays like a star
in the night sky. Though scintigraphy may not have
the resolving capacity to separate the signal from
two tiny, adjacent lesions, or foci, scintigraphy can
detect the strength of the signal(s). Macrophages
utilize circulating glucose as a substrate for metabo-
lism. When positron emission tomography is perfor-
med with an intravenous injection of the radiola-
beled glucose analog ¥F fluorodeoxyglucose (FDG),
these lesions can be seen on the scan as foci of in-
creased tracer concentration in the artery. For vascu-
lar lesions, which are much smaller than the spatial
resolution of the scintigraphic cameras, the strength
of the signal that is measured will actually be the
average of the lesion signal-strength and any other
activity nearby, a problem known as ‘partial-volume
averaging’. So, for example, if the activity in a milli-
meter-sized lesion is very high, but the background
is very low, partial volume averaging will make the
activity appear dimmer than it truly is. In athero-
sclerosis, however, the boundaries of vulnerable

plaques can be defined by the extent of the pathoge-
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netic milieu forming the plaque, upon which scintig-
raphy focuses, rather than the just the anatomy of
the plaque itself, as imaged by other modalities. For
example, atherosclerotic inflammation may involve
the intima, perivascular adventitia or extend even
into underlying tissues [30], [44]. Thus, in some
cases, the pathobiological area of vulnerable plaques
may actually approach the area required for accurate,
quantitative imaging by scintigraphy.

The feasibility of scintigraphic detection of met-
abolic activity in carotid atheroma, despite such hurd-
les, has been validated by the work of Rudd et al. [54]
who performed preoperative FDG PET imaging in
patients scheduled for endarterectomy. The tracer
concentration in the image was confirmed by lesion
histopathology. Although no clinical study has yet val-
idated the prognostic significance of any scintigraphic
marker of atherosclerosis, prospective studies are in
progress.

References

[1] Barger AC et al.: Hypothesis: vasa vasorum and neo-
vascularization of human coronary arteries. A possible
role in the pathophysiology of atherosclerosis. N Engl J
Med 310: 175-177 (1984).

[2] Beneficial effect of carotid endarterectomy in symp-
tomatic patients with high-grade carotid stenosis. North
American Symptomatic Carotid Endarterectomy Trial
Collaborators. N Engl ] Med 325: 445-453 (1991).

[3] Boyle JJ: Association of coronary plaque rupture and
atherosclerotic inflammation. J Pathol 181: 93-99
(1997).

[4] Cambien F: Coronary Heart Disease and Polymor-
phisms in Genes Affecting Lipid Metabolism and In-
flammation. Curr Atheroscler Rep 7: 188-195 (2005).

[5] Carr S et al.: Atherosclerotic plaque rupture in sympto-
matic carotid artery stenosis. ] Vasc Surg 23: 755-765;
discussion 765-766 (1996).

[6] Chadefaux B et al.: Is absence of atheroma in Down
syndrome due to decreased homocysteine levels?
Lancet 2: 741 (1988).

[7] Chandler A, Pope J: Arterial thrombosis in atheroge-
nesis: a survey of the frequency of incorporation of
thrombi into atherosclerotic plaques., in Blood and
Arterial Wall in Atherogenesis and Arterial Thrombo-
sis (Hautvast J, Hermus R, Van der Haar F, eds). EJ
Brill: Leiden, Netherlands. 112-118 (1975).

[8] de Boer OJ et al.: Leucocyte recruitment in rupture
prone regions of lipid-rich plaques: a prominent role

for neovascularization? Cardiovasc Res 41: 443-449
(1999).

[9] Easton JD: Chapter 349. Cerebrovascular Diseases.
In: Harrison’s Online (Kasper DL et al., eds) McGraw-
Hill (2005).

[10] Eggen DA, Solberg LA: Variation of atherosclerosis
with age. Lab Invest. 18: 571-579 (1968).

[11] Endarterectomy for asymptomatic carotid artery ste-
nosis. Executive Committee for the Asymptomatic Ca-
rotid Atherosclerosis Study. JAMA 273: 1421-1428
(1995).

[12] Faggiotto A, Ross R, Harker L: Studies of hyperchole-
sterolemia in the nonhuman primate. I. Changes that
lead to fatty streak formation. Arteriosclerosis 4: 323—
340 (1984).

[13] Faggiotto A, Ross R: Studies of hypercholesterolemia
in the nonhuman primate. II. Fatty streak conversion
to fibrous plaque. Arteriosclerosis 4: 341-356 (1984).

[14] Faxon DP et al.: Atherosclerotic Vascular Disease
Conference: Writing Group III: pathophysiology.
Circulation 109: 2617-2625 (2004).

[15] Folkman J, D’Amore PA: Blood vessel formation: what
is its molecular basis? Cell 87: 1153—-1155 (1996).

[16] Folkman J: Endogenous angiogenesis inhibitors.
Apmis 112: 496-507 (2004).

[17] Fujii H, Li SH, Szmitko PE et al.: C-Reactive Protein
Alters Antioxidant Defenses and Promotes Apoptosis
in Endothelial Progenitor Cells. Arterioscler Thromb
Vasc Biol (E-publ. on Aug. 24, 2006).

[18] Gargalovic PS, Imura M, Zhang B et al.: Identification
of inflammatory gene modules based on variations of
human endothelial cell responses to oxidized lipids.
Proc Natl Acad Sci USA 103(34): 12741-12746
(2006).

[19] General findings of the International Atherosclerosis
Project. Lab Invest 18: 498-502 (1968).

[20] Glagov S et al.: Compensatory enlargement of human
atherosclerotic coronary arteries. N Engl ] Med 316:
1371-1375 (1987).

[21] Hansson GK, Libby P: The immune response in ath-
erosclerosis: a double-edged sword. Nat Rev Immunol.
6(7): 508-519 (2006).

[22] Inoue M et al.: Vascular endothelial growth factor
(VEGF) expression in human coronary atherosclerotic
lesions: possible pathophysiological significance of
VEGF in progression of atherosclerosis. Circulation
98:2108-2116 (1998).

[23] Isobe S, Tsimikas S, Zhou J et al.: Noninvasive imaging
of atherosclerotic lesions in apolipoprotein E-deficient
and low-density-lipoprotein receptor-deficient mice
with annexin AS5. J Nucl Med 47(9): 1497-1505
(2006).

[24] Isner JM et al.: Apoptosis in human atherosclerosis and
restenosis. Circulation 91: 2703-2711 (1995).



M. P. Dunphy and H. W. Strauss

17

[25] Jain RK: Molecular regulation of vessel maturation.
9: 685-693 (2003).

[26] Kaartinen M et al.: Mast cell infiltration in acute coro-
nary syndromes: implications for plaque rupture. ] Am
Coll Cardiol 32: 606612 (1998).

[27] Kockx MM et al.: Distribution of cell replication and
apoptosis in atherosclerotic plaques of cholesterol-fed
rabbits. Atherosclerosis 120: 115-124 (1996).

[28] Kohchi K et al.: Significance of adventitial inflammation
of the coronary artery in patients with unstable angina:
results at autopsy. Circulation 71: 709-716 (1985).

[29] Kolodgie FD et al.: Intraplaque hemorrhage and pro-
gression of coronary atheroma. N Engl ] Med 349:
23162325 (2003).

[30] Laine P et al.: Association between myocardial infarc-
tion and the mast cells in the adventitia of the infarct-
related coronary artery. Circulation 99: 361-369
(1999).

[31] Libby P et al.: Macrophages and atherosclerotic plaque
stability. Curr Opin Lipidol 7: 330-335 (1996).

[32] Libby P: Inflammation in atherosclerosis. Nature 420:
868-874 (2002).

[33] LiuY et al.: Edg-1, the G protein-coupled receptor for
sphingosine-1-phosphate, is essential for vascular mat-
uration. ] Clin Invest 106: 951-961 (2000).

[34] Mach F et al.: Reduction of atherosclerosis in mice by
inhibition of CD40 signalling. Nature 394: 200-203
(1998).

[35] Madamanchi NR Vendrov A, Runge MS: Oxidative
stress and vascular disease. Arterioscler Thromb Vasc
Biol 25: 29-38 (2005).

[36] McGill HC ]Jr et al.: Association of Coronary Heart
Disease Risk Factors with microscopic qualities of
coronary atherosclerosis in youth. Circulation 102:
374-379 (2000).

[37] McGill HC Jr et al.: Effects of nonlipid risk factors on
atherosclerosis in youth with a favorable lipoprotein
profile. Circulation 103: 1546-1550 (2001).

[38] McMillen TS, Heinecke JW, Leboeuf RC: Expression
of Human Myeloperoxidase by Macrophages Promotes
Atherosclerosis in Mice. Circulation 11: 2798-2804
(2005).

[39] Minamino T et al.: Endothelial cell senescence in hu-
man atherosclerosis: role of telomere in endothelial
dysfunction. Circulation 105: 1541-1544 (2002).

[40] Moreno PR et al.: Macrophage infiltration in acute
coronary syndromes. Implications for plaque rupture.
Circulation 90: 775778 (1994).

[41] Moulton KS et al.: Inhibition of plaque neovasculariza-
tion reduces macrophage accumulation and progression
of advanced atherosclerosis. Proc Natl Acad Sci USA
100: 4736—4741 (2003).

[42] Naghavi M et al.: From vulnerable plaque to vulnera-
ble patient: a call for new definitions and risk assess-

ment strategies: Part II. Circulation 108: 1772-1778
(2003).

[43] Nakano T et al.: Angiogenesis and lymphangiogenesis
and expression of lymphangiogenic factors in the ath-
erosclerotic intima of human coronary arteries. Human
Pathology 36: 330-340 (2005).

[44] Okamoto E et al.: Perivascular inflammation after bal-
loon angioplasty of porcine coronary arteries. Circula-
tion 104: 2228-2235 (2001).

[45] Orr AW, Ginsberg MH, Shattil SJ et al.: Matrix-speci-
fic Suppression of Integrin Activation in Shear Stress
Signaling. Mol Biol Cell (E-publ. on Aug. 23, 2006).

[46] Pasterkamp G et al.: Relation of arterial geometry to
luminal narrowing and histologic markers for plaque
vulnerability: the remodeling paradox. ] Am Coll Car-
diol 32: 655-662 (1998).

[47] Paterson J: Vascularization and hemorrhage of the in-
tima of arteriosclerotic coronary arteries. Arch Pathol
22:313-324 (1936).

[48] Richardson PD, Davies M], Born GV: Influence of
plaque configuration and stress distribution on fissu-
ring of coronary atherosclerotic plaques. Lancet 2:
941-944 (1989).

[49] Robertson AK, Hansson GK: T Cells in Atherogenesis.
For Better or For Worse? Arterioscler Thromb Vasc
Biol (E-publ. on Sept. 14, 2006).

[50] Ross R, Glomset JA: The pathogenesis of atherosclero-
sis (second of two parts). N Engl ] Med 295: 420-459
(1976).

[51] Ross R: The pathogenesis of atherosclerosis: a perspec-
tive for the 1990s. Nature 362: 801-809 (1993).

[52] Rothwell PM, Goldstein LB: Carotid Endarterectomy
for Asymptomatic Carotid Stenosis: Asymptomatic
Carotid ~ Surgery Trial. Stroke 35: 2425-2427
(2004).

[53] Rothwell PM et al.: Endarterectomy for symptomatic
carotid stenosis in relation to clinical subgroups and
timing of surgery. Lancet 363: 915-924 (2004).

[54] Rudd JH et al.: Imaging atherosclerotic plaque inflam-
mation with [18F]-fluorodeoxyglucose positron emis-
sion tomography. Circulation 105: 2708-2711 (2002).

[55] Sato TN: A new role of lipid receptors in vascular and
cardiac morphogenesis. J Clin Invest 106: 939-940
(2000).

[56] Schillinger M et al: Inflammation and Carotid
Artery—Risk for Atherosclerosis Study (ICARAS).
Circulation 111:2203-2209 (2005).

[57] Schoenhagen P et al.: Extent and Direction of Arterial
Remodeling in Stable Versus Unstable Coronary Syn-
dromes: An Intravascular Ultrasound Study. Circula-
tion 101: 598—603 (2000).

[58] Schrijvers DM et al.: Phagocytosis of Apoptotic Cells
by Macrophages Is Impaired in Atherosclerosis. Arte-
rioscler Thromb Vasc Biol 25: 1256-1261 (2005).



18

Chapter 1.1

[59] Schulze PC, Lee RT: Oxidative stress and athero-
sclerosis. Curr Atheroscler Rep 7: 242-248 (2005).

[60] Small DM: George Lyman Duff memorial lecture.
Progression and regression of atherosclerotic lesions.
Insights from lipid physical biochemistry. Arterio-
sclerosis 8: 103—129 (1988).

[61] Stary H: Atlas of Atherosclerosis Progression and Re-
gression. 1999, New York/London: Parthenon Publish-
ing.

[62] Stary HC et al.: A definition of advanced types of athe-
rosclerotic lesions and a histological classification of athe-
rosclerosis. A report from the Committee on Vascular
Lesions of the Council on Arteriosclerosis, American
Heart Association. Circulation 92: 1355-1374 (1995).

[63] Stary HC et al.: A definition of initial, fatty streak,
and intermediate lesions of atherosclerosis. A report
from the Committee on Vascular Lesions of the Coun-
cil on Arteriosclerosis, American Heart Association.
Circulation 89: 2462-2478 (1994).

[64] Stary HC et al.: A definition of the intima of human
arteries and of its atherosclerosis-prone regions. A re-
port from the Committee on Vascular Lesions of the
Council on Arteriosclerosis, American Heart Associa-
tion. Arterioscler Thromb 12: 120-134 (1992).

[65] Stary HC: Natural history and histological classifica-
tion of atherosclerotic lesions: an update. Arterioscler
Thromb Vasc Biol 20: 1177-1178 (2000).

[66] Taeymans Y et al.: Quantitative angiographic morphol-
ogy of the coronary artery lesions at risk of thrombotic
occlusion. Circulation 85: 78—85 (1992).

[67] Takaya N et al.: Presence of Intraplaque Hemorrhage
Stimulates Progression of Carotid Atherosclerotic Pla-
ques. A High-Resolution Magnetic Resonance Imag-
ing Study. Circulation 111: 2768-2775 (2005).

[68] Tardif JC, Heinonen T, Orloftf D, Libby P: Vascular
biomarkers and surrogates in cardiovascular disease.
Circulation 113(25): 2936—2942 (2006).

[69] Tedgui A, Mallat Z: Apoptosis as a determinant of
atherothrombosis. Thromb Haemost, 86: 420-426
(2001).

[70] Tivesten A, Hulthe J, Wallenfeldt K et al.: Circulating
Estradiol is an Independent Predictor of Progression of
Carotid Artery Intima-Media Thickness in Middle-
Aged Men. ] Clin Endocrinol Metab (E-publ.on Aug.
29, 2006).

[71] van der Wal AC, Becker AE, Das PK: Medial thinning
and atherosclerosis—evidence for involvement of a lo-
cal inflammatory effect. Atherosclerosis 103: 55-64
(1993).

[72] van der Wal AC et al.: Recent activation of the plaque
immune response in coronary lesions underlying acute
coronary syndromes. Heart 80: 14-18 (1998).

[73] van der Wal AC et al.: Site of intimal rupture or
erosion of thrombosed coronary atherosclerotic plaques
is characterized by an inflammatory process irrespective
of the dominant plaque morphology. Circulation 89:
36—44 (1994).

[74] Virmani R et al.: Lessons from sudden coronary death:
a comprehensive morphological classification scheme
for atherosclerotic lesions. Arterioscler Thromb Vasc
Biol 20: 1262-1275 (2000).

[75] von Birgelen C et al.: Size of emptied plaque cavity fol-
lowing spontaneous rupture is related to coronary di-
mensions, not to the degree of lumen narrowing. A
study with intravascular ultrasound in vivo. Heart 84:
483-488 (2000).

[76] Williamson JR, Kilo C, Ido Y: The role of cytosolic
reductive stress in oxidant formation and diabetic
complications. Diabetes Res Clin Pract 45: 81-82
(1999).

[77] Zorick TS et al.: High serum endostatin levels in
Down syndrome: implications for improved treatment
and prevention of solid tumours. Eur ] Hum Genet 9:
811-814 (2001).



Chapter 1.2

CORRELATION OF CAROTID ARTERY PATHOLOGY

AND MORPHOLOGY IN IMAGING

W. S. Kerwin

Department of Radiology, University of Washington, Seattle, USA

Introduction

The carotid artery is the dominant imaging target for
non-invasive assessment of vessel wall morphology in
atherosclerotic disease. In part, this arises from the
clinical importance of the carotid artery in stroke
prevention. Stroke is the third leading cause of
death worldwide [45] and carotid atherosclerosis is
thought to be the leading cause of embolic stroke.
Additionally, stroke survival, estimated at greater
than 75% in the United States [5], results in a mas-
sive disability burden costing billions of dollars per
year. Surgical revisions of the carotid artery are the
most common procedure for any vascular territory
outside of the coronary arteries. In the United States
alone, some 140,000 carotid endarterectomies are
performed annually to remove the diseased neointi-
mal layers of the artery. Clearly, diagnostic proce-
dures affecting the treatment of carotid atherosclerosis
can have a profound effect on patient survival, qual-
ity of life, and healthcare costs.

Additionally, several issues of expedience have
contributed to the rise of the carotid artery as an
imaging target for assessing vessel wall morphology.
First, the relatively large size of the carotid artery, its
proximity to the skin surface, and its isolation from
rapidly moving structures, such as the heart, greatly
simplifies the imaging procedure. Second, the site of
the disease at the point where the common carotid
artery bifurcates into internal and external carotid
arteries is highly predictable. Third, the frequency of
elective CEA permits histological validation of pre-
surgery imaging results. Thus, the carotid artery
serves as a logical test bed for imaging procedures
that may ultimately have applicability in other vessels,
notably the coronary arteries.

The purpose of this chapter is to establish the
important pathological targets for imaging the ca-
rotid artery wall and summarize the state of the art
of in vivo imaging techniques for these targets. To
understand the implications of these results, it is im-
portant to understand the range of applications of
the techniques, which go beyond diagnostics alone.
Once these applications have been summarized, the
chapter will address the specific pathology of lesion
progression appropriate for imaging. The demon-
strated capabilities of various established and emerg-
ing techniques for imaging carotid wall pathology are
then presented. Finally, the use of these techniques in
several clinical trials is reviewed.

Applications of carotid wall imaging

Establishing new clinical guidelines

The fundamental goal in carotid wall imaging is to
provide better risk stratification for patients with ad-
vanced carotid atherosclerosis. Currently stroke risk
secondary to carotid atherosclerosis is assessed via
stenosis measurements and patient symptoms. Stud-
ies such as the European Carotid Surgery Trial [19],
North American Symptomatic Carotid Endarterec-
tomy Trial [53] and Asymptomatic Carotid Athero-
sclerosis Study [1] have all demonstrated an increased
risk of stroke in subjects with increasing carotid
stenosis. These studies demonstrated a reduction in
stroke risk as a result of CEA for subjects with
>60% stenosis and no neurological symptoms, and
for subjects with >50% stenosis and recent transient
ischemic attacks or amaurosis fugax [6], [57]. These
cutoff values for stenosis in asymptomatic and sym-
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ptomatic carotid disease have been adopted as guide-
lines indicating the need for CEA.

The guidelines, however, remain controversial
and actual patient selection varies by practice. The
clinical benefit of CEA is also highly dependent on
the surgeon’s rate of complications, dropping by 20—
30% for each 2% rise in the rate of complications
[4], [24]. For asymptomatic patients, CEA is only
recommended if performed by surgeons having indi-
vidual rates of morbidity/mortality less than 3% [22].
Furthermore, a combined analysis of the results from
several clinical trials indicates that the number of
surgeries necessary to prevent a single stroke within
two years after CEA ranges from 8 to 83, depending
on patient symptoms and the degree of luminal ste-
nosis [24]. Finally, by some estimates, 10% of all end-
arterectomies are performed for inappropriate rea-
sons [27]. These data suggest that the ability to
stratify risk within the group of patients having high-
grade stenosis could eliminate unnecessary surgeries.

On the other hand, patients with stenosis near
50% who do not meet the guidelines for surgery face
the knowledge that they have a five year stroke risk
approaching 5% [19]. These subjects are not candi-
dates for surgical intervention because complication
rates equal or exceed the stroke risk. These individu-
als would benefit from diagnostic techniques that
identify subgroups with elevated risk of stroke.

Finally, the emergence of stenting as a viable al-
ternative to CEA has opened the door to new risk
factors in clinical decisions. Currently, stenting is
widely accepted for patients considered high-risk
surgical candidates [77]. Amongst all patients with
high-grade stenosis, however, the relative perfor-
mance of stenting versus CEA is uncertain. In all like-
lihood, certain subgroups will respond better to one
procedure or another.

The logical target for identifying patients with
significant stenosis who nevertheless have low-risk
plaques, patients with moderate stenosis and high-
risk plaques, or patients who would benefit from
stenting is the atherosclerotic lesion itself. In this
case, the goal is to identify the features of plaque
morphology that lead to higher risk of stroke. Le-
sions exhibiting high-risk features are conceptually
referred to as “vulnerable plaque” [67].

Systemic disease evaluation

The accessibility of the carotid artery for imaging
has led to an additional goal in the assessment of ca-
rotid wall morphology. The carotid artery may offer
a snapshot of the state of atherosclerotic disease
throughout the body. For example, morphological
features of a carotid lesion may correlate with the
existence of high-risk lesions in the coronary arter-
ies. Systemic treatment could thus be indicated by
local features. Conceptually, this represents the tran-
sition from the idea of vulnerable plaque to a “vulne-
rable patient” [52].

An important consideration in assessing the sys-
temic implications of carotid wall morphology is
that some features of the vulnerable plaque may not
translate to plaque vulnerability elsewhere in the
body. The goal in this case is to identify the specific

features of carotid disease that do.

Natural history and clinical trials

A third goal in assessing carotid morphology by
imaging is to serially monitor changes in the disease.
Much of the natural history of atherosclerotic le-
sions has been pieced together from autopsy speci-
mens. Culprit lesions implicated in stroke and heart
attack have been examined to determine the proba-
ble features of plaques that precipitate thrombosis
and embolization. Additionally, lesions of different
apparent ages have been pieced together into hypo-
thesized pathways of progression. Without the abil-
ity to image individual plaques non-invasively, how-
ever, these pathways and features of culprit lesion
have not been evaluated prospectively.

Some additional evidence has been provided by
animal models of atherosclerosis. After genetic mod-
ification, arterial injury, or diet modification, nume-
rous animal models develop lesions similar to hu-
man atherosclerosis. Given the controlled timelines
involved in animal experiments, animal models have
been used to better delineate the sequence of events
in human disease. However, animal models gener-
ally develop lesions that differ from human lesions
in many aspects. Additionally, histological study of
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animal lesions precludes serial studies of lesions with-
in the same animal.

Non-invasive, serial imaging provides the uni-
que opportunity to use both human and animal sub-
jects to test theories of progression or therapeutic ef-
fects on plaque prospectively. In this case, the goal is
to identify a given feature of interest relevant to the
study or trial. For example, a lipid-lowering drug
might be evaluated in terms of its effect on plaque
lipid content. The ability to image human carotid
plaque morphology makes this artery an attractive
target for such studies.

Carotid plaque pathology

Early lesions

The normal carotid artery consists of three layers,
the intima, media, and adventitia. The intima is the
layer adjacent to the lumen and in humans consists
of smooth muscle cells, proteoglycan-rich extra-
cellular matrix, and a layer of endothelial cells lining
the lumen surface. The next layer, the media, is sep-
arated from the intima by the internal elastic lam-
ina and is composed of multiple bands of elastin in-
terspersed with smooth muscle cells. Between the
media and adventitia is another thick band of elastic
called the external elastic lamina. The adventitia cov-
ers the outer surface of the vessel and provides thin
strands of connective tissue to anchor the artery to
surrounding structures. Under normal conditions
the adventitia contains the vaso vasorum, the small
blood vessels that supply blood to the artery wall,
smooth muscle cells and macrophages.

Initiation of the carotid atherosclerotic plaque
begins with adaptive intimal thickening and develop-
ment of fatty streaks in the intima. These nascent le-
sions consist of lipid-containing macrophages called
foam cells, smooth muscle cells, and lymphocytes.
Lipid, in early lesions is distributed in the extracellu-
lar matrix with foci of fat-filled macrophages and
smooth muscle cells. Such lesions correspond to the
type I and II lesions in coronary arteries [9].

In general, the first lesions that are clearly iden-
tifiable by non-invasive imaging are the type III le-

sions that have extracellular lipid pools below layers
of foam cells. From an imaging perspective, these le-
sions are of most interest for investigating the natural
history of the disease, or the therapeutic response of
early lesions. Imaging may also serve as a screening
tool to identify appropriate subjects for aggressive,

early therapy.

Advanced lesions

Type 1V, V, and VI lesions are characterized by the
appearance of a fibrous cap separating the lipid/
necrotic core of the plaque from the lumen. Type IV
and V lesions are distinguished by the transition of
the fibrous cap from one consisting primarily of pro-
teoglycan and smooth muscle cells into a thicker
collagen-rich cap in the latter type. Type VI lesions
(Fig. 1) are characterized by disruption of the plaque
leading to fibrous cap rupture, intraplaque hemor-
rhage, and/or luminal thrombi. Type VII lesions are
predominately calcified, and Type VIII lesions consist
of thickened, reparative fibrous connective tissue
with an absence of necrotic cores or calcifications
[10]. Lesions Type IV thru VI are of considerable im-
portance in imaging with the goal of identifying them
prior to clinical events.

Vulnerable lesions

Diagnostic imaging of carotid artery walls seeks to
identify features of the “vulnerable plaque”. Vulner-
able plaque is defined as an atherosclerotic lesion
that poses increased risk of causing thrombo-embol-
ic events. Histological studies in various vascular
beds have established that plaque tissue composition
and distribution may strongly influence its clinical
course. For example, a thin fibrous cap covering a
large lipid-rich necrotic core appears to be a clear
marker of vulnerable plaque. The thinning fibrous
cap indicates weakened structural integrity and pos-
sible future rupture leading to an embolic event.
Furthermore, in a landmark study based on coronary
autopsy specimens, ruptured fibrous cap, calcium
nodules and endothelial erosion were highly associ-

ated with sudden cardiac death [67].



22

Chapter 1.2

Studies of the carotid arteries have confirmed

that similar plaque features lead to brain ischemic
symptoms. Specifically, thinned and ruptured fibrous
caps are significantly more common in patients with
symptomatic carotid arteries [11]. Other features of
carotid plaques associated with patient symptoms are
ulceration, luminal thrombus in conjunction with ul-
ceration, the presence of large neovessels, and foam

cell infiltration into the fibrous cap [20], [47], [11].

Experimental results in imaging

Ultrasound

Because the carotid bifurcation lies close to the sur-
face of the neck, without overlying bony structures or
air spaces, trans-cutaneous B-mode ultrasound has
been a very effective tool for evaluating carotid dis-
ease. Aside from the utility of Doppler ultrasound to
measure carotid stenosis, B-mode ultrasound provides
detailed information regarding carotid wall morphol-
ogy (Fig. 2).

A leading application of carotid ultrasound is
the measurement of intima-media thickness (IMT).

Fig. 1. Cross-section of a type VI plaque specimen
from carotid endarterectomy stained with Movat's
pentachrome. A rupture (arrow) of the blue fibrous
cap has occurred exposing the thrombogenic lipid-
rich necrotic core (N) to the lumen (L). Resultant in-
traplaque hemorrhage appears red.

As shown in Fig. 2, distinct echoes occur at the
boundaries between the lumen and intima and be-
tween the media and adventitia. The average distance
between these echoes is the IMT, which serves as a
measurement of the degree of diffuse intimal thicken-
ing. By comparing the distance between these lines
to various histological measurements in the aorta
and carotid arteries, Pignoli et al. [56] demonstrated
that this distance did correspond to the combined
thickness of the intima and media. Further evalua-
tions showed that this measurement could be made
accurately at the far wall [74] and that IMT does
appear to represent atherosclerosis as opposed to a
general response to changes in shear and tensile
stress [7].

Also evident in Fig. 2 is a significant plaque
distal to the region where IMT is measured. Such
plaques range in appearance from echolucent to hy-
perechoic which has led to efforts to characterize
plaque composition based on echogenicity. These
studies have divided echogenicity into two [30], four
[25], or six [60] subjective categories as well as inves-
tigating direct measures of echogenicity [65], [71].
Comparisons of echogenicity to histological samples
has generally found that echolucent plaques are
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Fig. 2. Longitudinal B-mode ultrasound image of a carotid artery with a large atherosclerotic plaque (arrow) and demonstrating intima-
media thickness (IMT) measurement. A region (box) of the common carotid artery proximal to the plaque is selected and echoes corre-
sponding to the intimal and medial boundaries are detected (lines). The average distance between these lines is IMT.

likely to contain intraplaque hemorrhage and other
soft plaque materials. Wilhjelm et al. [71] further
showed that the mean gray scale value of the plaque
by B-mode ultrasound is significantly correlated
with decreasing amounts of soft plaque materials
(r = —0.42). Hatsukmai et al. [30] demonstrated
that the echolucent region could be localized within
the plaque to identify the quadrant containing the
soft plaque features. This study also found a preva-
lence of speckled calcification and foam cells in
echolucent regions in addition to intraplaque hem-
orrhage and necrosis.

Hyperechoic regions in carotid plaques are as-
sociated with fibrous tissue. In a recent study, the
thickness of the hyperechoic plaque region adjacent
to the lumen was shown to agree well with histolog-
ically measured cap thickness [17].

B-mode ultrasound is attractive because the
imaging procedure is relatively simple. However, B-
mode ultrasound provides limited view angles for
imaging plaques. Furthermore, plaque appearance
can vary with the view angle and calcifications can

cause shadow artifacts that obscure deeper plaque
structures [54]. To some extent, these limitations are

addressed by 3D imaging techniques [78], [61].

CT

X-ray computed tomography (CT) is another effective
technology for visualizing plaque morphology. In
CT angiograms used to measure carotid stenosis clin-
ically, calcifications are clearly visible (Fig. 3). The
presence of high density regions within the carotid
wall has been definitively linked to calcifications.
Furthermore, the amount of calcification visible by
CT has been shown to correlate with the percent
stenosis in the carotid [48] and with reduced inflam-
matory content of the vessel wall [62].

In addition to being sensitive to calcified con-
tent, CT has also shown promise for identifying
other components within carotid plaque. Walker
et al. [69] showed that decreasing tissue density was
associated with increasing plaque lipid content. Fi-
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Fig. 3. Maximum intensity projection (MIP) X-ray Computed Tomography image of the carotid vasculature showing large areas of calcifi-
cation (arrows) in the left and right carotid arteries. A significant stenosis of the right carotid artery is indicated by an arrowhead.

brous plaques have been shown to yield densities sim-
ilar to soft tissues [54].

An important advantage of CT is its ability to
yield absolute measures of tissue densities in terms of
Hounsfield units. This permits consistent thresholds
to be defined for characterizing plaque content. Dis-
advantages of CT include the use of ionizing radia-
tion and nephrotoxic contrast agents.

MRI

Magnetic resonance imaging (MRI) has been most
thoroughly investigated for its ability to characterize

plaque morphology. MRI is uniquely able to tune the
acquisition to increase sensitivity to specific physical
characteristics of the tissue. Images can be specifically
weighted to highlight regional proton density, mag-
netic relaxation time constants T1 and T2, flowing
blood, or uptake of injected contrast agents. Images
with each of these contrast weightings are analyzed
together to provide a comprehensive picture of plaque
composition (Fig. 4).

The use of black-blood imaging techniques,
particularly T1-weighted double inversion recovery
techniques, allows clear delineation of the vessel wall
boundaries (inner and outer) in cross-sectional im-
ages of the carotid. The areas of individual slices can
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Fig. 4. Axial, multiple-contrast-weighting magnetic resonance images of an atherosclerotic carotid artery distal to the bifurcation with

corresponding histology.

Images are a T1-weighted, b T2-weighted, ¢ proton-density-weighted, d contrast-enhanced T1-weighted,

e time-of-flight, f histology stained with Movat's pentachrome. The lumen of the internal carotid artery is indicated by an “L” and a region
of calcification is indicated by an arrow. The large hemorrhagic core (red) leads to bright signal on T1-weighted and time-of-flight images.

be combined into a total wall volume using Simp-
son’s rule. This wall volume has been shown to cor-
relate with plaque volume measured ex vivo with a
correlation coefficient of 0.92 [44]. Additionally, this
measurement is highly reproducible, with an error
standard deviation under 6% [35].

Besides the ability of MRI to depict vessel
boundaries, it is also able to depict substructures of
the plaque. Using a bright-blood, 3D-time-of-flight
imaging technique, Hatsukami et al. [31] showed
that a hypointense band adjacent to the lumen indi-
cates a thick (>0.25 mm) fibrous cap and that com-
munication of a bright plaque interior with the
lumen is indicative of a fibrous cap rupture. Agree-
ment between the MR findings and histological
state of the fibrous cap showed a Kappa value of
0.83. The addition of information from black-blood
sequences to the fibrous cap evaluation was further
shown to aid in discriminating juxtaluminal calcifi-

cation and flow artifacts [49]. By comparing MRI
findings to histology, this study showed a sensitivity
of 0.81 and a specificity of 0.90 for identifying an
unstable cap in vivo

MRI is also able to detect the soft plaque com-
ponents underlying the fibrous cap by their unique
combinations of intensities under different contrast
weightings. Especially apparent by MRI is a high
signal on T1-weighted imaging corresponding to
soft plaque components (necoritc core or hemor-
rhage), which can be identified with a sensitivity of
85% and a specificity of 92% [80]. Hyperintensity is
especially apparent in the event of intraplaque hem-
orrhage, which led to the development of direct
thrombus imaging [50]. Chu et al. [12] showed that
subsequent breakdown of the hemorrhage compo-
nents leads to characteristic changes in signal inten-
sity that allow hemorrhage to be classified as fresh,

recent, or old. Comparison with histology showed
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that these stages could be identified with a Cohen’s
Kappa equal to 0.7. In another study, hemorrhage
was subdivided into cases where the hemorrhage
did, or did not directly communicate with the lumen
[34]. Direct communication implies a disruption of
the fibrous cap and was differentiated from intrapla-
que hemorrhage with an accuracy of 96%.

MRI is also capable of quantifying components
of the plaque. In a recent study, carotid plaques were
divided into regions of necrotic core, calcification,
loose matrix, and dense fibrous tissue [58]. Volumes
of each component correlated closely with histo-
logically measured volumes (correlation coefficients
ranging from 0.55 to 0.74). The measurements were
statistically equivalent with the exception of calcifi-
cation, which was overestimated by MRI relative to
histology, but was still closely correlated.

The ability of MRI to depict plaque composition
in vivo also enables classification of human carotid
atherosclerotic plaque according to American Heart
Association (AHA) classifications. In a recent study,
cross sectional images were classified into types I/II,
111, 1IV/V, VI, VII, and VIII. With the exception of
types I/II and VIII, which were under-represented in
the study, all classifications predicted histological clas-
sifications with sensitivities and specificities exceeding
80%. For all classifications, MRI and histology showed
good agreement, with Cohen’s k= 0.74 [10].

Further delineation of plaque composition may
be facilitated by contrast enhanced (CE) MRI using
gadolinium-based contrast agents. In parallel inves-
tigations, Yuan et al. and Wasserman et al. showed
that comparison of pre- and post-CE MRI improves
differentiation of necrotic core from fibrous tissue
[81], [70]. In the latter study, CE MRI helped dis-
criminate fibrous cap from lipid core with a con-
trast-to-noise ratio as good as or better than that
with T2-weighted images but with approximately
twice the SNR. These findings provide quantitative
evidence that CE MRI is a viable tool for in vivo
study of atherosclerosis and can be used in combina-
tion with other contrast weightings to identify pla-
que composition.

Gadolinium-enhanced MRI also provides infor-
mation regarding plaque inflammatory characteristics,
including in-growth of neovasculature and macro-

phages. In a kinetic analysis of dynamic CE MRI
from 16 subjects with carotid atherosclerosis, Kerwin
et al. [40] compared the fractional blood volume
measured by MRI to the area of neovasculature in cor-
responding histological specimens. A correlation coef-
ficient of 0.80 was found suggesting that dynamic CE
MRI provides a means for prospectively studying the
link between neovasculature, inflammation, and plaque
vulnerability. In a follow-on study, plaque macrophage
content was shown to be associated with the transfer
constant, describing the rate of uptake by the plaque.
A correlation coefficient of 0.76 was observed [41].
Although MRI has tremendous capabilities for
characterizing carotid plaque, most information is
derived by combining several images, with different
contrast weightings or from time-series images. The
complexity of the data is the biggest limitation for
MR, and it requires specialized analysis tools and
streamlined procedures for image review. To assist in
the analysis, specialized algorithms for registration
of carotid MRI have been proposed [38], [39]. Ad-
ditionally, methods for automated segmentation of
the plaque into constituent components are under
development. For the most part, these studies have
focused on ex vivo imaging experiments, with estab-
lished segmentation procedures [63], [13], [33].
Recent experiments in vivo show that more special-
ized segmentation procedures that overcome the lim-
itations of in vivo imaging are able to identify many
of the principle plaque components [23], [43]. Deli-
neation of the wall itself has been facilitated by ac-
tive contour techniques for boundary detection [79],
[28], [29]. Finally, these features have been combi-
ned into integrated processing packages, such as

CASCADE (Fig. 5 [75]).

Novel imaging techniques

The utility of basic contrast agents in MRI has led to
several investigations of contrast agents that target
specific plaque features. In MRI, ultra-small particles
of super-paramagnetic iron oxides (USPIOs) have
been shown to be macrophage-specific [42]. USPIOs
may thus aid in the detection and measurement of
plaque inflammation by leading to signal decreases in

MRI. Other MRI agents are specifically being
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Fig. 5. The CASCADE interface for computer-aided evaluation of carotid MRI.

targeted to bind to fibrin [21], [72], which may facili-
tate rapid screening for the presence of fibrin-rich clot
material in the carotid artery and other vessels. An-
other target that has been proposed for plaque
imaging is o,fs-integrin, which is expressed in the
vascular wall and is associated with angiogenesis [73].

Similar efforts have been made in nuclear medi-
cine, using radioisotopes to mark the presence of
agents bound to specific receptors [66]. In an ex vivo
carotid experiment, platelets tagged with (111)In
showed promise for identifying plaque thrombosis
[46].

A final notable imaging technology for charac-
terizing plaque morphology is optical coherence to-
mography (OCT). Unlike the non-invasive or
minimally invasive procedures detailed in the remain-
der of this chapter, OCT requires catheterization.
The benefit of OCT, however, is a level of resolution
on the order of microns, which is unattainable by

the other techniques. OCT may thus be uniquely
capable of observing the condition, thickness, and
cellular composition of the fibrous cap. One study
investigating this possibility showed that plaques
could be subdivided into fibrous, fibrocalcific, and
lipid-rich categories based on signal characteristics
[76]. For example, fibro-calcific plaques (Fig. 6)
showed a distinct boundary between a signal-rich
fibrous layer and a signal-poor calcified region.
OCT has also been shown to produce higher signal
variability in fibrous caps with elevated macrophage
composition [62].

Clinical use of carotid wall imaging

Assessment of plaque vulnerability

The ultimate goal of imaging carotid plaque mor-
phology is to characterize structures associated with



28

Chapter 1.2

Fig. 6. Ex vivo optical coherence tomography (OCT) image of a
carotid plaque (bottom) with corresponding histology (top). The
boundary (arrows) between the cellular, fibrous cap and a calci-
fied interior evident in histology is also clearly evident in the OCT
image (Courtesy Xingde Li, University of Washington, Department
of Bioengineering).

vulnerable plaque. For this purpose, studies are need-
ed that identify associations between validated
imaging targets and patient outcome. To date, how-
ever, most studies have focused on retrospective
studies of plaques known to have caused recent symp-
toms.

Fibrous cap characteristics assessed by MRI or
Ultrasound have been especially important for pre-
dicting prior symptoms. In an MRI study, fibrous
caps appearing ruptured were 23 times more likely
to be associated with symptomatic patients as fi-
brous caps appearing intact and thick [82]. Ultra-
sound measurements of mean cap thickness were
shown to have an area under the receiver operating
characteristic curve of 0.88, implying high sensitiv-
ity and specificity for identifying symptomatic pa-
tients [17].

Internal plaque composition is also important in
determining the likelihood of patient symptoms. In-
traplaque hemorrhage identified by echolucent regi-
ons in ultrasound or bright signal on T1-weighted
MRI has been shown to associate with prior patient
symptoms [37], [23], [51]. Percent plaque calcifica-
tion detected by CT, on the other hand, has been
shown to be associated with reduced likelihood of
patient symptoms [62].

Fewer studies have been done prospectively
and, to date, only using ultrasound. Carotid IMT
has been shown to predict myocardial infarction and
stroke, with odds ratios of approximately 1.4 for
each 0.16 mm increase in IMT [8]. However, the
marginal improvement including IMT in addition
to traditional risk factors is not considered effective
for screening [16]. Echolucency has also emerged as
a predictor of future strokes in patients with prior
symptoms, but not asymptomatic patients [26]. On-
going studies will determine which if any of the pla-
que morphological characteristics can be used as a
viable clinical variable.

Clinical trials

The near term application of these techniques in pa-
tients will likely remain in the assessment of therapeu-
tic response by directly measuring plaque progression
or regression. Numerous studies have utilized IMT
measured by ultrasound to assess the response of the
carotid artery to pharmaceutical agents [15], [18],
[36], [32]. MRI has been used to a lesser extent, but
offers the possibility of assessing changes not only in
wall morphology, but also plaque composition [83],
[14], [3]. MRI has also been used to investigate
ethno-racial differences in carotid plaque, that may
lead to new therapies or lifestyle guidelines in treating
atherosclerosis [59].

Future of carotid wall imaging

Despite the considerable success in imaging carotid
plaque morphology and the correlation with histol-
ogy, the techniques in this chapter remain largely
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constrained to research applications. The main
hurdle remaining is to demonstrate a prospective link
between plaque morphology by imaging and out-
come. To some extent, this link has been established
for IMT measurements by B-mode ultrasound. Risk
of future heart attack and stroke increases with high-
er IMT. However, IMT has not demonstrated suffi-
cient specificity to greatly alter individual patient
management. Furthermore, reductions in IMT have
not been shown to independently reduce overall pa-
tient risk. Thus, IMT has not been accepted as a
surrogate endpoint for clinical trials. Other methods
outlined in this chapter are further from clinical ac-
ceptance. Thus, much of the near-term work in this
field will focus on prospective studies that will estab-
lish which methodologies are clinically meaningful.

Take-home message

This chapter reviewed the abilities of various in vivo
imaging techniques to resolve morphological features
of the atherosclerotic carotid artery. The focus was
on correlations between iz vivo imaging results and
ex vivo pathology. MRI, ultrasound, and CT have all
been shown to provide detailed information regard-
ing certain aspects of the plaque. The most suitable
method for a given application depends on the require-
ments and constraints inherent in the application.
MRI generally offers the widest range of sensitivities
to various plaque features and components, but also
involves a more complicated imaging procedure than
CT or ultrasound. In contrast, CT and ultrasound
offer simpler imaging procedures, higher resolution,
measurements of stenosis, and are methods of choice
for measuring IMT and calcification, respectively.
However, these methods have shown mixed results in
attempts to characterize the entire breadth of plaque
features resolved by MRI. The most important imag-
ing advancement on the horizon appears to be the
use of targeted imaging agents that highlight the
presence and amount of molecular receptors associ-
ated with plaque instability.

Applications of these techniques in the near term
will continue to be in assessing group characteristics
and responses to therapy. Thus, the immediate clinical

benefit will be in clinical trials that determine which
treatment option offers the most promising outcome to
all patients. The challenge for these techniques is to
reach a level of accuracy, precision and clinical signifi-
cance to dictate treatment options for the individual
patient. Once outcome trials establish which param-
eters are meaningful indicators of risk for an individual,
these techniques will likely be used to select between
options such as CEA, stenting, or aggressive drug
therapy. The addition of these evaluations to standard
patient assessments can ultimately save cost by elimi-
nating unnecessary surgery or indicating the need for
aggressive therapy before a patient presents emergently.
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Introduction

Over three decades ago, Doppler was introduced as
the first ultrasonographic method for evaluation of
cerebrovascular disease. Since then, the development
of new ultrasound techniques has revolutionized the
clinical applications for extracranial carotid disease.
Interpretation of pulse wave Doppler signals invol-
ves an analysis of audio signals and the frequency
spectrum. It is based on the Doppler frequency shift
resulting from moving red blood cells in the carotid
artery. In experienced hands, pulse wave Doppler ul-
trasound can identify significant luminal narrowing
based on increased velocity of blood flow across a
stenotic lesion. High-resolution B-mode ultrasound
scanning uses linear array transducers (7-12 MHz)
to display morphological features of the arterial wall.
Duplex ultrasonography (DUS) combines integrated
PW Doppler spectrum analysis and B-mode sonog-
raphy. The B-mode image offers information about
morphology in addition to serving as a guide for ac-
curate. PW Doppler velocity measurement. Color
Doppler flow imaging based on the direction of flow
superimposes color-coded blood flow patterns over
the B-mode image. Power Doppler imaging color
codes blood flow according to the amplitude of
the Doppler signal. Both these modalities afford
greater sensitivity to blood flow detection allowing
improved detection of near-occlusive stenoses, tor-
tuosity, and other morphological abnormalities in
the arterial wall. The noninvasive nature of DUS
makes this testing modality more attractive than
the “gold standard” of cervical angiography. If the
diagnosis of significant carotid stenosis can be ac-
curately made with DUS, the risk of stroke inherent
in angiography (1.2% in the Asymptomatic Carotid
Atherosclerosis Study [9]) can be avoided. Cur-

rently, many patients (90% at the authors’ institu-
tion) undergo carotid revascularization based solely
on a duplex examination.

Indications for testing

Symptomatic patients

Prospective randomized trials have documented the
efficacy of carotid endarterectomy (CEA) in reduc-
ing stroke in symptomatic carotid stenosis. The
North American Symptomatic Carotid Endar-
terectomy Trial (NASCET) confirmed that CEA of-
tered a 65% relative risk reduction compared to best
medical therapy in patients with 70-99% carotid ste-
nosis who present with transient ischemic attack
(TIA) or non-disabling stroke [23]. Similarly, symp-
tomatic patients with a 50-69% carotid stenosis de-
rived a 29% relative risk reduction at 5 years [4].
Therefore all patients with hemispheric neurological
symptoms attributable to the carotid circulation
should undergo carotid imaging. This test should be
performed even in the absence of a carotid bruit be-
cause NASCET data revealed that over one third of
patients with high-grade carotid stenosis lacked a ca-
rotid bruit [28]. Testing in asymptomatic patients
with hemispheric infarcts identified on computed to-
mographic (CT) or magnetic resonance (MR) is also
indicated to rule out carotid disease. Patients with
non-lateralizing symptoms such as dizziness or light-
headedness cannot be assumed to be caused by ca-
rotid stenosis. Other symptoms such as cranial nerve
dysfunction (e.g., dysphasia, double vision, or blurred
vision) and drop attacks are more likely to be verte-
bro-basilar in origin.
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Asymptomatic patients with a carotid bruit

The Asymptomatic Carotid Atherosclerosis Study
(ACAS) documented a 53% relative risk reduction
in ipsilateral stroke and any perioperative stroke or
death at 5 years when comparing CEA with medical
therapy for asymptomatic = 60% carotid stenosis
[9]. Controversy continues regarding who best to
screen since widespread imaging of all asymptomatic
patients is unlikely to be cost-effective. Most physi-
cians have adopted a selective approach; however, it
is clear that additional studies are necessary to clar-
ify this issue.

The most commonly used selection criteria in-
clude the presence of a carotid bruit. Carotid bruits,
expected to be found in up to 8.2% of patients = 75
years of age [14] have been associated with a three-
times increased risk of stroke in a population-based
prospective cohort study [33]. One third of patients
with an asymptomatic carotid bruit can be expected
to harbor a carotid stenosis = 50% when studied
with DUS [27]. Of note, 21% of patients with a
bruit ultimately progressed to 50—79% stenosis; while
27% of patients with 50—79% stenosis progressed to =
80% stenosis at 7 years [17]. It is clear that the pres-
ence of a carotid bruit should prompt a carotid du-
plex ultrasound to screen for carotid stenosis and the
patients must be followed regularly for possible dis-
ease progression in case their disease is not severe
enough to warrant revascularization.

Asymptomatic patients without a bruit

Significant carotid stenosis can exist in the absence
of cervical bruit. For this reason, recommendations
for carotid duplex scanning have been made based
on specific risk factors such as age, hypertension,
smoking, coronary artery disease (CAD), and periph-
eral arterial occlusive disease (PAD). Significant
carotid stenosis was present in 17.5% of patients
aged = 50 years with CAD, tobacco abuse, and
PAD [12]. Claudication and decreased ankle-bra-
chial index have both been found to be predictive of
carotid stenosis [21]. In a prospective evaluation of
1087 patients undergoing coronary artery bypasses,
17% had carotid stenoses = 50% and 5% had steno-

ses = 80%. Age > 60 years, hypertension, diabetes
mellitus, and smoking, increase the risk of signifi-
cant carotid stenosis in patients undergoing cardiac
surgery [3]. Based on these data, duplex scanning
can be recommended selectively based on the pres-
ence of several risk factors.

Post-carotid revascularization surveillance

Carotid duplex scanning has been used as a surveil-
lance tool for carotid restenosis. Widely varying proto-
cols exist for the follow-up of patients after carotid re-
vascularization. In addition, despite the absence of
conclusive cost-effectiveness data, it is likely that ca-
rotid duplex scanning for surveillance in this setting
will continue to be a common indication, given the re-
stenosis rates associated with CEA [8] and carotid ar-
tery stenting [20]. Data supporting surveillance of the
contralateral carotid artery after ipsilateral revascula-
rization is more forthcoming since a substantial num-
ber of contralateral arteries have been observed to prog-
ress to high-grade stenoses on follow-up [29]. The
optimal frequency of this surveillance has not been de-
fined but the author follows patients with < 50% ste-
noses once a year; and those with = 50% disease twice
a year.

Quantifying the degree
of carotid stenosis

Arteriography is the standard against which all
non-invasive assessments of carotid luminal narrowing
are commonly compared. While several method-
ologies have been proposed for the angiographic
quantification of stenosis, the Committee on Stan-
dards for Noninvasive Vascular Testing of the Joint
Council of the Vascular Societies recommended that
percent diameter reduction should be determined
relative to the distal uninvolved internal carotid ar-
tery (ICA) [30]. Doppler measures that have been
correlated with angiographic stenosis include ICA
peak systolic velocity (PSV'), and end-diastolic veloc-
ity (EDV), as well as ratios of ICA PSV and CCA
PSV [1].
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Initially, ICA PSV and the relative distribution
of velocities within the spectral profile based on PW
Doppler measurements, were used to define the de-
gree of narrowing of the ICA [5]. The University of
Wiashington criteria were subsequently refined with
the addition of EDV [28]. Accordingly, stenoses
were classified as mild (1-15%), moderate (16—49%),
severe (50-99%) and occluded. These criteria re-
mained useful until the publication of the results of
the North American Symptomatic Carotid Endarter-
ectomy Trial (NASCET) [23], [4], and the Asymp-
tomatic Carotid Atherosclerosis Study (ACAS) [9].
The NASCET demonstrated an early and signifi-
cant benefit associated with carotid endarterectomy
(CEA) in symptomatic patients with an ipsilateral
ICA stenosis = 70%, and a significant benefit over a
longer follow-up in symptomatic patients with ICA
stenosis of 50-69%. Additionally, the ACAS conclu-
ded that asymptomatic patients with an ICA stenosis
= 60% could also benefit from CEA. These new cri-
teria did not correspond to the categories previously
defined by researchers at the University of Washing-
ton. Using receiver operator characteristic (ROC)
curves to compare sensitivity, specificity, positive pre-
dictive value (PPV) and negative predictive value
(NPV) for new criteria to define degrees of stenosis
relevant to clinical management, Faught et al. [10]
concluded that the combination of a PSV > 130
cm/s and an EDV > 100 cm/s defined a stenosis of
70-99%. Using a similar approach, Moneta et al.
[22] concluded that an ICA PSV/common carotid
artery PSV ratio > 4.0 provided optimal accuracy for
the diagnosis of a stenosis of 70-99%. Yet a third set
of criteria for the same degree of stenosis were pro-
posed by Carpenter et al. [7] such that a combination
of PSV > 210 cm/s, EDV > 70 cm/s, ICA PSV/CC
PSV > 3.0, and ICA EDV/CCA EDV > 3.3 was
most accurate. It is clear that DUS results are more
accurate when a single cutoff point for stenosis is
used (e.g., = 50% or = 60%), or when a broad cate-
gory is used rather than a small range of stenosis
(e.g., 50-99% vs. 60-69%).

Recent studies demonstrate that Doppler criteria
are influenced by equipment used [11], laboratories
[2] and the technologist performing the test [24].
Additionally, contralateral disease has been associated

with increased carotid volume flow resulting in an
overestimation of the severity of disease [31]. Most
diagnostic laboratories simply use the well-established
criteria of others to diagnose severe carotid stenosis.
However, for the reasons cited above, it is recommend-
ed that each laboratory validate its own Doppler cri-
teria for clinically relevant stenoses [18]. One such
methodology is to subject the vascular laboratory to
certification by an independent auditing organization
such as the Intersocietal Commission for Accredita-
tion of Vascular Laboratories ICAVL) [6], [16]. Stud-
ies comparing the accuracy of duplex ultrasound ex-
aminations have noted consistently superior results
from accredited versus non-accredited laboratories
[6].

A group of experts from different medical spe-
cialties met in October 2002 to arrive at a consensus
document with regard to the use of DUS in the dia-
gnosis of ICA [13]. Table 1 illustrates their recom-
mendations when using grayscale imaging and
Doppler ultrasound. Technical considerations, diag-
nostic stratification, imaging and Doppler param-
eters, Doppler diagnostic thresholds, structure and
content of the final report, and quality assessment
issues were all discussed and suggestions were made.
Recommendations were also made for follow-up of
patients at high risk or with asymptomatic carotid
stenosis, and research topics were suggested for the
tuture. Ideally, each center should perform its own
validation; however, in the absence of such valida-
tion, the criteria suggested in Table 1 may serve as a

useful guideline.

Ultrasound and carotid artery stenting

Carotid artery stenting (CAS) has emerged as an alter-
native to CEA in the management of carotid stenosis
under specific high-risk circumstances [32]. The ulti-
mate value of CAS when compared with CEA will be
based upon ongoing prospective randomized clinical
trials [15]. In the interim, however, the number of pa-
tients undergoing CAS is increasing rapidly and these
patients require intensive follow-up to monitor for in-
stent restenosis [20]. US velocity criteria have not been

well established for patients undergoing CAS. We have
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Table 1. Representative Doppler ultrasound velocity criteria for the diagnosis of internal carotid artery stenosis

Primary parameters

Additional parameters

Degree of stenosis (%) ICA PSV (cm/sec) ICA/CCA PSV ratio ICA EDV (cm/sec)
Normal <125 <20 <40

<50 <125 <20 <40

50-69 125-230 2.0-4.0 40-100

70-99 > 230 >40 > 100

Near occlusion High/low/undetectable Variable Variable
Occlusion Undetectable Not applicable Undetectable

Adapted from: Grant EG et al.: Carotid artery stenosis: Gray-scale and Doppler ultrasound diagnosis. Society of Radiologists in Ultrasound con-

sensus conference. Radiology 229: 340-346 (2003).

reported that the introduction of a stent into the ICA
alters arterial biomechanical properties such that the
resultant stent-arterial complex has decreased compli-
ance [19]. Additional studies have demonstrated that
when velocity criteria for non-stented ICAs were used
in stented ICAs, several normal diameters were diag-
nosed as having in-stent stenosis [25], [26]. We have
also reported that normal luminal diameters in recently
stented ICAs were most accurately defined by revised
velocity criteriaz PSV < 150 cm/sec with ICA
PSV/CCA PSV ratio < 2.16 [19]. Correlation studies
with evolving in-stent restenosis (ISR) and angio-
graphic diameter reduction will help define velocity
criteria for increasing grades of stenosis in the stented
ICA. Meanwhile, the author’s laboratory routinely reg-
isters baseline velocities immediately post-CAS, and
utilizes a combination of planimetric measurements on
B-mode imaging and rising intra or peri-stent veloc-
ities as indicators of evolving ISR during follow-up.

Testing procedure

The DUS examination must include a blood pres-
sure measurement in both arms. A blood pressure
differential of = 20 mmHg is indicative of possible
brachiocephalic, subclavian or axillary artery steno-
sis. Testing proceeds with the patient in the supine
position with the head turned away from the side
being examined. The carotid sheath travels along the
anterior border of the sternocleidomastoid muscle
and this is where imaging can commence. The com-
mon carotid artery is identified at its origin in the

base of the neck just above the clavicle and followed
to the carotid bifurcation usually located below the
mandible. Abnormal locations of the bifurcation
must be reported since they impact on the extent of
surgical exposure (mandibular subluxation during
CEA for high bifurcations) or decision regarding
the type of revascularization to be offered (CAS for
extremely high bifurcations).

The transducer may be placed anterior, medial, or
posterior to the sternocleidomastoid muscle to opti-
mize flow visualization. Any luminal or wall abnormal-
ities should be reported. Velocity measurements are
recorded with an angle of insonation of 60°. Com-
monly, velocity measurements are obtained at the prox-
imal and distal common carotid artery (CCA), exter-
nal carotid artery (ECA); ICA (proximal, middle, and
distal); and vertebral. Every effort should be made to
tollow the ICA as far cephalad as possible. The loca-
tion of the distal extent of the plaque should be report-
ed since this again impacts on the revascularization
procedure. If the plaque continues cephalad into the
distal ICA it entails extensive surgical dissection in the
distal carotid triangle.

The vertebral arteries can be found posterior to
the CCA between the vertebral bodies. While the
tortuous course of these arteries makes diagnosis of
a stenosis difficult; every effort must be made to re-
port antegrade versus retrograde (i.e., reverse) flow.

Validation

The standard technique of validating DUS is through

comparison to angiography. The goal for a definitive
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examination would be a high positive predictive value
(PPV) to minimize the number of patients who
would undergo an unnecessary operation. A high
PPV is achieved by missing the diagnosis in some pa-
tients with a stenosis (decreased sensitivity). The lab-
oratory at the authors’ institution has a high PPV,
and thus diagnostic angiography may be avoided be-
fore recommending revascularization. In elderly,
asymptomatic patients, the few patients under-diag-
nosed would be at a low risk for stroke which is why
such an approach is utilized by all participating cen-
ters in large multicenter trials for carotid revas-
cularization (e.g., NASCET). A younger, otherwise
healthy patients with a bruit, TIA, or an atherosclero-
tic carotid artery on a B-mode scan, who does not
meet the flow criteria of a significant stenosis, should
have additional diagnostic studies (e.g., contrast an-
giography, MRA, or CTA). The patient’s physician
needs to ensure that a potential stroke-prone lesion is
not left untreated.

Other diagnostic laboratories may use DUS as a
screening test only. They wish to have a high negative
predictive value (NPV) so that few patients with a ste-
nosis are under-diagnosed. A high NPV is achievable
by decreasing the specificity. Many patients will be
over-diagnosed so that few are missed. Thus all pa-
tients in this setting will need an additional study
before proceeding to revascularization.

Planimetric evaluation

As the discussion above indicates, velocity criteria for
equivalent degrees of stenosis may vary between dif-
ferent centers. Conversely diameter and percent area
stenosis measurements do not have this disadvantage.
In addition, unlike ipsilateral velocity measurements,
area and diameter measurements remain unaffected
by contralateral stenosis/occlusion, ipsilateral proximal
or distal stenosis/occlusion, or low cardiac output/car-
diac arrhythmia. However, planimetry has not gained
universal popularity since the measurements are
hindered by heavy arterial calcification or tortuosity
leading to inadequate B-mode imaging of the steno-
sis. This may occur in as high as 10-15% of all arter-
ies imaged. These issues affect velocity recordings

much less because the highest velocities are seen at
the exit of the stenosis. Planimetry, however, comple-
ments velocity measurements and these methods
should be used together. It is an especially important
adjunct in the follow-up of stented carotid arteries.

Conclusions

Carotid DUS is the established method for diagnosing
a cervical carotid artery stenosis. In medical centers with
a vascular laboratory that has established an excellent
PPV, angiography may be avoided before embarking on
carotid revascularization. Other laboratories may em-
phasize the screening aspect of their testing and will
have a higher NPV. Patients diagnosed in this setting
must undergo a confirmatory study prior to undergoing
revascularization. The criteria used for diagnosing spe-
cific categories of stenoses vary between laboratories.
The hallmark of a good laboratory is one that estab-
lishes its own criteria and continually validates them in
an ongoing quality assurance program.
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Introduction

Atherosclerotic disease of the craniocervical vessels
is the underlying basis for cerebral thromboembolic
stroke in more than 90% of cases in industrialized
nations [19]. Craniocervical atherosclerotic vascular
disease most commonly and severely affects the in-
ternal carotid artery (ICA) origin and the distal bas-
ilar artery [19]. The clinical symptoms and morbid-
ity that result from carotid artery disease, the
primary cause of stroke, are mainly due to plaque ul-
ceration, thrombosis, intraplaque hemorrhage, and
thinned fibrous caps [24]. Clinical benefit of treat-
ing symptomatic, severe carotid stenosis has been
demonstrated in a number of trials [18], [10]. There-
fore the goals of imaging in atherosclerotic cranio-
cervical disease are to determine the degree of ca-
rotid stenosis, identify ‘tandem’ lesions in the carotid
siphon or intracranial circulation and to evaluate the
existing and potential collateral circulation [27].
Conventional catheter angiography remains the
standard technique against which other non-invasive

modalities (CT, MR) are assessed.

Experimental and clinical knowledge

Measuring carotid stenosis

Both the North American Symptomatic Endarterec-
tomy Trial (NASCET) and European Carotid Sur-
gery Trial (ECST) demonstrated definite benefit of
carotid endarterectomy (CEA) in symptomatic pa-
tients with severe stenosis (70-99%) of the ICA [18],
[10]. The Asymptomatic Carotid Atherosclerosis

Study (ACAS) also showed benefit of surgery for
asymptomatic stenosis greater than 60% [10]. In an

analysis published in 1998 by the NASCET collab-
orators, they showed that CEA yielded only a mo-
derate reduction in the risk of stroke in patients with
symptomatic moderate (50-69%) carotid stenosis
whereas patients with severe stenosis (= 70 percent)
had a durable benefit from CEA at eight years of
follow-up [2]. They suggested that decisions about
treatment for patients in the moderate stenosis cate-
gory must take into account recognized risk factors,
and that exceptional surgical skill was obligatory if
CEA was to be performed. As a result, it is essential
to determine accurately the degree of stenosis in an
individual patient since this has an impact on man-
agement decisions.

In both the NASCET and ECST trials, the
degree of stenosis was determined using digital sub-
traction angiography (DSA), which has since be-
come the reference standard. In the NASCET trial,
the stenosis was calculated from the ratio of the li-
near luminal diameter of the narrowest segment of
the diseased portion of the artery to the diameter
of the artery beyond any poststenotic dilatation (%
stenosis = [1 — minimum residual lumen/normal
distal cervical internal carotid artery diameter] X
100) [18] (Fig. 1). The ECST trial measured the
percentage diameter stenosis on the best angiogra-
phic view of the point of maximum narrowing, using
as the denominator an estimate of the original width
of the artery at this narrowest point and bearing in
mind the slight widening of the normal ICA origin,
which is where most of the stenoses were found [10].
The reproducibility of these measurements was also
internally validated in both the studies. Gagne et al.
prospectively studied the reliability of carotid stenosis
measurements performed by practicing physicians of
different specialties and different levels of clinical ex-
perience and concluded that physicians could easily
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learn the NASCET technique for quantification of
carotid stenosis and reliably implement it for appro-

priate identification of candidates for CEA [12].

Limitations of measurement techniques

There are, however, limitations with both the NAS-
CET and ECST angiographic methods [1], [5],
[11]. With the NASCET method, the distal ICA
may be obscured by overlying vessels or inadequate
contrast enhancement. It is often difficult to decide
the appropriate segment of distal ICA on which to
base a measurement. With severe stenosis, there is
the risk of underestimation of stenosis since the ICA
beyond the stenosis may be significantly narrow-
ed. Furthermore, minor degrees of stenosis (<50%
bulb diameter reduction) may result in a “negative
stenosis” because the carotid bulb is larger than the
distal ICA [1]. For ECST measurements, variations
in anatomy or irregular stenoses can make it diffi-
cult, even for the experienced observer, to predict
the normal position of the carotid bulb.

Also, significant discrepancies between the NAS-
CET and the ECST angiographic methods may arise
such that a 50% stenosis by NASCET is equivalent
to approximately 70% by ECST [3], [23]. For a clini-
cian considering CEA in an individual symptomatic
patient, this could cause management dilemmas. This
is due to the fact that CEA has a proven benefit in
severe stenosis and may only be moderately beneficial
in moderate stenosis [2]. The principal difficulty, there-
fore, with both methods is establishing the diameter
of the normal ICA. An alternative approach is to use
the well-established physiological and anatomic
relationship between the common carotid artery
(CCA) and proximal ICA, so that the normal ICA
diameter can be derived from measurement of the
CCA. For example, duplex ultrasound studies have
consistently shown normal ICA/CCA peak blood
flow velocity ratios of 0.7 [3], [23], and studies of

Fig. 1. Lateral common carotid angiogram in a 50-year-old male
patient reveals severe stenosis involving the internal carotid artery
bulb (arrow) with a ‘string-sign’ (arrowheads) noted distal to the
stenosis. DSA still remains the best modality for distinguishing
complete ICA occlusion from the ‘string-sign’ due to 99% stenosis.
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normal angiograms [25] have shown the ICA/CCA
diameter ratio is 1:1.19 (0.09).

Alternate methods of quantifying stenosis

Thus there are different methods for estimating the
stenosis of the ICA proposed in the literature. The
use of various methods, which produce difterent val-
ues on the same angiograms, has caused confusion
and reduced the generalizability of the results of re-
search. If the results of future studies are to be properly
applied to clinical practice, and if noninvasive meth-
ods of imaging are to be properly validated against
angiography, a single, standard method of measure-
ment of stenosis on angiograms should be adopted.
This standard method should be selected on the bases
of its ability to predict risk of ipsilateral carotid distri-
bution ischemic stroke and its reproducibility.

Bladin et al. compared stenosis measurements
using the NASCET and ECST methods and, two
new techniques, the Common Carotid (CC) and Ca-
rotid Stenosis Index (CSI) [4]. The CC method was
based on a direct comparison of the residual lumen to
the distal CCA diameter adjacent to the bulb. The
CSI was based on the known relationship between the
proximal CCA and ICA (1.2 X CCA diameter =
proximal ICA diameter). Of the different angiogra-
phic techniques, CSI was found to be the most reliable
validated method of measuring carotid stenosis.
Hence the authors proposed CSI as a bridge between
results of carotid surgery trials, and to validate nonin-
vasive modalities against angiography [4].

Staikov et al. compared three angiographic meth-
ods for grading of carotid stenosis (ECST, NAS-
CET, and CC methods) and also examined the cor-
relation between angiographic and ultrasound
findings [21]. They concluded that measurements
using the CC method were the most reproducible
and those using the NASCET method the least.
Also, interobserver reproducibility was found to be
best for the CC and ECST methods and least for
the NASCET method. Ultrasound provided an ac-
curacy of 94% compared to ECST and CC methods
and 84% compared to the NASCET method in this
study [21].

In another study, Rothwell et al. [20] concluded
that there was little difference in the ability of the
three angiographic methods (NASCET, ECST and
CC) to predict ipsilateral carotid distribution ische-
mic stroke but found the CC method to be consis-
tently the most reproducible of the three, particu-
larly for stenosis in the clinically important range of
50-90%. Hence, they recommended that the CC
method of measurement should be adopted as the
standard method of measuring the degree of carotid
stenosis on angiograms [20].

However, other authors have felt that CC meth-
od is neither superior nor easier to calculate than
the NACSET method [8]. They also point out that
benefits of CEA have been established in patients
with 70-99% carotid stenosis using the NASCET
criteria in a clinical trial (unlike the CC method
which has not figured in any major clinical trial) and
hence did not recommend conversion from the

NASCET method to the CC method [8].

Role of rotational angiography

DSA measurement techniques used traditionally in-
volve the anterior-posterior, lateral and oblique
views of the carotid bifurcation. However, these pro-
jections may not always be optimal for demon-
strating the maximum stenosis. Three-dimensional
reformations of CT angiogram and MR angiogram
can provide visualization from any angle desired and
may be as or more accurate than DSA for determin-
ing the degree of stenosis. Newer techniques like 3D
computed rotational angiography (CRA) can provide
a larger number of views than DSA, which may in-
fluence the estimated degree of stenosis. CRA pro-
vides stenosis grades equivalent to DSA, as well as
absolute measurements, providing a comparison for
newer 3D techniques [16].

In a study comparing depiction of ICA stenosis
on rotational angiography and DSA and its impact
on patient treatment, both rotational angiography and
DSA were performed in 47 stenotic ICAs. In three
ICAs, rotational angiography was non-diagnostic. In
28 of the remaining 44 ICAs, the degree of stenosis
was categorized similarly with DSA and rotational
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angiography, whereas with rotational angiography, 15
ICAs were classified one category higher and one
ICA was classified two categories higher, owing to
the increased number of projections available. Seventy
percent to 99% stenosis was demonstrated in 18 ICAs
with DSA and in 25 ICAs with rotational angiogra-
phy. The authors concluded that rotational angiogra-
phy frequently depicts more severe ICA stenosis and
that rotational angiography could have facilitated a
change in the optimal treatment (from non-surgical
treatment to CEA) in seven ICAs [7].

Interobserver variability

Interobserver variability in the measurement of ca-
rotid stenoses from DSA displayed in different ways
(non-magnified or magnified, white or black arter-
ies) was studied by Chow et al., who also compared
human readers with computer-generated densito-
metric measurements of vessel stenosis [6]. The
most reliable measurements of stenosis were obtain-
ed from the non-magnified black and white artery
images. The interobserver variability in the measure-
ment of internal carotid stenoses using non-magni-
fed images was small and increased with magnified
images. Also, the computer-generated stenosis mea-
surements were consistently much higher than those
of the radiologists. The authors concluded that read-
ers of digital angiographic images must determine
the most reliable, reproducible images generated by
their equipment, as these measurements significantly
affect treatment of patients with symptomatic ICA
stenosis [6].

Another study evaluating the interobserver vari-
ability for carotid artery stenosis measurements
resulted in good overall interrater agreement using the
NASCET/ACAS and ECST criteria [22]. However,
the authors found that the agreement for therapeutic
decisions on carotid surgery was less strong and
concluded that accurate stenosis measurement alone
may not suffice for reliable treatment decisions in
patients with high grade carotid artery stenosis [22].

Young et al. evaluated the reporting of carotid
stenosis using four different techniques (three tech-
niques with caliper measurements and the fourth was

visual assessment) on both DSA and MRA [28].

The variability in reporting and the number of clini-
cally significant differences arising as a result were
similar for each of the four techniques using DSA.
While the typical measurement errors for each of the
techniques studied were on the order of * 5%, each
technique produced some sizable individual differ-
ences for the same angiogram, with resultant wide
95% limits of agreement. Also, the observer variability
for reporting MRA was generally a little greater than
tor DSA. Compared with the caliper techniques, the
visual impression of stenosis technique performed
well, particularly for MRA. The authors concluded
that although observer variability in reporting can be
considerable, no important differences were found
among the different techniques widely used for mea-
suring carotid stenosis [28].

Advantages of DSA

Distinction between near-occlusion and occlusion of
the ICA is crucial because patients can benefit from a
surgical treatment in the former scenario [27]. DSA
is the best neuroimaging technique for this distinc-
tion since other non-invasive modalities may fail to
show antegrade flow in severely stenotic vessels [27].
An example of ‘string sign’ is depicted in Fig. 1.

Detection of tandem lesions (or distal stenosis) is
important since some patients may be included from
CEA or endovascular therapy depending on the sever-
ity of the individual lesions. DSA is probably the best
test to reliably demonstrate tandem lesions compared
to other non-invasive modalities [27] (Fig. 2).

DSA also provides information about acces-
sibility from the femoral route, demonstrates any
aortic pathology (e.g., dissection, aneurysm) that
may preclude endovascular therapy or make it diffi-
cult and assesses feasibility of using present day
angiographic equipment to access tortuous vessels.

Complications of angiography

Hankey et al. prospectively evaluated 382 patients
with symptomatically mild carotid ischemia who had
cerebral angiography to visualize a potentially resect-
able lesion at the carotid bifurcation [13]. They en-
countered complications in 14 angiograms done in 13
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Fig. 2. A 47-year-old female patient presented with right middle cerebral artery territory stroke. CT angiogram (a) revealed focal stenosis
at the right ICA bulb and a long segment narrowing involving the cervical ICA starting from the bulb upwards (arrows). Carotid angioplas-
ty and stenting was planned. However, on the common carotid angiogram (b), there was tandem stenosis detected with a proximal in-
ternal carotid stenosis (curved arrow) and a significant distal intracranial stenosis in the supraclinoid segment (arrow), which was difficult
to appreciate even retrospectively on the CTA due to adjacent bone.
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patients (3.4%) with two local complications (0.5%),
two systemic complications (0.5%) and 10 neurologi-
cal complications (2.6%). Of the neurological compli-
cations 2 (0.5%) were transient (transient ischemic
attack 1, generalized seizure 1), 3 (0.8%) were revers-
ible strokes and 5 (1.3%) resulted in permanent
strokes. There were no deaths encountered [13].

Hankey et al. also evaluated eight prospective
and seven retrospective studies from which it was
possible to derive the complication rate of conven-
tional cerebral angiography for patients with mild
ischemic cerebrovascular disease, who were potential
candidates for carotid endarterectomy [14]. Three
studies of intravenous and one of intra-arterial digital
subtraction angiography were also examined. They
reported that angiography carries a 4% risk of minor
stroke or transient ischemic attacks, 1% risk of major
stroke and a less than 1% risk of even death [14].

In another study evaluating the neurological com-
plications in cerebral angiography, the authors en-
countered 39 (1.3%) neurologic complications in
2,899 procedures; 20 were transient (0.7%), five (0.2%)
were reversible, and 14 (0.5%) were permanent [26].

These studies suggest that the risk of an angiogra-
phic procedure is not negligible and therefore the po-
tential benefit to symptomatic patients may be dimi-
nished by the invasive nature of DSA. There is also the
additional risk of contrast reactions and contrast indu-
ced nephropathy with DSA. Amongst the non-inva-
sive modalities, CTA shares the same risks as DSA
whereas these risks are avoided with US and MRA.

Thus there is still ongoing work about determin-
ing the best way of measuring ICA stenosis and its
clinical application. However, it suffices to say that
till a proper trial with the other mentioned methods
are performed, the NASCET method would proba-
bly be the most commonly used technique due to its
simplicity of use and its well established clinical role.

Aspects to the future

Carotid plaque instability is considered an impor-
tant determinant of stroke risk [17]. There are now
various imaging techniques that can provide infor-
mation on carotid plaque morphology. Some charac-

teristics that may reflect a high risk of vulnerability
are outward, abluminal plaque remodelling, the pres-
ence of intra-plaque haemorrhage, inflammation,
severe flow disturbances around the encroaching le-
sion, plaque cap thinning and ulceration, and abnor-
mal plaque motion [15]. While non-invasive modal-
ities like US and MRI have shown potential in
assessment of plaque morphology, DSA may not
have the capability of demonstrating the above men-
tioned plaque characteristics. Non-invasive tests
may, therefore, play an increasing role in carotid
imaging in the near future due to potential implica-
tions in predicting stroke risk.

Conclusion

DSA has long since been established as the gold
standard for assessment of vascular disease. Clinical
trials using DSA for measurement of carotid artery
stenosis have been found DSA to be reasonably re-
producible and reliable. But ultrasound Doppler,
CTA and MRA are replacing DSA in most centers
as the initial tool for assessment of vascular disease
in the neck and intracranial circulation. Not only do
these modalities have the obvious advantage of
being non-invasive unlike DSA, they also have dem-
onstrated good sensitivity in detecting and grading
carotid artery stenosis in multiple studies. Also dem-
onstration of plaque morphology may be better with
MRI and US and this may play a key role in predic-
ting stroke risks. However, DSA is still the modality
of choice for distinguishing between near occlusion
and occlusion and will continue to be used for prob-
lem solving purposes.
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Technical evolution of CT-angiography

Volumetric imaging with single and
multidetector-row detector spiral scanners

Since the advent of computed tomography (CT)
equipment for clinical imaging, the development of
spiral (or helical) CT with a slip ring scanner was
the main step towards the evolution of CT angiog-
raphy. Continuous CT spiral scanning with breath-
holding of the patient and simultaneous patient
transport through the gantry allowed volumetric
imaging of whole organs without discontinuities
[29], [17]. This rapid spiral volumetric CT scanning
permitted imaging of the organs optimally in the ar-
terial or venous phase during the first pass of an in-
travenously injected bolus of contrast media. Soon
after spiral CT scanning was introduced in 1990, sev-
eral of the first reports on the clinical applications of
spiral CT concentrated on CT angiography [16],
[47], [68], [25]. With a singledetector spiral CT
scanner (SDCT), rapid volumetric scanning in-
creased image noise slightly and induced a minor
decrease in the z-axis resolution compared to pre-
vious sequential technique, but did not decrease the
diagnostic quality of the study [11]. Methods for
three-dimensional (3D) display were generated be-
fore the introduction of CT angiography. The 3D
display with ‘angiographic-like’ images was quickly
adopted for demonstration of CT angiography
studies [47], [63], [69], [70], [66]. With overlapping
axial source images the z-axis resolution was im-
proved, upgrading also the quality of reconstructed
images [30].

In the first series the scanning volume in
SDCT angiography was relatively short, depending
on the imaging parameters such as collimation and

table feed. The introduction of 180 linear and
higher-order interpolation algorithms showed that
table feed could be increased over the length of slice
collimation (pitch values over 1), with a slight in-
crease in image noise, but longer scanning volumes
[51], [62]. In the early days of CT angiography the
total examination time, including the time for scan-
ning, postprocessing of the images and the image
display, was up to 1.5 hours. Gradually, the overall
duration of CT angiography has decreased. The ca-
pacity and heat-resistance of X-ray tubes increased,
also allowing longer scan times. Furthermore, data
acquisition time has decreased with subsecond scan-
ning, which also improves the imaging of small arter-
ies [58]. Computers have become more powerful, re-
sulting in faster reconstruction of raw data. With
effective computers the real time interactive volume
rendering (VR) method for 3D display has become
available for clinical use [34].

Because individual circulation time sometimes
led to suboptimal arterial contrast enhancement, a
method for the detection of optimal scan delay time
was developed, replacing partly the use of fixed delay
time [62]. Later manufacturers produced special
programs for automatic detection of contrast mate-
rial arrival into target vessels, i.e., bolus triggering
methods. Within five years, CT angiography has
been used to image almost all arteries from head to
toe [69], [70], [36], [31], and also venous structures
[69], [70], [13].

CT angiography examination using a single
slice device must be planned with caution due to the
limited coverage of imaging volume obtained with
the SDCT device. The scanning time also extends
up to 30—40 seconds with the larger imaging vol-
umes, which may exceed the breath-holding capabil-
ity of the patient. This problem has been solved with
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the multidetector-row CT (MDCT) scanners allow-
ing both the increase of the scanning volume and
the faster scanning using a narrow collimation. With
a 16-row MIDCT the entire carotid circulation with
the arteries of circle of Willis can be scanned with a
sufficient image quality in nine seconds.

Carotid imaging with a SDCT scanner

In general, with a SDCT device a thin collimation
should be chosen to optimise longitudinal (z-axis)
resolution. A slow table feed and a small reconstruc-
tion interval are preferable to image small vessels,
especially those running in the axial plane [10]. Nat-
urally, minimising those parameters will decrease
the length of the scanning volume. To meet the
need for good resolution and sufficient scan volume,
it is preferable to increase the pitch (P) (=table in-
crement per gantry rotation/collimation) rather than
to increase the width of collimation. Then the pitch
value increases to over 1, but it should not exceed
the value of 2 [51]. In addition, with SDCT the ra-
diation dose is consequently reduced with the great-
er pitch, if the other imaging parameters remain
constant. Most clinical applications of CT angiogra-
phy can be performed with 3-5 mm collimation
using an SDCT device, but for carotid arteries, a
thin collimation of 1-2 mm is preferable. The re-
construction increment for axial source images
should be chosen so that axial slices overlap at least
50%. The noise is related to other imaging param-
eters such as collimation and X-ray tube output (ki-
lovoltage, tube current) and to reconstruction kernel,
but not to the pitch value [78]. Table 1 shows the
designs of SDCT studies used for carotid imaging.

Towards multiple-row detector scanners

CT equipment with multiple-row detectors
(MDCT) opened a new era for CT angiography,
eliminating many disadvantages such as limited scan
volume coverage, long scanning times, some artifacts
and large doses of contrast media [6], [61]. MDCT
using thin section width for standard protocols with
increased longitudinal resolution has enabled multi-

planar reformats (MPR) and 3D reconstructions of
excellent quality for CT angiography in various ana-
tomic areas including carotid circulation. Nowadays,
this ‘multislice’ C'T angiography with rapid interac-
tive modes for image display has achieved a firm
standing in the repertoire of noninvasive methods
for carotid imaging.

Actually, the earliest prototypes of CT scanner
were dual scanners in the early seventies, but single
detector CT devices went to production. In 1993 a
dual section scanner was introduced again. Advan-
ced MDCT devices with two different detector ar-
ray designs (matrix detectors and adaptive array de-
tectors) were introduced in 1998. Those detector
array designs are used for four- and eight-row detec-
tor devices. The MDCT technology allowed larger
anatomic coverage, for example imaging of the en-
tire aortoilac system and lower extremity inflow and
run-off [61], [64]. Also with MDCT the table
speed and the tube rotation time of the scanner in-
fluence the scanning volume coverage. The limited
scan coverage of four detector row MDCT devices
is evident with a high-resolution protocol [55].

At present, MDCT devices with subsecond
tube rotation are available with up to 32 rows of de-
tectors for 64 slices. However, MDCT technology
using 16-row adaptive array detector has already al-
lowed faster scanning, excellent spatial resolution
with near-isotropic imaging for routine scanning
protocols, multiphase studies and convenience for
the patient because the breath-holding time is short-
ened. Also new applications, i.e., cardiac and coro-
nary artery imaging, have been introduced. All these
advancements can contribute to the increase of diag-
nostic utility also for carotid imaging. The newest
MDCT technonology with 32 detector rows for 64
slices has better spatial resolution than other
MDCT scanners but the sufficient volume coverage
and speed for routine clinical use has already been
obtained with 16-row detector CT device. Faster
scanning with 16- and 32-row detector CT devices
permits CT angiography of carotid arteries without
venous enhancement.

One of the advantages of MDCT imaging is
flexibility. For the MDCT scanners with z filter ap-
proach such as produced by Siemens, spiral raw data
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can retrospectively be reconstructed at different slice
thickness values and increment values, but the sec-
tion width (slice thickness) should not be less than
the thickness of the collimation [23]. Both the axial
images with thin section width (1 mm or less) of
high resolution and with wide section width of less
noise can be reconstructed from the same study. One
disadvantage of modern MDCT technology is the
overwhelming number of axial images, and therefore
image reconstruction with wide section thickness for
archiving axial source images with additional 2D
reformats and 3D reconstructions are needed. De-
tailed descriptions about the MDCT technology
have been published [23], [53], [54].

There have been two definitions for the pitch
value of MDCT [55], but after recommendations
given by International Electrotechnical Commission
only the definition equal to SDCT pitch definition
is preferable to use [23]. Then pitch is defined as in
SDCT: P = Table feed (mm) per gantry rotation/
beam collimation (mm). Pitch value in spiral CT ex-
aminations reveals the intersection cap (P > 1) or
overlapping of the sections (P < 1). The main prin-
ciple of cervicocranial imaging with fast MDCT
scanners is to use thin collimation at pitch < 1. Axial
image overlap is recommended to be 20—-50%. Thus
the good quality of 2D and 3D reconstructions is
ensured.

The challenge for CT imaging is the dose re-
duction. CT imaging is highly responsible for the
radiation dose produced by medical X-ray imaging.
Using SDCT devices the increase in pitch value en-
abled dose reduction. Also with faster MDCT the
reduction of dose is possible but the requirements
for larger anatomic coverage and better spatial reso-
lution increases the radiation dose subsequently. It is
important to adapt the tube current and the imaging
parameters to the size of the patient (the body
diameter) for reducing the dose and maintaining
constant noise. It must be noted that the dose is
unrelated to the pitch with MDCT using z-filter
approach [23]. CT equipments nowadays registry
the dose, which is calculated to the weighted CT
dose index (CTDIvol) and dose length product
(DLP) available for the radiologist and the tech-
nologist at each study.

Clinical knowledge

Cerebrovascular disease with disabling stroke is still
the leading cause of long-lasting morbidity. Athero-
sclerotic plaques in the carotid arteries may cause
life-threatening or strongly disabling disorders.
Atherosclerosis in the artery wall supplying the
brain is a risk factor for stroke and other cerebrovas-
cular disorders, i.e. amaurosis fugax, transient
ischaemic attacks and dizziness. Stenosis, wall
thickness, the lipid or necrotic core of the plaque,
plaque ulceration and intraplaque haemorrhage are
supposed to be related to the risk of stroke and other
cerebrovascular disorders, but the data concerning
the relationship between plaque morphology and
clinical outcome are still conflicting [18], [27], [44].
However, both haemodynamic and embolic mecha-
nism are supposed to produce disorders [18]. The
degree of stenosis has been reliably verified to be re-
lated with stroke risk. The European Carotid Sur-
gery Trial (ECST) and the North American Symp-
tomatic Carotid Endarterectomy Trial (NASCET)
have shown that carotid endarterectomy is beneficial
in the secondary prevention of stroke in symptomat-
ic patients with high-grade stenosis [48], [43], [20].
An ongoing randomised study includes the plaque
characterisation for the observation of subgroups at
stroke risk [49]. Obstructing arterial stenosis due to
either a large plaque or sudden intraplaque haemor-
rhage of a plaque and plaque rupture with thrombosis
are the main causes of symptomatic disease. Before
the choice of the treatment, the extent of the athero-
sclerotic disease and the need for interventions are
verified by imaging.

Despite some disadvantages of CT angiogra-
phy imaging, such as radiation and use of poten-
tially nephrotoxic contrast media, CT angiography
is feasible for the imaging of atherosclerotic ca-
rotid arteries when the patient selection and pre-
paration before the scanning are well done. Over
the last decade, the development of CT devices
has widened the scope of this nowadays rapid and
easy imaging method for carotid circulation. Further-
more, CT angiography is more convenient and less
time consuming for the patient than catheter an-

glography.
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The advantages of CT angiography are the possi-
bility to evaluate extracranial arteries simultaneously
with delineation of soft tissues, including the plaque,
and to achieve good spatial resolution in any direction
with the three-dimensional display [67]. The anatom-
ic orientation of carotid arteries running perpendicular
to the imaging plane is favourable for CT angiography
[33]. The designs and results of various studies of the
use of SDCT angiography in the evaluation of carotid
arteries are shown in Tables 1 and 2.

The diversity of various elements in CT an-
giography, including variability in the CT devices,
contrast agent infusion implementation tech-
niques, scanning parameters and variable image dis-
play for diagnosis, complicates the comparison of
various studies. In addition, the studies had diffe-
rent scales for stenosis grading. However, these
studies have proved that CT angiography is a prom-
ising tool for the assessment of carotid arteries and
the detection of stenoses. The study by Moll et al.
[45] has in a large study population shown that
CT angiography had higher sensitivity than CD-US
for the detection of severe (70—99%) stenosis in
the carotid artery. In that study the results of
various imaging methods were compared with the
findings of subsequent surgical operation as a
reference. CT angiography was as sensitive and
specific as DSA [45].

The MDCT technique facilitates rapid scanning
of the head and neck, thus allowing either smaller vol-
ume high-resolution imaging with isotropic voxel size
or imaging of a larger coverage of anatomic areas, i.e.
the whole cerebrovascular circulation from aortic arch
to intracranial arteries [61] (Fig. 1). MDCT has a
high resolution in z-direction, facilitating good qual-
ity 2D reformats or 3D reconstructions and accurate
measurements. In a preliminary study with five pa-
tients using MDCT for carotid CT angiography
excellent image quality and good demonstration of
carotid plaques was reported [39].

Preparing of the patient for CT angiography

Preparing the patient for CT angiography is sim-
ple. To perform CT angiography, it is mandatory

that the patient can co-operate. Before the study
all phases of the examination should be explained
to the patient to obtain good quality images with-
out moving artefacts. A history of previous hyper-
sensibility reactions of the patient should be asked,
especially if caused by iodinated contrast agents.
Because the contrast media may be nephrotoxic,
before CT angiography renal function should be
evaluated to avoid use of contrast media for pa-
tients at risk for contrast-induced renal failure [72].
The screening of renal function with laboratory
tests, most often serum creatinine, from patients
without risk factors has been questioned based on
a study with 2034 outpatients, because renal func-
tion impairment is very seldom among patients
without known risk factors [73]. Recently, the
European Society of Urogenital Radiology has
produced a simple guideline on serum creatinine
measurements before iodinated contrast medium
administration [72]. If needed, sufficient hydra-
tion for the patient should be arranged. For the
contrast media infusion, an 18-gauge cannula is
placed in the antecubital vein. Unenhanced images
from the target area for localising anatomical
structures are obtained, if necessary.

Imaging protocols for carotid CT angiography

Different protocols are available for carotid circu-
lation in different multidetector-row CT devices
[59], [24], [53]. For patients with overweight it is
possible to change imaging parameters and the in-
terpolation algorithm to improve the quality of
images [64]. A noteworthy point for the improve-
ment of the CT angiography quality is appropriate
scanning technique, because low kVp enhances the
attenuation of radiation in vascular studies increas-
ing the ratio of resolution to noise and visualisa-
tion of vascular structures [79]. Furthermore, with
the use of low kVp the dose of radiation decreases
concurrently. Our protocol for carotid imaging for
scientific purposes including carotid circulation
and aortic arch with a 16-row CT device (Siemens
Somatotom Sensation 16) is described in the

Table 1.
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Table 1. CT angiography protocol for the cervicocranial arteries
at the authors'institution

slice collimation 16 X 0.75mm
table feed 12mm
tube rotation time 05s
pitch 0.5
kv 100
mAs(eff) 120-160
reconstruction increment

for axial slices 0.8 mm
section width Tmm
medium smooth

reconstruction kernel (B30f)

100 ml with a flow
rate of 5 ml/s

300 mgl/ml

30 ml with a flow
rate of 5 ml/s

in the aortic arch

contrast media infusion
volume

contrast media concentration

saline chaser bolus

bolus triggering ROI

Another section width of 2-3mm is also used for
the multiplanar reformats and 3D reconstructions.
The 2 mm thick miniMIP reconstructions are rou-
tinely made in sagittal and coronal planes at the level
of the carotid bifurcations and (double)oblique sagittal
planes are applied when necessary. In addition to the
carotid bifurcations and common carotid arteries, the
distal internal carotid arteries and the M1 segments
should also be evaluated as well as the vertebrobasi-
lar arteries for the presence of tandem lesions and
hemodynamically significant lesions in the collat-
eral circulation. For the optimal enhancement in
aorta and carotid arteries during scanning, the bolus
triggering is used placing the ROI circle in the aor-
tic arch, and the delay-time of 6s is used for the
monitoring scans. A thorough review about the
scanning protocols with various MDCT scanners

has been published [53].

Contrast media application

It is desirable to perform the contrast media injection
with a double-syringe power injector for the contrast
media injection and subsequent saline flush. The sa-
line flush pushes the contrast media to central circu-
latory and flushes the veins free from high concen-

tration of contrast media related to strike artifacts.
Artifacts from contrast-filled veins also can be avoid-
ed by changing the scanning direction (i.e., cau-
docranial for the imaging of carotid arteries). With
recently introduced three-syringe power injector it is
possible to infuse a dilution of contrast media be-
tween the contrast media and saline for decreasing
strike artifacts properly.

The circulation time of the patient should be de-
termined if there is doubt about decreased cardiac out-
put increasing the time between the start of the con-
trast media infusion and the arrival of contrast media
in the target vessel. The determination of circulation
time can be carried out with a test bolus or with spe-
cific programs, i.e., bolus triggering methods, which
are nowadays widely available in CT devices [74],
[28]. These bolus triggering methods monitor the in-
flow of contrast media to the target vessel with conti-
nuous low-dose scanning. The use of bolus triggering
during CT angiography ensures sufficient contrast
density in target vessels. In addition, the use of high-
concentration contrast media for CT angiography
studies has been recommended [21].

Enhancement in the target vessels is affected by
patient-related and injection-related factors. Body
weight is the most important patient-related factor;
an increase in body weight decreases the arterial en-
hancement [8]. Low cardiac output delays the peak
enhancement, but increases the enhancement mag-
nitude. In vascular imaging, the enhancement is di-
rectly related to the iodine concentration in target
vessels [8], [3]. A high concentration in target ves-
sels can be reached with an increase in flow rate of
commonly used contrast media (300 mgl/ml) or
with the use of high-concentration contrast media
(370 or 400 mgl/ml). Additional benefit can be
achieved with the use of high-concentration contrast
media with early enhancement [3], especially with
very short scanning times of MDCT devices.

Because the resolution to noise relationship is
proportionally affected by the contrast media concen-
tration in target vessel, the contrast media infusion
should be planned carefully. The duration of the scan-
ning is critical for the planning of contrast media
application. Using SDCT the scanning duration time
is almost always long, up to 40 seconds. Some special
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MDCT imaging protocols with a long scanning
time for example ECG-gated cardiac imaging, require
extended contrast media infusion. With the use of ex-
tended contrast media infusion, the total amount of
iodine given to the patient should be controlled.

A basic understanding of the contrast media ki-
netics after intravenous bolus infusion is essential to
perform CT angiography studies [21]. In general, the
iodine administration rate has to be increased for an-
giography examinations with MDCT to obtain satis-
factory enhancement in the target vessels. The iodine
administration rate could be increased using a higher
flow rate of the infusion or alternatively using high-
concentration contrast media. However, due to faster
scanning of MDCT the total volume of contrast me-
dia infusion is substantially lower than using SDCT
for CT angiography. The critical point for contrast
media infusion for MDCT angiography examina-
tions is the very short time window for the data acqui-
sition, because in most general applications for vas-
cular imaging the scanning lasts only 5-10 seconds
[21]. The exact time delay from the beginning of the
intravenous infusion to the arrival of the contrast
media in the target vessel is crucial due to the short
data acquisition time, because if timing fails, the en-
hancement in target vessels could be totally missed.
Therefore, the use of bolus triggering technique is
essential for the MDCT angiography studies. Speci-
fic contrast infusion protocols for different duration
of data acquisitions are published and it is also re-
commended to use biphasic protocols to achieve uni-

form enhancement in CT angiography [21], [22].

Reformations and 3D reconstructions

of carotid CT angiography

The axial data of CT angiography can be demon-
strated with reformations (two-dimensional display)
or with 3D reconstructions. The reformation tech-
niques, multiplanar reformation (MPR) and curved
planar reformation (CPR), retain the original image
data of axial source images including high attenua-
tion structures such as enhanced vessels and mural
calcifications and low attenuation structures such as
intimal plaques and trombi. Two-dimensional MPR
is a widely used postprocessing technique and with

arbitrary chosen views, it is very useful in CT angiog-
raphy [59], [32], [75]. Thin MPR with good resolu-
tion for vessel display shows usually only restricted
views of the tortuous vessels demanding serial of
thin MPRs over the region of interest or MPR with
a thickness covering the entire artery diameter. In
eccentric stenoses two perpendicular MPRs are need-
ed to display the lesion in the artery wall. With
CPR it is possible to follow the entire course of the
vessel (Fig. 1). In general, CPR is operator depen-

dent and not suitable for measurement of diameters

F-'.'.‘.A"

Fig. 1. Curved planar reformation of the left carotid artery with
no hemodynamically significant stenosis.
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while the operator may not accurately point the cen-
tre of the vessel leading to distortions of anatomic
structures. However, there is commercially available
software with automatic assessment of the vessel
using CPR, where the automatic assessment of the
center of the lumen facilitates automatic measure-
ments of vessel cross-sectional dimensions in diam-
eters and in area value [31].

For the 3D display using maximum intensity
projection (MIP) or shaded surface display (SSD)
the editing of unnecessary structures, such as bones
and enhancing veins and organs, is essential [59].
MIP retains the voxel with the maximum intensity
in each line, in CT angiography mainly the voxels
containing enhanced vascular structures [56]. MIP
misses the visualisation of depth, leading sometimes
to misinterpretation of the anatomical relationships.
In MIPs, differences in attenuation can be detected,
thus plaque mural calcifications are distinguishable
but especially an extensive mural calcification ham-
pers the demonstration of vessel lumen. Intraluminal
pathology may be obscured if it is surrounded by en-
hanced blood flow; hence the detection of intravas-
cular trombi, emboli or dissection is limited in MIP
[56]. Sliding thin-slab MIPs are also useful for the
demonstration of the complex vascular structures
[46]. Targeted MIP is useful to avoid artefacts from
overlying structures.

For SSD images, one or two user-defined thresh-
olds are chosen, and only those high attenuation
voxels inside chosen two thresholds or over one cho-
sen threshold are displayed [9]. The impression of
depth is computed with a virtual light source. SSD
images in CT angiography are feasible for visualis-
ing complex vascular anatomy, but this method suf-
ters from the inability to show structures separately,
ie., in CT angiography this method fuses vascular
structures and plaque calcifications [63].

With the aid of powerful computers the volume
rendering (VR) technique has developed into one of
the most fascinating technique for 3D image display.
The primary principle of the VR technique is to
maintain the original data of CT examination without
cumbersome and obsolete editing of the axial data. VR
technique uses data from all imaged voxels through
volume data management. VR image formation for

display consists of algorithms for transfer functions
[12]. In VR the voxels are assigned with an opacity val-
ue and this value can be chosen between total trans-
parency and opacity. The VR images are lighted simi-
larly as the SSDs. Maintainance of the data from all
voxels in VR allows the editing of 3D display with a
clip plane in real time. Coloring of the structures hav-
ing different opacity value for each anatomic struc-
ture is possible. VR technique can also be used for the
purpose of virtual endoscopy in addition to the SSD
technique [60].

Table 2 presents the advantages and limitations
of each reformation and 3D reconstruction method.

Carotid CT angiography interpretation

For the purpose of CT angiography image display sev-
eral methods are available as described above. Howe-
ver, the radiologist must be aware of the technical
principles underlying those 3D reconstruction meth-
ods to avoid pitfalls in the evaluation of vascular le-
sions [59], [53], [32]. The editing of axial slices must
be done with caution to avoid removal of valid data.
MIP lacks impression of depth, leading to overprojec-
tion of structures. While only those voxels containing
the highest intensity are displayed, other valid data of
the same ray with lower attenuation might be ob-
scured. The selection of threshold is of greater signifi-
cance for SSD. Incorrect threshold selection can false-
ly imply or exclude lesions, i.e., stenosis, in arteries.
Although the VR technique for 3D image display
consists more of the original data than MIP or SSD,
all the pathology detected in VR must be confirmed
from the source images. This also applies to other 3D
display techniques [32].

Instead of immediate use of the 3D display meth-
ods, it is preferable first to interpret a CT angiog-
raphy study using original data without data edit-
ing or conversion [56]. Axial source images as a
secondary raw data and additional MPRs contain all
the information of the entire imaged volume, such
as enhanced vascular structures, plaques in the arte-
rial wall with or without mural calcifications and ex-
travascular tissues. The quality of MPR images has
improved since the advent of MDC'T, which has al-
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Table 2. Advantages and pitfalls of different carotid CT angiography reformations and 3D reconstruction techniques

Technique

Advantage

Pitfalls

Original axial
source images

MPR

Excellent for the use of interactive interpretation,
all information from the study available

Excellent for the use of interactive interpretation
All information from the study available in
arbitrary planes

CPR Useful for the demonstration of the findings
needing two perpendicular views

MIP Useful for the demonstration of the findings

Thin slab MIP 2 mm slices excellent for the evaluation of
bifurcation area.Visualization of the mural
calcifications

SSD Useful for the demonstration of complex
vascular anatomy with depth information

VR Useful for the demonstration of complex

vascular anatomy with some density
information and with depth information.

Interpretation operator dependent. Not
useful for the demonstration of the findings

Interpretation operator dependent.
Not very useful for the demonstration of
the findings

Operator dependent. Not useful for the
measurements, with the exception of specific
automated methods for the stenosis
assessment

Needs editing of the original data.
Especially volume MIP time consuming
and lacks depth information

Thicker slices may loose information of
thin structures such as intimal flap

Fusion of mural calcifications with enhanced
vascular lumen. Prone for operator dependent
(thresholding) artefacts

Needs good hardware capacity of the
computer. Still somewhat operator
dependent

Interactive 3D display method for CT
angiography findings

lowed the routine use of thin collimation, leading to
high spatial resolution and nearly isotropic or isotrop-
ic voxel size [55]. In addition, MPR images, thin-
slicing MIPs and targeted MIP image are easy to
reconstruct without time-consuming editing of
source images or removal of mural calcifications.
MPR does not suffer from the overprojection of the
other enhanced vessels. However, a single axial
image or thin MPR view displays only a substruc-
ture of an arterial tree. The interpretation of the
complex vascular system necessitates viewing of sev-
eral contiguous axial images or MPRs. Therefore
the interpretation has to be done on a workstation
using a cine mode. This is called interactive inter-
pretation [53]. The interactive interpretation of CT
angiography in our daily practice includes scrolling
of axial source images together with two MPR views
in orthogonal directions (sagittal and coronal) to
analyse vascular anatomy and pathology. If neces-

sary, additional MPR views angled by the direction

of the viewed vessel or curved reformats are done.
CT angiography with this interactive volumetric in-
terpretation is an advisable and beneficial tool for
the radiologist to analyse vascular anatomy and pa-
thology. The 3D display methods are an additional
tool for the overview of the anatomy, for the search
of possible sites of pathology, and for the demon-
stration of the diagnosis to the referring physician
[32]. In addition, the 3D images can display com-
plex arterial anatomy in a single view, as shown in
Fig. 2 displaying 3D reconstruction images of the
epiaortic and entire carotid circulation imaged with
a 16-row multidetector device.

Diagnostic performance of CT angiography

for carotid stenosis assessment

Based on the results of a carotid SDCT angiography

study where intravascular ultrasound (IVUS) was
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Fig. 2. Carotid artery anatomy of two different patients shown with 3D reconstructions. VR image (a) shows the entire course of both ca-
rotid arteries. Thin slab MIP (b) shows the entire course of the extracranial right carotid artery with mural calcifications at the bifurcation.

used as the reference method, the repeatability of
CT angiography for the measurements of lumen
diameter, plaque thickness and diameter stenosis
from the axial source images is excellent [5]. Even
for subtle stenoses, the sensitivity of SDCT angiog-
raphy was excellent (96-100%) when IVUS was
used as a standard of reference. Intraplaque calcifica-
tions and anatomic vascular structures facilitate the
precise localisation and identification of athero-
sclerotic plaque as a target for measurements, even
between successive studies. CT angiography seems
to be an adequate follow-up imaging method for the
aims of prospective studies.

In the same study, CT angiography depicted all
stenotic lesions of the carotid arteries evident in
contrast angiography. Moreover, CT angiography
also detected concentric stenoses not detectable in
contrast angiography [4]. Contrast angiography with

only luminal display fails to detect atherosclerotic le-
sions, which are concentric. The difference between
contrast angiography and CT angiography diameter
stenosis measurements may be even greater because
of the inability of contrast angiography to detect the
compensatory arterial enlargement during the deve-
lopment of the atherosclerotic process [26]. Com-
plex vascular anatomy does not hamper the quality
of CT angiography, and the reconstructions can be
created in any projection without artefacts from sur-
rounding structures [55].

CT angiography with MDCT technique has
excellent spatial resolution also for smaller struc-
tures, but artefacts sometimes still hamper the visuali-
sation of short stenoses [53]. The capacity of newer
MDCT devices with up to 64 slices per rotation is
superior to the older devices used in the reviewed lit-
erature shown in Table 2. The 16-row multidetector
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CT device nowadays available for carotid imaging in
our department produces images with fewer artifacts
(Fig. 2) with considerably shorter acquisition time.
The advent of the CT with 64 slices does not pro-
vide anymore advance in scanning time but better
spatial resolution acquired with very thin slices,
which may provide additional benefit for the carotid
imaging. In addition, the use of ECG-gated imag-
ing significantly reduces the movement artifacts in
CT angiography, and also can be used for carotid ar-
teries in cases with suspicion of tight stenoses. Al-
ternatively, in ambiguous cases the use of convention-
al angiography is advisable. Arguments for the use
of conventional angiography for the confirmation of
high-grade stenosis in symptomatic patients have
also been proposed earlier to ensure appropriate treat-
ment decisions [19].

Although measurements of the absolute diame-
ter by CT angiography were inaccurate compared
with rotational angiography especially in cases of
high-grade stenosis, the diagnostic performance of
CT angiography performed with a four-channel CT
device using DSA as a standard of reference proved
to be good in a study of 35 patients with carotid ar-
tery stenosis [4]. In this study, in addition to the in-
terpretation based on absolute diameter measure-
ments, a third radiologists visually interpreted CT
angiography using interactive interpretation of axial
slices and MPR views for the diagnosis and simply
estimated the degree of stenosis. Visual estimation
proved to be the most sensitive method for identifi-
cation of carotid stenosis of 50% or more, but speci-
ficity was only modest. Simple visual estimation of
the degree of stenosis in four-detector row CTA has
been reported to yield sensitivity of 100%, specificity
of 73% and overall accuracy of 86% for the detection
of carotid stenosis = 50%, when using DSA as the
standard of reference [4]. When using the highly
sensitive visual estimation as the first line screening
step for the detection of a significant stenosis (50%),
the measurement of the degree of stenosis can be
used as the second step only for the positive cases
selected by visual estimation. The combination of in-
teractive interpretation of CT angiography with
subsequent MPR measurements for selected cases
achieved the best diagnostic accuracy; CT angiogra-

phy for the symptomatic side showed a sensitivity of
95%, specificity of 93% and overall accuracy of 94%
[4]. In another study by Anderson et al. [2], SDCT
angiography with the interpretation of axial source
images proved to be 89% sensitive, 91% specific and
90% accurate in the detection of carotid stenosis
over 50%.

In the study of Josephson et al. MDCT showed
high sensitivity (100%) for the assessment of carotid
stenosis with measurement using 70% cutoff for
stenosis degree [35]. Most of the major over-
estimations of diameter stenosis degree with CT an-
glography seem to occurr because of the enlarge-
ment of intraplaque calcifications by the partial
volume effect. This phenomenon is a disadvantage
of CT angiography when precisely assessing the diam-
eter stenosis, but it is not particularly problematic in
follow-up.

Irregular eccentric stenoses with a noncircular
lumen as well as mural calcifications are common in
carotid arteries. Good experience of the radiologist
interpreting CT angiography studies is essential.
There are several possible reasons for the inaccurate
determination of the diameter in the carotid artery
with a high-grade stenosis using electronic caliber for
measuring the diameters of the stenosed artery man-
ually. One reason may be the inability of the observer
to place the digital calipers accurately in a stenosed
artery with very small diameter, where the caliper
almost hides the vessel. When magnifying the dis-
played image, some blurring of the structures occurs.
Wide window and level settings in CT angiography
interpretation can be used in order to visualise mural
calcifications properly. The study by Liu et al. [40]
with a vessel phantom showed that the application of
optimised window and level settings on CT angiog-
raphy can reduce the measurement variability, be-
cause suboptimal window and level settings are the
reason for edge blurring of the enhanced vessel.
The smaller the actual luminal diameter, the greater
the potential measurement error. This phenomenon
may partly explain the possible failing of CT angiogra-
phy measurement to assess accurately the diameter in
cases of high-grade stenoses.

In another phantom study, the reconstruction
kernel for axial slices and insufficient contrast density
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has been proposed to be possible sources of errors for
the contrast column diameter assessment with auto-
mated software [71]. The movement of pulsating ca-
rotid artery during CT angiography may also cause
blurring of the vessel edges and even obscure high-
grade stenosis in CT angiography. It is sometimes ob-
vious that the measured stenosis degree is not reason-
ably precise, and it is not reasonable to base the
diagnosis only on a single measurement of the degree
of carotid stenosis, but rather on multiple measure-
ments and interactive viewing of original images.
Perhaps further studies will give information on the
optimal display of CT angiography to accurately
measure the degree of carotid stenosis.

Automated vessel analysis program

An automated 3D CTA analysis program can be
used to assess the degree of stenosis of carotid arte-
ries. The program assesses the cross-section area of
the artery lumen based on density and reconstructed
a three-dimensional image. After selection of the le-
vel of reference and the lower and upper margins of
the stenosis on the lumen image, the workstation
automatically assesses the level of maximal stenosis.
However, several misregistrations of the enhanced
carotid artery lumen can occur when using 3D CTA
automated analysis method. Intramural calcifications
have been found to be the most common interfering
factors leading to the misregistration of the borders
of contrast enhanced lumen in the carotid bifurca-
tions [81]. The other interfering factors include bifur-
cating vessels, adjacent bypassing vessels, partial-
volume effects from short segment stenosis, and
intraluminal low contrast media density. Most of
those interfering factors causing misregistrations by
the automated 3D CTA analysis program are quite
easy to recognise and correct. Mural calcifications
are common in atherosclerotic carotid stenoses. Mu-
ral calcifications are problematic for the assessment
of the degree of stenosis with CT angiography due
to beam hardening and partial volume effect enlarg-
ing the size of the mural calcification. Mural calci-
fication obscures the arterial lumen, leading to inac-
curacies in the assessment of stenoses. After manual

corrections of the misregistrations of the 3D CTA
analysis system, the reproducibility of this method is
good, and the intra- and interobserver correlations
are better than those of MPR measurements mea-
sured manually with electronic caliber [81]. However,
the diagnostic performance of the 3D CTA analysis

method still lacks robustness.

CT angiography as a true cross-sectional
imaging method

The amount of flow in a tubular structure (vessel) is
directly related to the cross-sectional area, and the
measurements based on two-dimensional diameter
values are inevitably only an approximation of the
actual flow. Therefore, evaluation of stenosis degree
with true lumen area measurements is theoretically a
more accurate method in the optimal evaluation of
real flow restriction through a stenosed carotid seg-
ment often with irregular lesion morphology. CT-
angiography non-invasively provides the three-di-
mensional information of the vessel morphology,
and new automated analysis software programmes
provide quantitative information on cross-sectional
lumea area values. The stenosis degree based on lu-
men area values can be obtained by the following
equation:

100 X (areareference level __ a.rea’maximal stenosis level) /areareference level

Theoretically, when carotid lumen is circular in
shape (L/S-ratio = 1.0) as in cases of concentric
stenoses, the diameter stenosis degrees of 70%, 50%
and 30% correspond to area stenosis degrees of 91%,
75% and 51%, respectively. Zhang et al. [80] compa-
red diameter and area stenosis degrees in carotid
CTA in a clinical population with complex lesion
morphology. In those carotids with L/S-ratio of
>1.5, i.e. in vessels with obvious eccentric and com-
plex lesions, stenosis degree poorly correlated with
the lumen area at the maximal stenosis [80]. This
finding indicates that the calculated stenosis degree
based on diameter measurements may not be opti-
mal for the assessment of carotid stenosis with ec-
centric or complex plaques. In this study, calculated
with regression analysis from the actual area stenosis
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values of the study material, the threshold of 74% area
stenosis corresponded to the clinically important
threshold of 70% diameter stenosis. The threshold of
56% area stenosis corresponded to the threshold of
50% diameter stenosis, and the threshold of 36% area
stenosis corresponded to 30% diameter stenosis in
this study, respectively. Correspondingly, the thresh-
olds of 5 mm? 8 mm? and 12 mm? for the lumen
area at the level of maximal stenosis corresponded to
the thresholds of 70%, 50%, and 30% diameter steno-
sis. In eccentric lesions with noncircular lumen area
stenosis often seemed to provide a less severe estimate
of the hemodynamic significance of the carotid steno-
sis than the conventional diameter stenosis [80]. The
value of the assessment of area stenosis easily provid-
ed by CT angiography needs to be further evaluated
in large clinical trials with comparison to the better
established lumen diameter measurement techniques.

The role of CT angiography for complete

evaluation of the carotid circulation

The detection of calcification is valuable for the esti-
mation of the thromboembolic predisposition of the
carotid atherosclerotic lesion, since plaque calcifica-
tions are thought to be associated with more stable
plaques. With CT angiography more calcifications
in the carotid arteries can be detected than with
other imaging studies. However, without histopa-
thologic verification the diagnostic accuracy of CT
angiography for the detection of punctate calcificati-
ons remains unknown.

Ulcerative plaques in carotid arteries may be the
source of thromboembolism into the cerebral circu-
lation [42]. Moderate agreement between the modal-
ities for the detection of ulceration has been repor-
ted [4]. Without proper verification of the plaque
(pathoanatomical diagnosis), the true accuracy of
each modality remains unknown. The accuracy of
CT angiography for detecting carotid artery occlu-
sion 1s high [2], [4], [38], [15] (Fig. 3). The sensiti-
vity of CT angiography seems to be excellent for the
detection of distal lesions in the ICA [4]. Other clin-
ically relevant findings may also be revealed, such as
intracranial aneurysms [77].

Aspects to the future

CT angiography of supra aortic arteries is still under
a rapid technical development. It is probable that al-
gorithms for decreasing the harmful effect of arti-
facts from bony skull base and inaccuracies in the
assessment of the degree of stenosis in carotid arter-
ies with heavy plaque calcifications will be diminis-
hed with newer visualisation techniques and
MDCT devices. Moreover, the scanning time has
become amazingly short compared to the first expe-
riences with SDC'T, and at the same time the ana-
tomic coverage has increased dramatically. Improved
temporal and spatial resolution may facilitate fully
diagnostic imaging in a single session from the heart
to intracranial vessels in a neurological patient for
search of, e.g., source of embolism. Thus, CT may
replace  transthoracic/esophacial US and catheter
angiography as a primary imaging modality for these
patients. Similarly, cerebral CT can be combined
with CT perfusion study for the brain and CT an-
glography for supra-aortic arteries as a proper eval-
uation set for stroke patients. In addition, a scanner
located next to the emergency room seems to pro-
vide the quickest and most secure diagnostic algo-
ritm for selection of stroke patients to arterial or ve-
nous thrombolysis therapy.

Take home message

Regardless of slight underestimation of near-occlu-
sion stenoses or overestimation of the calcified ste-
noses in MDCT angiography, the diagnostic perfor-
mance of CT angiography with interactive
interpretation has been shown to be good when
using DSA as a standard of reference. MDCT an-
giography seems to be highly sensitive for the detec-
tion of carotid artery stenosis, suggesting the suit-
ability of CT angiography as a screening method for
symptomatic patients. The specifity of this highly
sensititive method can be increased with the aid of
measuring the degree of stenosis. The radiation dose
of CT angiography study is a challenge, and the
technical solutions for the reduction of the radiation

dose (i.e., CAREdose etc.) should be used.
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Fig. 3. A flame-like total occlusion of the right internal carotid artery, typical of dissection, detected on CT angiography (2 mm thin-slice
MIP reconstructions, sagittal plane left, coronal plane right).

Fig. 4. CT angiography shows a smooth, soft, lipid-rich (HU 21) plaque at the origin of the right internal carotid artery (sagittal and axial
planes).
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Fig. 5. A small mixed plaque with multiple small calcifications but no hemodynamically significant stenosis in the left carotid bifurca-
tion. VR reconstructions with the anterior and posterior view (top row) and 2 mm thin-slice MIP reconstructions, coronal and sagittal
plane (bottom row).
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Fig. 6. A thin, web-like stenosis in the right internal carotid artery distal to the bulb. The 2 mm thin-slice MIP reconstructions in different

planes (top and middle row) show the horizontally oriented thin margin of the plaque with an ulcerative pouch. DSA angiography con-
firms the hemodynamical significance of the lesion (bottom row).
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Proper verification of the reproducibility and
accuracy of MDCT angiography with the newest
technology in large patient population studies are
needed to define the actual indications in which CT
angiography should be used in clinical practice, in
selecting patients with atherosclerotic stenosis to ca-
rotid artery endarterectomy and stenting and in the
differential diagnostics of less frequent types of ca-
rotid artery lesions. Good experience of the radiolo-
gist interpreting carotid CT angiography studies is
essential.
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Introduction

Cerebrovascular disease is the third cause of death in
industrialized countries. Carotid stenosis is associ-
ated with an increased risk of acute and chronic in-
farction. Patients with 80-99% lesions had a 20.6%
annual event rate. The main factor that appears to
predict increased risk for future stroke is progression
of stenosis. A significant carotid stenosis can be
found in approximatively one third of patients with
cerebral ischemia. Overall carotid atherosclerosis is
responsible for approximately 20% of all cerebral
ischemic strokes. At 2 years of follow-up, the risk of
a repeat stroke is 28 and 13% for symptomatic ste-
noses of 70-99% and 50-69%. Carotid endarterec-
tomy is now well established as a way to prevent in-
farction in the presence of carotid stenosis either
symptomatic and of a higher grade than 50%, or
symptomatic or asymptomatic of a higher grade
than 70%. This was proven by two randomized clin-
ical trials, the European Carotid Surgery Trial [3]
and the North American Symptomatic Carotid En-
darterectomy Trial [1]. The implications of these tri-
als were that beyond surgery treatment of carotid
stenosis should be undertaken. For asymptomatic
stenosis the same recommendations have been made
[2]. Carotid stenting is becoming an accepted alter-
native approach to carotid revascularization. Stenting
has become an established alternative treatment for
coronary and peripheral vascular disease and has the
advantage of avoiding general anesthesia and neck
incision, therefore being associated with lower mor-
tality and morbidity rates. The CAVATAS study
(Carotid and Vertebral Artery Transluminal Angio-
plasty Study) found that endovascular treatment had
similar major risks and effectiveness at prevention of

stroke during 3 years compared with carotid surgery.
A recent randomized trial in 344 patients showed
that among patients with severe carotid-artery ste-
nosis and coexisting conditions, carotid stenting
with the use of an emboli-protection device is not
inferior to carotid endarterectomy [67]. Endovascu-
lar treatment with cerebral protection had the ad-
vantage of avoiding minor complications.

This chapter studies the impact of carotid ar-
tery stenosis on the brain as seen with neuroimaging
studies. The aims of neuroimaging studies before
stenting are to show or exclude damage as well as to
provide information regarding the perfusion of the
tissue. We will discuss modalities such as Computed
tomography (CT) and Magnetic Resonance Imag-
ing (MRI).

Computer tomography studies

Computed tomography of the brain traditionally can
demonstrate the state of ischemia. Newer tech-
niques such as perfusion CT have been shown to
provide with maps of Cerebral Blood Flow in cere-
brovascular diseases. While CT of the brain is still
used it is more and more replaced by MR derived
techniques since these can better demonstrate for
example watershed lesions observed in carotid ste-

nosis (Fig. 1).
Magnetic Resonance studies
Magnetic Resonance of the brain can now provide

many new parameters. In addition to the classic in-

formation provided by T1 and T2-weighted imag-
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Fig. 1. Patient with watershed infarction due to stenosis: The CT (upper left) shows posterior left-hemispheric hypodensity). The Diffu-
sion-weighted MR images show multiple lesions located in the watershed area.
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ing, new information can be provided by techniques
such as diffusion imaging, diffusion tensor imaging
and perfusion imaging that can all be performed
now with MR.

Conventional MR methods

Preinterventionally, MRI can demonstrate the presence
or absence of cerebral lesions due to carotid stenosis.
The effect of cerebral hypoperfusion can be seen
on many MR sequences. On the Two-dimensional
time-of-flight (TOF) sequences that re done at the
same time there may be a signal asymmetry between
the two internal carotids: due to diminished flow
there is less hyperintensity in the affected vessel (Fig. 2).

In case of an occluded vessel, one may observe the
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absence of the normal flow void in the affected vessel
with hypersignal in its place which would sign vessel
occlusion or slow flow at least (Figs. 3 and 4).

Diffusion and diffusion tensor studies

Diffusion-weighted MR imaging

Diftusion-weighted MR corresponds to a modifica-
tion of a spin-echo technique. However for any ap-
plication, MR imaging was initially very slow and
examination times for single sequences would run
up to ten minutes. Echo-planar imaging changed all
this, allowing ultra-fast imaging [61], [14].

Le Bihan developed diffusion-weighted imaging
almost 20 years ago [25]. Two diffusion-sensitizing
gradients are placed in a sequence, corresponding to

L3

Fig. 2. Patient with right-sided carotid stenosis seen on neck MRA. There is also a slight less bright signal in the internal portion of the ca-
rotid system seen on the intracranial time-of-flight MRA due to diminished flow.
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Fig. 3. Patient with occlusion of the right internal carotid artery (image to the left). There is no signal in the intracranial portion of the ca-
rotid on the TOF MRA (image on the right). There is chronic lenticular stroke on the right. Note the hyperintensity of the right carotid on

the axial T2 image at the intracranial level (lower right).

a Stejskal-Tanner modification [58], giving the se-
quence a sensitivity to water or tissular motion.
Then, M Moseley demonstrated the use of DWI in
animal models of stroke, where ischemia was follo-
wed by hyperintensity in the DWI images and a
decrease in the apparent diffusion coefficient
(ADC) [38], further more these changes were
found to be reversible on recanalization [10], [37],
(18], [56].

The diffusion gradients are usually applied with
many b values, at least two (usually 0 and 1000) in
order to obtain ADC maps. The b0 image corre-
sponds to a T2 image and the b 1000 image is the b
max image and corresponds to what we consider the
diffusion-weighted image. On diffusion- weighted
images, molecules with high mobility (e.g., cerebro-
spinal fluid (CSF)) provide little or no signal where-
as protons that have not or little moved provide

with a hyperintense signal. Therefore on DWI we
see CSF as black, brain tissue as grey and tissues
with restriction of motion as white [66]. In ischemia
there is a shift of intra and extra-cellular water cor-
responding to cytotoxic edema (Fig. 5). The tissue
contrast achieved is high so that even small lesions
can be seen.

Previously the images would be acquired at the
maximum b value in at least three orthogonal direc-
tions in order to rule out the effects of anisotropy,
i.e. the presence of natural borders: the presence of
the white matter structures such as the internal cap-
sule would induce reduced water motion and there-
fore hypersignal. Nowadays directly isotropic images
are acquired.

The idea of diffusion-weighted imaging (DWI)
had been developed early on by Le Bihan; however
since it is inherently sensitive to motion, DWI was
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Fig. 4. Left sided carotid occlusion: the T2 image shows hyperintensity of the carotid siphon on the left (left upper image).

difficult to implement clinically. This was due to the
presence of patient motion, very often increased in
the incooperative stroke patient, as well as important
artifacts from pulsations deriving from CSF and
blood flow. These problems were partially overcome
by the use of stimulated echo acquisition mode
(STEAM) sequences and other sequences [62], how-
ever these were gain slow and allowed only the ac-
quisition of one slice at a time. All this was changed
when echo-planar imaging was rendered available
on clinical scanners: indeed these units allow images
to be acquired in a few milliseconds; therefore per-
mitting whole-brain scans in less than a minute.
This allowed a revolution in neuroimaging that was
waiting to occur to arrive. The first papers were by

Wiarach and Chen in 1992 and reported the success-
ful use of DWI in human stroke [62], [9]. Warach
followed-up these studies with multi-slice whole
brain echo-planar imaging that allowed acquiring
lesion volumes [63], [65]. Further studies showed
diffusion imaging to be highly sensitive to changes
in acute stroke and to correlate with eventual outcomes
[33], [29], [4]-[6], [31], [35]. At the same time
echo-planer techniques allow to perform fast repeti-
tion of perfusion sequences (Figs. 3 and 4), which
allows demonstrating the presence of a so-called
mismatch and penumbra [47], [15], [32]. Diffusion
imaging has been used to demonstrate silent ische-
mic changes occurring after carotid endarterectomy

(CEA) and carotid artery stenting (CAS) [7], [34],
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Fig. 5. Ischemic lesion in the left-sided internal capsule, seen as a bright lesion on the diffusion. Weighted image with h b value (left
image) and as a hypointensity on the ADC map (middle), due to a carotid stenosis (right image).

Fig. 6. Alterations in the diffusion tensor due to leucoaraiosis: the disorientation of the tensors (upper row) and the tracts are disorga-
nized on the corresponding reconstructions (lower row).
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therefore being of importance in the post-therapeu-
tic assessment of patients undergoing surgical or in-
terventional treatment.

ADC mapping

The early diffusion abnormality is accompanied by
changes in the so-called apparent diffusion coefficient
[48]. This diffusion coefficient allows measuring and
quantifying the changes that are purely observed on
the DWI images. In the early phase of stroke, there
is a diminished signal on ADC maps that cor-
respond to the diminished diffusion associated with
the high DWI signal. After a few days there is a
tendency for this ADC signal to increase. Since we
often compare the affected area to the contralateral
side and report on relative ADCs (affected side/ un-
affected side) we observe a so-called pseudo-normal-
ization of the signal after 7 to 10 days approximate-
ly: the r ADC is around 1 and there is no signal
change observable on the raw ADC map. However

as cell lysis continues and there is installation of vaso-
genic edema, we observe a progressive increase in
the ADC with a hypersignal on the ADC maps.
Thus ADC measurements provide us with further
information: we can assess then age of a diffusion-
positive lesion.

Also, when one considers the animal literature,
one can see that there is reversibility of these lesions
following acute treatment.

Tensor imaging

Diffusion tensor imaging is a further refinement of
DWTI [26]. In order to acquire tensor images the
images must be acquired with the gradients applied
in at least 6 directions. This provides with images
that can be fusioned to either obtain anisotropy im-
ages or even images of tractography [59], [22], [52],
[16] (Figs. 6 and 7).

Diffusion MRI can thus demonstrate acute le-
sions such as brain infarction. In acute stroke there is

Fig. 7. Hypoperfusion seen on perfusion MR images with alterations on DTI: the perfusion images show a large area of hypoperfusion in
the right MCA territory (left images) while there are slight changes on the DWI only. The coronally reconstructed FA shows alterations in
the anisotropy in the left frontal lobe. This corresponds to the hypoperfusion seen on the parenchymogramm (lower right) and which is
due to carotid occlusion.
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Fig. 8. Severe right-sided carotis stenosis wiith multiple lesions seen on DWI due to hemodynamic insufficiency.

a restriction in motion in the affected tissue with
a subsequent hypersignal on diffusion images and
a corresponding decrease in the ADC sequences
(Fig. 3). These diffusion studies can help elucidate if
the lesion is of a hemodynamic type if there is a
“string of pearls” disposition of multiple lesions in
the watershed areas (Figs. 8 and 9) whereas if there
is one lesion located deeply it may be an embolic oc-

currence (Fig. 10).

Leucoaraiosis and diffusion
tensor studies

Hachinski coined the term leucoaraiosis as the hy-
perintensity found on T2-weighted MR images
found in the periventricular cerebral white matter
[17]. While its exact pathogenesis is not fully under-
stood it does increase with aging, and the fact that
hypodensity is present on CT and hyperintensity on
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Fig. 9. Severe stenosis of the right carotid with alterations on the DWI.

T2-MRI points towards a probable vascular origin,  sions. The risk factors most often associated with
due to ischemia [45]. White matter hyperintensities ~ white matter lesions are high age, diabetes, arterial
on MRI are found frequently [11] with a prevalence  hypertension atherosclerosis and impairments of ce-
increasing with age: de Leeuwa found that only 8%  rebral blood flow. Clinically the spectrum is wide
of patients in their study were completely free of le-  with age-related syndromes such as troubles of gait,



78

Chapter 1.6

Fig. 10. Severe short stenosis of the right MCA with small embolic infarction in the right internal capsule.

incontinence, cognitive impairment and depression
being most often associated with these lesions.
When assessing the data from the cardiovascular
health study, Yue et al. found that egression models
of the entire imaged cohort showed higher grades of
all variables with increasing age, and higher ventric-
ular and sulcal grades in men and in nonblack indi-
viduals [69]. White matter grade was greater in wom-
en and in black individuals. Regression models of
the healthier subgroup showed similar associations,
except for a lack of association of sulcal and ventric-
ular size with race. They concluded that sulcal
width, ventricular size, and white matter signal in-
tensity change with age, sex, and race. Tullberg et al.
found that White Matter Hyperintensities in all

brain regions were associated with low executive
scores in nondemented subjects. They found that
these were more frequently found in the frontal
white matter [60]. De Carli et al. performing white
matter segmentation on fluid-attenuated inversion
recovery (FLAIR) images in a series of 55 patients,
found that all White Matter Hyperintensities reveal-
ed smooth expansion from around central cerebro-
spinal fluid spaces into more distal cerebral white
matter with increasing WMH volume [12]. They
based their study on the hypothetical existence of
two types of white matter hyperintensities, periven-
tricular and deep white matter hyperitensities; their
study failed to rediscover this pattern based on the
segmentation techniques they employed. This was in
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favour of the existence of one underlying vascular
watershed area, which is compromised [12]. WT.
Longstreth, et al. found that worsening white matter
grade on serial MRI scans in elderly is common, is
associated with cognitive decline, and has complex
relations with cardiovascular risk factors [28]. They
studied a subgroup of 1919 patients from the Car-
diovascular Health Study (CHS), a population-
based longitudinal study of vascular disease, who un-
derwent 2 MRI scans separated by 5 years and they
found a worsening of the radiological status in 28%
(538 patients). Also, scores on modified Mini-Men-
tal State examination and Digit-Symbol Substitu-
tion test deteriorated significantly more in those
with than without worsening on MR scores. Kuller
et al. found that white matter hyperintensities were
a risk factor for stroke: indeed Results the relative
risk of stroke increased significantly as the disease
increased [23]. The risk of stroke was 2.8% per year
for participants with extensive white matter disease,
compared with only 0.6% for participants with less
disease. The relationship between leucoaraiosis and
carotid stenosis has been open to debate: Streifler
et al. studied 2618 patients from the NASCET
study and found 493 with leucoaraiosis; they also
found no relationship between severity of stenosis and
severity of leucoaraiosis, however they later found
that there seems to be a relationship between cere-
brovascular disease, stroke and leucoaraiosis and pa-
tients with more extensive leucoaraisos seem to have
a more severe prognosis overall [53]-[55]. Kuo et al.
described a correlation between these white matter
changes and severity of dysfunction with different
geriatric syndromes such as falls, executive cognitive
impairment, depressive symptoms, and urinary in-
continence. They postulated that there was damage
to associative pathways in frontal and subcortical re-
gions due to hypoperfusion that may disrupt frontal
executive, motor control, and other systems, resul-
ting in these manifestations [24]. Neuroimaging has
been recently revolutionized by the development of
methods such as diffusion-weighted MRI and diftu-
sion tensor imaging. Diffusion-weighted MRI has
found its main application in the acute diagnosis of
stroke whereas diffusion tensor imaging is used to
investigate the structure and integrity of white mat-

ter [36]. Diffusion-weighted MRI has been used to
monitor both stenting and endarterectomy of the
carotid artery [7], [34] as well as to define age relat-
ed ADC changes [30]. Diffusion tensor changes
have been demonstrated to accompany the earliest
changes in ischemia [68], [51]. O’Sullivan found
that additionally hypoperfusion seems to play a role
in the development of periventricular lesions in
ischemic leucoaraiosis and may play a direct patho-
genic role. They performed a study on twenty-one
patients with ischemic leucoaraiosis using perfusion
MRI, with an echo-planar sequence requiring para-
magnetic contrast injection: they found that cerebral
blood flow (CBF) was lower in the periventricular
white matter than in other brain regions (e.g., cen-
trum semi-ovale), attesting a role for hypoperfusion
[40]. Helenius et al., using a more simple approach
with diffusion-weighted MRI was able to detect in-
creases in the ADC that corresponded to the leuco-
araiotic areas [20]. In a further study Jones et al.
using diffusion tensor technology in a small series of
9 patients with what they defined as ischemic leuco-
araiosis (radiological presence of leucoaraiosis and
clinical lacunar stroke [21], found that the character-
istic pattern found on diffusion tensor imaging in
this patient group was consistent with axonal loss
and gliosis leading to impairment to and loss of di-
rectional diffusion with consequent loss of an-
isotropy. More and more, recently new MR techno-
logy such as diffusion tensor MRI (DTI) has been
applied to the aging brain, especially with calcula-
tion of fractional anisotropy (FA) maps: with a
decrease of the FA over time. In another study,
O’Sullivan et al. found DTI to be more sensitive to
brain changes that correlated with functional
decrease than conventional MRI alone [41]. They
turther studied a collective of 36 patients with ische-
mic leucoaraiosis and found that on DT, diffusivity
was increased both within lesions and in normal ap-
pearing white matter. Also, they found that the
mean diffusivity of normal appearing white matter
correlated with full scale IQ_and tests of executive
function. They further determined that these corre-
lations remained significant after controlling for age,
sex, brain volume, and T1/T2 lesion volume, while
there was less or no such good correlation between
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T2 lesions and neuropsychological scores. Even in
normal appearing white matter of patients with leuco-
araiosis, O’Sullivan was able to detect changes in
anisotropy that corresponded to areas of white mat-
ter disruption [39]. They also found that the DTI
changes in the normal-appearing white matter cor-
related both with executive dysfunction and global
cognitive impairment. O’Sullivan et al. found that
the DTT changes corresponding to white matter
tract disruption occurs in normal aging and would
be consistent with the cortical disconnection hypoth-
esis of age-related cognitive decline [39]. They stu-
died twenty “normal” elderly (56 to 85 years old)
volunteers with DTT and compared the findings to
those in ten younger volunteers. The tests they per-
formed included the Wisconsin Card Sorting Test,
Reitan Trail Making Test, Verbal Fluency, and the
Mini-Mental State Examination. On MRI, they
found that whole white matter FA declined with
age, whereas mean diffusivity increased overall.

Perfusion MR studies

The advent of fast imaging techniques such as echo-
planar imaging and/or gradient-echo imaging has
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allowed acquiring quickly and repeatedly MR im-
ages that are sensitive to changes induced by contrast
materials [27].

Perfusion of the brain with MRI is performed
principally with 3 techniques: contrast-enhanced tech-
niques [46], [44], [43], arterial spin-labeling tech-
niques [13] and the blood oxygenation level-depen-
dent (BOLD) principle. The BOLD technique is
mainly used in functional activation imaging and will
not be discussed here as will not the use of spin-label-
ing techniques, even if they have been used success-
fully in acute human stroke [8], [49]. The problem
with contrast-derived MR perfusion techniques is that
one measures variations in the magnetic field that
represent extreme susceptibility artifacts, rendering
quantification difficult (e.g., measurement of cerebral
blood volume (CBV) and CBF) Also we are mainly
facing relative values of the CBV and CBF since no
clear arterial input function can be obtained easily.

However the MR perfusion images correlate well
with the taste of the cerebral vasculature (Fig. 11).
Studying the various various parameters obtained
from MR T2* imaging, Sorensen found that lesion
volumes on blood volume and diffusion maps correlat-
ed better with eventual infarct volumes than did those
on blood flow and tracer mean transit time maps [50].
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Fig. 11. Severe right-hemispheric hypoperfusion seen on perfusion MR images due to carotid occlusion.
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Fig. 12. White matter watershed lesion on the diffusion image (left) due to severe chronic hypoperfusion (right).

Also, T1-weighted MR perfusion imaging is
possible and probably advantageous, but it has not
yet established itself as a viable option [19].

However the use of perfusion-weighted imaging
(PWI) in addition to DWI has allowed Steven
Warach [64] among others to develop a model of
penumbra that can be used in clinical practice: the
central area of diffusion anomaly at the first time
point corresponds to the ischemic core while the hypo-
perfused area surrounding it represents the penumbra,
or tissue at risk of undergoing further infarction if
nothing is undertaken (Fig. 12). This model has prov-
en itself usable clinically since then by many authors
[42], [57]. This penumbra however has been found to
extend into the early diffusion lesions when imaging
is done very early on.

Conclusions

In the work-up of patients with carotid disease, imag-
ing of the brain parenchyma has a central role. Due

to recent advances in technology MR imaging has
taken a central role; indeed we can now not just study
anatomy, but look for early pathological changes
with diffusion imaging, investigate the hemodynamic
parameters with perfusion imaging and look for vas-
cular occlusion with MR angiography.

This work is supported by a grant from the
Swiss National Science Foundation (Mapping the
ischemic tissue at risk with diffusion and perfusion
MRI) Grant No 3100-066348.01.

References

[1] Beneficial effect of carotid endarterectomy in symptom-
atic patients with high-grade carotid stenosis. North
American Symptomatic Carotid Endarterectomy Trial
Collaborators. N Engl ] Med 325: 445-453 (1991).

[2] Endarterectomy for asymptomatic carotid artery ste-
nosis. Executive Committee for the Asymptomatic Ca-
rotid Atherosclerosis Study. JAMA 273: 1421-1428
(1995).

[3] Randomized trial of endarterectomy for recently symp-
tomatic carotid stenosis: final results of the MRC



82

Chapter 1.6

European Carotid Surgery Trial (ECST). Lancet 351:
1379-1387 (1998).

[4] Baird AE, Benfield A, Schlaug G et al.: Enlargement
of human cerebral ischemic lesions mesured by diffu-
sion weighted magnetic resonance imaging. Ann Neu-
rol 41: 581-589 (1997).

[5] Baird AE, Lévblad KO, Dashe JF et al.: Clinical corre-
lations of diffusion and perfusion lesion volumes in
acute stroke. Cerebrovasc Dis 10: 441-448 (2000).

[6] Baird AE, Lovblad KO, Schlaug G et al.: The multiple
acute stroke syndrome — A marker of embolic disease?
Neurology 54: 674-679 (2000).

[7] Barth A, Remonda L, Lévblad KO et al.: Silent cerebral
ischemia detected by diffusion-weighted MRI after ca-
rotid endarterectomy. Stroke 31: 1824-1828 (2000).

[8] Chen Q, Siewert B, Bly BM et al.: STAR-HASTE:
perfusion imaging without magnetic susceptibility arti-
fact. Magn Reson Med 38: 404-408 (1997).

[9] Chien D, Kwong KK, Gress DR et al.: MR diffusion
imaging of cerebral infarction in humans. AJNR 13:
1097-1102 (1992).

[10] Dardzinski BJ, Sotak CH, Fisher M et al.: Apparent
diffusion coefficient mapping of experimental focal cere-
bral ischemia using diffusion-weighted echo-planar
imaging. MRM 30: 318-325 (1993).

[11] de Leeuw FE, de Groota JC, Achtenb E et al.: Preva-
lence of cerebral white matter lesions in elderly people:
a population based magnetic resonance imaging study.
The Rotterdam Scan Study. J Neurol Neurosurg Psy-
chiatry 70: 9-14 (2001).

[12] DeCarli C, van Fletcher E, Ramey V et al.: Anatomi-
cal Mapping of White Matter Hyperintensities
(WMH). Stroke 36: 50 (2005).

[13] Edelman RR, Siewert B, Darby DG et al.: Qualitative
mapping of cerebral blood flow and functional localiza-
tion with echo-planar MR imaging and signal target-
ing with alternating radio frequency. Radiology 192:
513-520 (1994).

[14] Edelman RR, Wielopolski P, Schmitt F: Echo-planar
MR imaging. Radiology 192: 600-612 (1994).

[15] El-Koussy M, Lovblad KO, Kiefer C et al.: Apparent
diffusion coefficient mapping of infarcted tissue and
the the penumbra in acute stroke. Neuroradiology 44:
812-818 (2002).

[16] Gillard JH, Papadakis NG, Martin K et al.: MR diffu-
sion tensor imaging of white matter tract disruption in
stroke at 3 T. Br ] Radiol 74: 642-647 (2001).

[17] Hachinski VC, Potter P, Merskey H: Leuko-araiosis.
Arch Neurol 44: 21-23 (1987)

[18] Hasegawa Y, Fisher M, Latour LL et al.: MRI diffu-
sion mapping of reversible and irreversible injury in fo-
cal brain ischemia. Neurology 44: 1484-1490 (1994).

[19] Heid O: T1-gewichtete MR Perfusion. Dissertation,
University of Bern,Switzerland.

[20] Helenius ], Soinne L, Salonen O et al.: Leukoaraiosis,
Ischemic Stroke, and Normal White Matter on Diffu-
sion-Weighted MRI. Stroke 33: 45-50 (2002).

[21] Jones DK, Lythgoe D, Horsfield MA et al.: Characte-
rization of White Matter Damage in Ischemic Leuko-
araiosis with Diffusion Tensor MRI. Stroke 30: 393—
397 (1999).

[22] Khong PL, Zhou L], Ooi GC et al.: The Evaluation of
Wallerian Degeneration in Chronic Paediatric Middle
Cerebral Artery Infarction Using Diffusion Tensor MR
Imaging. Cerebrovasc Dis 18: 240-247 (2004).

[23] Kuller LH, Longstreth WT Jr, Arnold AM et al.: Car-
diovascular Health Study Collaborative Research
Group. White matter hyperintensity on cranial magne-
tic resonance imaging: a predictor of stroke. Stroke 35:
1821-1825 (2004).

[24] Kuo HK, Lipsitz LA: Cerebral White Matter Changes
and Geriatric Syndromes: Is There a Link? J. Gerontol.
A Biol Sci Med Sci 59: 818-826 (2004).

[25] Le Bihan D, Breton E, Lallemand D et al.: MR Imag-
ing of intravoxel incoherent motions: application to
diffusion and perfusion in neurologic disorders. Radio-
logy 161:401-407 (1986).

[26] Le Bihan D, Mangin JE, Poupon C et al.: Diffusion
tensor imaging: concepts and applications. ] Magn Re-
son Imaging 13: 534-546 (2001).

[27] Le Bihan D: Theoretical principles of perfusion imag-
ing Application to magnetic resonance imaging. Inve-
stigative Radiology 27: 6-11 (1992).

[28] Longstreth WT, Arnold AM, Beauchamp NJ et al.: In-
cidence, Manifestations, and Predictors of Worsening
White Matter on Serial Cranial Magnetic Resonance
Imaging in the Elderly: The Cardiovascular Health
Study. Stroke 36: 56-61 (2005).

[29] Lovblad KO, Baird A, Schlaug G et al.: Ischemic lesion
volumes in acute stroke by diffusion-weighted magne-
tic resonance imaging correlate with clinical outcome.
Ann Neurol 42:164-170 (1997).

[30] Lovblad KO, Delavelle J, Wetzel S et al.: ADC map-
ping of the aging frontal lobes in mild cognitive im-
pairment. Neuroradiology 46: 282-286 (2004).

[31] Lavblad KO, Jakob PM, Baird AE et al.: Turbo-spin
echo Diftusion-weighted MR of human stroke. Am ]
Neuroradiol 19: 201-208 (1998).

[32] Lovblad KO, Kiefer C, Oswald H et al.: Imaging the
ischemic penumbra. Riv Neuroradiol 16: 833838 (2003).

[33] Lévblad KO, Laubach HJ, Baird AE et al.: Clinical ex-
perience with diffusion weighted MR in patients with
acute stroke. Am J Neuroradiol 19: 1061-1066 (1998).

[34] Lovblad KO, Plischke W, Remonda L et al.: Diffu-
sion-weighted MR imaging as a monitor of neurovas-
cular intervention. Neuroradiology 42: 134138 (2000).

[35] Lovblad KO, Remonda L, Heid O et al.: Clinical
single-shot diffusion-weighted MR of the human brain



K.-O. Lovblad

83

on a short-bore medium-field scanner. Neuroradiology
41: 889-894 (1999).

[36] Melhem ER, Mori S, Mukundan G et al.: Diffusion
Tensor MR Imaging of the Brain and White Matter
Tractography. AJR 178: 3-16 (2002).

[37] Minematsu K, Fisher M, Li L et al.: Effects of a novel
NMDA antagonist on experimental stroke rapidly and
quantitatively assessed by diffusion-weighted MRI.
Neurology 43: 397-403 (1993).

[38] Moseley ME, Cohen Y, Mintorovitch J et al.: Early
detection of regional cerebral ischemia in cats: Compa-
rison of diffusion- and T2-weighted MRI and spec-
troscopy. MRM 14: 330-346 (1990).

[39] O’Sullivan M, Jones DK, Summers PE et al.: Evi-
dence for cortical “disconnection” as a mechanism of
age-related cognitive decline. Neurology 57: 632-638
(2001).

[40] O’Sullivan M, Lythgoe DJ, Pereira AC et al.: Patterns
of cerebral blood flow reduction in patients with ische-
mic leucoaraiosis. Neurology 59:321-326 (2002)

[41] O’Sullivan M, Morris RG, Huckstep B et al.: Diffu-
sion tensor MRI correlates with executive dysfunction
in patients with ischaemic leucoaraiosis. ] Neurol Neu-
rosur Ps 75: 441-447 (2004)

[42] Ostergaard L, Sorensen AG, Chesler DA et al.: Combi-
ned diffusion-weighted and perfusion-weighted flow he-
terogeneity magnetic resonance imaging in acute stroke.
Stroke 31:1097-1103 (2000).

[43] Ostergaard L, Sorensen AG, Kwong KK et al.: High
resolution measurement of cerebral blood flow using
intravascular tracer bolus passages. Part II: Experimen-
tal comparison and preliminary results. Magn Reson
Med 36: 726-736 (1996).

[44] Ostergaard L, Weisskoff RM, Chesler DA et al.: High
resolution measurement of cerebral blood flow using
intravascular tracer bolus passages. Part I: Mathemati-
cal approach and statistical analysis. Magn Reson Med
36: 715-725 (1996).

[45] Pantoni and Garcia. Pathogenesis of Leukoaraiosis: A
Review. Stroke 28: 652—659 (1997).

[46] Rosen BR, Belliveau JW, Vevea JM et al.: Perfusion
Imaging with NMR contrast agents. Magn Reson Med
14: 249-265 (1990).

[47] Schlaug G, Benfield A, Baird A et al.: The ischemic
penumbra of human stroke: using functional MRI pa-
rameters to define tissue at risk for infarct progression.
Neurology 53: 1528-1537 (1999).

[48] Schlaug G, Siewert B, Benfield A et al.: Time course of
the apparent diffusion coefficient (ADC) abnormality
in human stroke. Neurology 49: 113-119 (1997).

[49] Siewert B, Schlaug G, Edelman RR et al.: Comparison
of EPISTAR and T2*-weighted gadolinium-enhanced
perfusion imaging in patients with acute cerebral ische-
mia. Neurology 48: 673-679 (1997).

[50] Sorensen AG, Copen WA, Ostergaard L et al.: Hyper-
acute stroke: simultaneous measurement of relative cere-
bral blood volume, relative cerebral blood flow, and mean
tissue transit time. Radiology 210: 519-527 (1999).

[51] Sorensen AG, Wu O, Copen WA et al.: Human acute
cerebral ischemia: detection of changes in water diffu-
sion anisotropy by using MR imaging. Radiology 212:
785-792 (1999).

[52] Sotak CH: The role of diffusion tensor imaging in the
evaluation of ischemic brain injury — a review. NMR
Biomed 15: 561-569 (2002).

[53] Streifler JY, Eliasziw M, Benavente OR et al.: North
American Symptomatic Carotid Endarterectomy Trial
Group. Development and progression of leukoaraiosis
in patients with brain ischemia and carotid artery dis-
ease. Stroke 34: 1913-1916 (2003).

[54] Streifler JY, Eliasziw M, Benavente OR et al.: North
American Symptomatic Carotid Endarterectomy Trial
Group. Prognostic importance of leukoaraiosis in pati-
ents with symptomatic internal carotid artery stenosis.
Stroke 33: 1651-1655 (2002).

[55] Streifler JY, Eliasziw M, Benavente OR et al.: Lack of
relationship between leukoaraiosis and carotid artery
disease. The North American Symptomatic Carotid
Endarterectomy Trial.: Arch Neurol 52: 21-24 (1995).

[56] Takano K, Carano RAD, Tatlisumak T et al.: Efficacy of
intra-arterial and intravenous prourokinase in an embolic
stroke model evaluated by diffusion-perfusion magnetic
resonance imaging. Neurology 50: 870-875 (1998).

[57] Taleb M, Lovblad KO, El-Koussy M et al.: Reperfusion
demonstrated by ADC mapping after intra-arterial
thrombolysis for human ischemic stroke confirmed by
cerebral angiography. Neuroradiology 43: 591-594 (2001).

[58] Tanner JE, Stejskal EO: Restricted self-diffusion of
protons in colloidal systems by the pulsed-gradient,
spin-echo method 17681777 (1968).

[59] Thomalla G, Glauche V, Koch MA et al.: Diffusion
tensor imaging detects early Wallerian degeneration of
the pyramidal tract after ischemic stroke. Neuroimage
22:1767-1174 (2004).

[60] Tullberg M, Fletcher E, Decarlic, Mungas D, Reed BR,
Harvey DJ, Weiner MW, Chui HC, Jagust W]: White
matter lesions impair frontal lobe function regardless of
their location. Neurology 63: 246-253 (2004).

[61] Turner R, LeBihan D, Maier J et al.: Echo-planar imag-
ing of intravoxel incoherent motion. Radiology 177:
407-414 (1990).

[62] Warach S, Chien D, Li W et al.: Fast magnetic reso-
nance diffusion-weighted imaging of acute stroke.
Neurology 42:1717-1723 (1992).

[63] Warach S, Gaa J, Siewert B et al.: Acute human stroke
studies by whole brain echo planar diffusion-weighted
magnetic resonance imaging. Ann Neurol 37:231-241

(1995).



84

Chapter 1.6

[64]

[65]

[66]

Warach S, Wielopolski P, Edelman RR: Identification
and characterization of the ischemic penumbra of acute
human stroke using echo planar diffusion and perfu-
sion imaging. In: Proceedings of the 12th annual meet-
ing of the Society of Magnetic Resonance in Medicine,
Berkeley, Ca 263: (1993).

Wiarach SJ, Dashe JF, Edelman RR: Clinical outcome
in ischemic stroke predicted by early diffusion-weight-
ed and perfusion magnetic resonance imaging: A
preliminary analysis. ] Cerebral Blood Flow and Meta-
bolism 16: 53-59 (1996).

Weber ], Mattle HP, Heid O et al.: Diffusion-weighted
imaging in ischaemic stroke: a follow-up study. Neuro-

radiology 42: 184-191 (2000).

[67] Yadav JS, Wholey MH, Kuntz RE et al.: Stenting

[68]

[69]

and Angioplasty with Protection in Patients at High
Risk for Endarterectomy Investigators. Protected
carotid-artery stenting versus endarterectomy in
high-risk patients. N Engl ] Med 351: 1493-1501
(2004).

Yang Q, Tress BM, Barber PA et al.: Serial Study of
Apparent Diffusion Coefficient and Anisotropy in Pa-
tients With Acute Stroke. Stroke 30: 2382-2390
(1999).

Yue NC, Arnold AM, Longstreth WT Jr et al.: Sulcal,
ventricular, and white matter changes at MR imaging
in the aging brain: data from the cardiovascular health

study. Radiology 202: 33-39 (1997).



Chapter 1.7

PET IMAGING IN CAROTID STENOSIS

C.P.Derdeyn

Mallinckrodt Institute of Radiology and The Departments of Neurology and Neurological Surgery,

Washington University School of Medicine, St. Lovis, WA, USA

Introduction

Positron Emission Tomography (PET) is a phys-
iological, not anatomical imaging method: it is not
used for the measurement or detection of carotid ar-
tery disease. It is primarily a research tool that has
several important applications for the study of human
carotid atherosclerotic disease. Functional imaging
methods, including PET, have provided compelling
data that embolic and hemodynamic factors have a
synergistic effect on stroke risk. The foremost role of
PET has been in studies of the assessment of the
hemodynamic and metabolic effects of these lesions
on the distal cerebral circulation. This information
has proven prognostic value. In addition, molecular
imaging applications have been described, allowing
investigation of physiological aspects of the plaque
itself. Finally, some radiotracers may be used to
identify recent brain injury. This could help distin-
guish symptomatic from asymptomatic lesions, a crit-
ical distinction in carotid disease.

Carotid artery disease is a frequent cause of
ischemic stroke. Up to one third of patients presen-
ting with stroke or transient ischemic attack are found
to have ipsilateral severe stenosis or occlusion of the
carotid artery [55], [7]. Both embolic and hemo-
dynamic mechanisms play a role in the pathogenesis
of stroke in these patients [57], [8], [48]. These mech-
anisms may be synergistic in many patients [37].
Endarterectomy has been proven effective in pa-
tients with symptomatic stenosis [60], [73]. This pro-
cedure addresses both embolic and hemodynamic
mechanisms.

There is no proven therapy for complete carotid
occlusion, however [84], [37]. In addition, asymptom-
atic patients with carotid atherosclerotic disease
have a much lower risk for future stroke with medi-

cal therapy than symptomatic patients with similar
degrees of stenosis or occlusion [60], [25], [85],
[68]. The benefit of endarterectomy in patients with
asymptomatic stenosis is marginal [25], [85].

At present, evidence-based treatment decisions
for patients with atherosclerotic carotid disease are
made using anatomical information (the degree of
stenosis) and clinical factors (symptoms and gender,
for example) [73], [22]. The information gained
from these research PET studies has no proven
value on treatment decisions for patients with athero-
sclerotic carotid disease. One area of potential future
importance lies in identifying subgroups of pa-
tients with higher or lower natural history risks for
stroke based on the underlying physiology. These
subgroups could then be evaluated in trials of specific
therapy aimed at the underlying stroke mechanism.
This would include patients with complete carotid
occlusion, for whom hemodynamic impairment is a
proven risk factor for future stroke [37], [91], pa-
tients with near-occlusion [73], [72], and patients
with asymptomatic carotid stenosis, particularly wom-
en [74]. A randomized clinical trial of surgical re-
vascularization for patients with symptomatic com-
plete carotid occlusion is underway, utilizing a PET
screen to identify those with severe hemodynamic
impairment [37]. The natural history risk for stroke
in asymptomatic stenosis patients is very low: a
high-risk sub-group might be identified within
this population owing to hemodynamic or physiolog-
ic plaque characteristics [81]. Endarterectomy or
stenting might be more effective in this subgroup
than in the greater population in whom there is no
clear benefit currently.

This chapter focuses on knowledge gained from
PET regarding atherosclerotic carotid disease. We
will first discuss experimental studies, beginning
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with the basic principles of PET. Next, we will re-
view normal cerebral hemodynamics and metab-
olism. We will then review the responses of the
brain and its vasculature to reduced perfusion pres-
sure, primarily autoregulatory vasodilation and in-
creased oxygen extraction fraction. We will review
recent PET molecular imaging studies of athero-
sclerotic plaque and brain ischemia. Following this
discussion of experimental data, we will review the
use of PET to investigate the effects of chronic he-
modynamic compromise (Clinical Studies). We will
conclude with a section on future applications and a
brief summary.

PET physics and experimental studies

PET basics

PET imaging requires three components: a radiotrac-
er, a system to detect and measure the quantity of
radiation, and a mathematical model relating the phy-
siological process under study to the detected
radiation. One method for the measurement of cere-
bral blood flow, for example, uses a bolus injection of
BO-labeled water. The PET camera measures the
counts in the head during the circulation of the water
through the brain. Finally, the PET image of raw
counts is converted into a map of regional quantitative
CBF using computer programs that require measure-
ments of arterial blood counts and incorporate models
and assumptions regarding the transit of water
through the cerebral circulation. Radiotracers are ra-
dioactive molecules administered in such small quanti-
ties that they do not affect the physiologic process un-
der study. PET radiotracers may be separated into two
broad categories: normal biological molecules, such as
1O-labeled water, or non-biologic elements attached
to organic molecules as radiolabels, such as *F-labeled
deoxy-glucose (FDG). By definition, these tracers de-
cay by positron emission. Their half-lives range from a
few minutes to a few hours. The most commonly used
radiotracers, ¥F and O, require a linear accelerator or
cyclotron for production.

The PET imaging detection system uses the
phenomenon of annihilation radiation to localize and

measure physiologic processes in the brain. PET ra-
dionuclides decay by emission of a positively charged
electron (a positron). The positron may travel a few
millimeters within the tissue losing before encounter-
ing an electron. This encounter results in the annih-
ilation of both the positron and electron and the con-
sequent generation of two gamma photons of equal
energy. These two photons are emitted in characteris-
tic 180 degree opposite directions. A pair of detec-
tors positioned on either side of the source of the an-
nihilation photons detects them simultaneously. This
allows localization of the point source of the radia-
tion. The spatial resolution of a pair of annihilation
coincidence detectors is nearly uniform for most of
the region found between detectors. After the correc-
tion for attenuation, the data from the detector pairs
is used to construct a series of projections, each re-
presenting the distribution of regional radioactivity
viewed from a different angle. These projections are
then combined by a computer to produce a two-di-
mensional reconstruction of the regional radioactivity
within the combined field of view of all the detector
pairs. Scanners with multiple rings of detectors are
capable of generating several reconstructed slices of
the imaged volume simultaneously, each depicting a
different level of the brain and together providing a
three-dimensional image.

The most important limitations of PET imag-
ing of physiologic processes relates to the pheno-
menon of full-width, half~maximum (FWHM) and
a related phenomenon of partial-volume averaging.
Detected radiation is observed over a larger area
than the actual source. The spread or distribution of
activity is approximately Gaussian for a point source
of radiation, with the maximum located at the origi-
nal point. The FWHM describes the degree of
smearing of radioactivity in a reconstructed image.
The ability of a PET scanner to discriminate be-
tween two small adjacent structures or accurately
measure the activity in a small region will depend on
the FWHM of the system as well as the amount and
distribution of activity within the region of inter-
est and the surrounding areas. Because of the smear-
ing or redistribution of detected radioactivity, any giv-
en region in the reconstructed image will not contain
all the activity actually within the region. Some of the
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activity will spill over into adjacent areas. Similarly,
activity in the surrounding tissue or structures will
also be redistributed into the region of interest. This
phenomenon is known as the partial volume effect.
An important consequence of this principle is that
PET will always measure a gradual change in ac-
tivity where an abrupt change actually exists, such as
in a vessel wall. Measurements made at the borders
of such structures will not be accurate.

Third, the externally measured tissue concentra-
tion of the positron emitting radiotracer (PET
counts) is quantitatively related to the physiologic var-
iable under study by a mathematical model. The
PET scanner measures the total counts in a volume
of tissue. The models calculate how that measured ac-
tivity reflects the physiologic parameter under study.
These calculations account for several factors related
to the tracer biomechanics and metabolism. These
factors include the mode of tracer delivery to the tis-
sue, the distribution and metabolism of the tracer
within the tissue, the egress of the tracer and metabo-
lites from the tissue, the recirculation of both the trac-
er and its labeled metabolites, and the amount of trac-
er and metabolites remaining in the blood. The
validity of all the underlying assumptions and possi-
ble sources of error for each model when applied to
the study of both normal physiology and disease states
must be clearly understood.

An issue of great importance in the analysis of
PET data is that of statistics. PET counts are statis-
tical data by nature. Consequently, when comparing
the data from several regions of interest to each
other, a correction for the potential error introduced
by multiple comparisons must be used. The selection
of proper control subjects and regions of interest is
also crucial to accurate data analysis.

Finally, a major advantage of PET over other
physiological imaging techniques relates to signal to
noise. This is particularly true for molecular imaging
approaches. The only signal detected by the PET
scanner is the radiation from the positron emitting
isotopes. PET can provide very sensitive and quanti-
tative measurements of the presence of any labeled
molecule. Other methods such as CT or MR have
better spatial resolution, but overcoming the back-
ground signal is a particular problem.

Physiological factors measured by PET

Cerebral blood flow (CBF) is the volume of blood
delivered to a defined mass of tissue per unit time,
generally in milliliters of blood per 100 grams of
brain per minute (mLs/(100g * min)). ®O-labeled
water is the tracer used for measurements of CBF in
our laboratory [69]. The tracer kinetic models treat
water as a freely diffusible tracer. Counts are nearly
linearly proportionally to CBF. As a consequence,
relative CBF can be easily estimated as the ratio of
PET counts between one brain region and another.
Several other methods are in common use as well,
including O-15 labeled butanol and continous
C¥0O, inhalation [50].

Cerebral blood volume (CBV) is the volume of
blood within a given mass of tissue and is expressed
as milliliters of blood per 100 grams of brain tissue.
Regional CBV measurements may serve as an indi-
cator of the degree of cerebrovascular vasodilatation,
as discussed further in the text to follow. CBV can
be measured by PET with either trace amounts of
15O-labeled carbon monoxide or "CO [53]. Both
carbon monoxide tracers label the red blood cells.
Blood volume is calculated using a correction factor
for the difference between peripheral vessel and ce-
rebral vessel hematocrit.

Mean transit time (MTT) is usually calculated
as the ratio of CBV/CBEFE. By the central volume
theorem, this ratio yields mean transit time, the hy-
pothetical mean time for a particle to pass through
the cerebral circulation. MTT is not measured di-
rectly with PET. Increased MTT is used as an indi-
cator of autoregulatory vasodilation. Some PET
groups have advocated the use of the inverse of this
ratio instead [80].

Oxygen extraction fraction (OEF) is measured by
an O150 inhalation scan and independent measure-
ments of CBF and CBV [56]. The CBF accounts
for the amount of oxygen delivered to the brain. The
CBYV corrects for oxygen in the blood that is not ex-
tracted. An alternative count based method uses the
ratio of the counts after an Q150 inhalation scan to
the counts from an O150 water scan, without CBV
correction [46], [19]. Other similar methods are also
in common use [4].
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Cerebral metabolic rate of oxygen (CMRO2) can
be calculated from an equation using OEF, CBF
and arterial oxygen content (CaO,) [56], [4].
CMRO, is equal to the CBF multiplied by OEF
and the CaO, (delivery of oxygen times the fraction
extracted times the amount of available oxygen).

Glucose metabolism (CMRGlu) is most frequently
measured using the glucose analog ®F-fluorodeoxy-
glucose (FDG). CMRglu measurements are limited in
pathological conditions such as ischemia, however, be-
cause the ratio of tissue uptake of glucose and its ana-
log, DG, varies with the severity of ischemia. Glucose
metabolism can be measured directly with 1-''"C-D-
glucose [6], [67].

Molecular imaging studies in patients with cere-
brovascular disease have used several different la-
beled substances [13], [15], including 11-C-labeled
FK506 (tacrolimus) [58] copper-60, and a host of
other labeled neurotransmitters [1]. Studies specific
to atherosclerotic occlusive disease will be reviewed
at the end of the Experimental Studies section be-
low.

Normal cerebral hemodynamics and metabolism

Whole brain mean CBF of the adult human brain
is approximately 50 mL per 100 g per minute. Func-
tional activation increases local or regional CBE, but
global CBF remains unchanged [70]. CBF for any
brain region is determined by the ratio of cerebral
perfusion pressure (CPP) and cerebral vascular resis-
tance (CVR) in that region. Cerebral perfusion pres-
sure is the difference between the arterial pressure
forcing blood into the cerebral circulation and in-
tracranial pressure or the pressure in the venous sys-
tem. The venous pressure is negligible under normal
conditions, so for people with carotid atherosclerotic
disease the CPP is generally equal to the systemic ar-
terial pressure (CPP = MAP).

Under normal conditions any change in region-
al CBF must be caused by a change in regional
CVR. Vascular resistance is mediated by alterations
in the diameter of small arteries or arterioles. In the
resting brain with normal CPP, CBF is also closely
matched to the metabolic rate of the tissue. Regions
with higher metabolic rates have higher levels of ce-

rebral blood flow. For example, gray matter has a
higher CBF than white matter owing to the differ-
ences in oxygen metabolism. While there is wide var-
iation in levels of flow and metabolism, the ratio
between CBF and metabolism is nearly constant in
all areas of the brain. Consequently, the maps of
OEF and glucose extraction (not metabolism) from
the blood show little regional variation [5]. One ex-
ception to this is seen with physiological activation,
where blood flow increases well beyond the metabol-
ic needs of the tissue. This leads to a relative
decrease of OEF and a reduction in local venous
deoxyhemoglobin [30]. This phenomenon is the ba-
sis for the use of MR imaging as a means to map
brain function.

Responses to reductions in cerebral perfusion
pressure

An arterial stenosis or occlusion may cause a reduc-
tion in perfusion pressure if collateral sources of flow
are not adequate [65]. The mere presence of arterial
stenosis or occlusion does not equate with hemody-
namic impairment: up to 50% of patients with com-
plete carotid artery occlusion and prior ischemic
symptoms have normal no evidence of reduced CPP
[37]. It is the adequacy of collateral sources of flow
that largely determine whether an occlusive lesion
will cause a reduction in perfusion pressure. When
perfusion pressure falls owing to an arterial stenosis
or occlusion, and in most cases, an inadequate circle
of Willis, the brain and its vasculature can maintain
the normal delivery of oxygen and glucose through
two mechanisms, autoregulatory vasodilation and
increased oxygen extraction fraction [21]. The pre-
sence of these mechanisms has been extensively stud-
ied, primarily in animal models employing acute re-
ductions in perfusion pressure. The extent to which
these models are applicable to humans with chronic
regional reductions in perfusion pressure is not com-
pletely known.

Changes in perfusion pressure have little effect
on CBF over a wide range of pressure owing to vas-
cular autoregulation. Increases in mean arterial pres-
sure produce vasoconstriction of the pial arterioles,
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serving to increase vascular resistance and maintain
CBF at a constant level [29]. Conversely, when the
pressure falls, reflex vasodilation will maintain CBF
at near normal levels [28], [71]. Two measurable pa-
rameters that indicate autoregulatory vasodilation
are mean transit time and cerebral blood volume
(Fig. 1). In addition, there is some slight reduction
in CBF through the autoregulatory range, leading to
a slight increase in oxygen extraction [21], [79].

At some point, however, the capacity for autoreg-
ulatory vasodilation can be exceeded. The threshold
value for autoregulatory failure is variable between
patients and can be shifted higher or lower by prior
ischemic injury or long standing hypertension.
Beyond this point, cerebral blood flow falls linearly
as a function of pressure (Fig. 1). Direct measure-
ments of arteriovenous oxygen differences have dem-
onstrated the brain’s capacity to increase OEF and
maintain normal cerebral oxygen metabolism
(CMRO2) while the oxygen delivery diminishes due
to decreasing CBF [54]. The precise mechanism by
which OEF increases is not completely understood.
Oxygen passively diffuses from the blood to the tis-
sue. Increases in the gradient between capillary and
tissue partial pressures of oxygen and longer transit
times that may allow for greater oxygen diffusion
may be involved.

PET assessment of hemodynamic status

As discussed above, the hemodynamic effect of an
arterial stenosis or occlusion depends on the ade-
quacy of collateral circulation as well as the degree
of stenosis. An occluded carotid artery, for example,
often has no measurable effect on the distal cerebral
perfusion pressure because the collateral flow
through the circle of Willis is adequate. Many imag-
ing techniques, such as arteriography, magnetic res-
onance imaging (MR), computed tomography an-
giography, and Doppler ultrasound, can identify the
presence of these collaterals. These tools show us
the highways for blood flow, but not the traffic on
them.

It is important to recognize that a single measure-
ment of flow is meaningless when investigating the
effects of an arterial lesion. Normal values of CBF
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Fig. 1. Hemodynamic and metabolic responses to reductions
in cerebral perfusion pressure modified after Powers [66] and
Derdeyn et al [20]. Progressive reduction in perfusion pressue is
shown from right to left on the x-axis. The autoregulatory range
extends between points A and B. The region between points B
and C is the region of autoregulatory failure where cerebral blood
flow (CBF) begins to fall passively as a function of pressure. Point
C represents the exhaustion of both compensatory mechanisms
to maintain normal oxygen metabolism and the onset of true
ischemia. CBV: Cerebral blood volume either remains unchanged
or increases with autoreulatory vasodilation, depending largely
on the methods used to measure CBV. With autoregulatory fail-
ure, most investigations have found further increases in CBV. CBF:
Cerebral blood flow falls slightly through the autoregulatory
range. Once autoregulatory capacity is exceeded, CBF falls passive-
ly as a function of pressure down to 50% of baseline values. OEF:
Oxygen extraction fraction (OEF) increases slightly with the re-
ductions in CBF through the autoregulatory range. After autoreg-
ulatory capacity is exceeded and flow falls up to 50% of baseline,
OEF may increase up to 100% from baseline. CMRO2: The cerebral
metabolic rate for oxygen consumption remains unchanged
throughout this range of CPP reduction owing to both autoregu-
latory vasodilation and increased OEF.

do not exclude the presence of autoregulatory vaso-
dilation and reduced CBF may be present with nor-
mal perfusion pressure. This second situation may



90

Chapter 1.7

occur with prior stroke in the region of interest or in
a remote area. Prior lacunar stroke in the basal gang-
lia may lead to profound reduction in metabolic de-
mand of the overlying cortex and secondary reduc-
tion in flow. This phenomenon has been termed
diaschisis [26], [62].

Three basic strategies have been developed to as-
sess regional cerebral hemodynamic status noninvasi-
vely [66]. The normal compensatory responses of the
brain and its vasculature to reduced perfusion pres-
sure, as outlined above, are assumed to be present.
The first two strategies are used to indirectly identify
the presence and degree of autoregulatory vasodila-
tion. The third relies on direct measurements of oxy-
gen extraction. It is important to note that these ap-
proaches are accurate only with normal or remotely
infracted brain tissue [31].

The first strategy relies on paired blood flow
measurements with the initial measurement obtain-
ed at rest and the second measurement obtained
following a cerebral vasodilatory stimulus. Hyper-
capnia, acetazolamide, and physiologic tasks such as
hand movement have been used as vasodilatory stim-
uli. Normally, each will result in a robust increase in
CBF. If the CBF response is muted or absent, pre-
existing autoregulatory cerebral vasodilation due to
reduced cerebral perfusion pressure is inferred. The
blood flow or blood velocity responses to these vaso-
dilatory stimuli have been categorized into several
grades of hemodynamic impairment: (i) reduced
augmentation (relative to the contralateral hemi-
sphere or normal controls); (ii) absent augmentation
(same value as baseline); and iii) paradoxical reduc-
tion in regional blood flow compared to baseline
measurement. This final category, also called the
“steal” phenomena, can only be identified with
quantitative CBF techniques [51].

The second strategy uses either the measurement
of regional cerebral blood volume (CBV), alone, or in
combination with measurements of CBF in the resting
brain in order to detect the presence of autoreg-
ulatory vasodilation. The CBV/CBF ratio (or, inverse-
ly, the CBF/CBYV ratio), mathematically equivalent to
the vascular mean transit time [66], may be more sen-
sitive than CBV alone for the identification of auto-
regulatory vasodilation [79]. It may be less specific,

however. The CBV/CBF ratio may increase in low
flow conditions with normal perfusion pressure, such
as hypocapnia [35]. Patients are identified as abnormal
with these techniques based on comparison of abso-
lute quantitative values or hemispheric ratios of quan-
titative values to the range observed in normal control
subjects. One issue that remains unresolved is to what
extent autoregulatory vasodilation of arterioles gives
rise to measurable increases in the cerebral blood vol-
ume. Experimental data have produced conflicting re-
sults [34], [86]. Some studies have found minimal or
no increase until autoregulatory capacity is exceeded
[79], [96], while others have reported CBV increases
within the autoregulatory range [34], [36], [27]. Thus,
the sensitivity and specificity of CBV measurements
for detecting reduced CPP is not known.

The third strategy relies on direct measurements
of OEF to identify patients with increased oxygen
extraction (Fig. 2). At present, regional measure-
ments of OEF can be made only with PET using
O-15 labeled radiotracers [56], [46], [3]. Both abso-
lute values and side-to-side ratios of quantitative and
relative OEF have been used for the determination
of abnormal from normal [19].

Variability of CBV measurements in severe
hemodynamic impairment

Measurements of CBV in patients with reduced
CBF and increased OEF are often variable. In-
creased CBV is interpreted as evidence of autoregu-
latory vasodilation. Some patients, however, have
normal or even reduced values of CBV in regions
with increased OEF and reduced CBF. These pa-
tients appear to have a lower risk of stroke than
those with increased CBV [21].

We reviewed data from 81 patients with symp-
tomatic carotid occlusion enrolled in a prospective
study of hemodynamic factors and stroke risk, the
St. Louis Carotid Occlusion Study [37]. This was a
blinded, prospective study designed to test the hypo-
thesis that increased OEF predicts stroke risk. The
results of the primary analysis of this study are pre-
sented below in the Clinical Studies section. Measure-

ments of CBV, CBF, OEF and CMRO2 were
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Fig. 2. PET study showing classic misery perfusion with increased OEF and preserved CMRO2. CBV is elevated. The PET examination was
performed 2 days after a transient ischemic attack. CT examination was normal. The images show reduced blood flow (CBF, top left, ar-
rows) and near normal oxygen metabolism (CMRO2, top middle) and increased OEF in the hemisphere distal to the occluded carotid.

CBV and mean transit time (MTT) are elevated.

made on entry using PET. For the retrospective anal-
ysis of CBV variability, patients were divided into
groups by hemispheric ratios and absolute ipsilateral
values of OEF and CBV, based on comparison with
normal controls [21]. Hemodynamic and metabolic
values, risk factors, and stroke risk were compared
between groups.

Based on hemispheric ratios, 45 patients had
increased ipsilateral OEF; CBV was increased in 19
of these 45 patients. No differences in CBE
CMROQO?2, or clinical risk factors were found between
these 19 patients and the remaining 26 patients with

increased OEF and normal or reduced CBV. Thir-
teen ipsilateral strokes occurred during follow up,
and 10 of the 13 occurred in the 19 patients with in-
creased OEF and CBV (Log rank p < 0.0001).
Thirty-two of the 68 patients with complete quanti-
tative PET data had increased OEF by absolute ip-
silateral values. CBV was increased in 20 of the 32
patients. No differences in CBF, CMRO2, or clini-
cal risk factors were found between these 20 patients
and the remaining 12 patients with increased OEF
and normal CBV. Seven of the 9 ipsilateral strokes
that occurred in the 68 patients occurred in the 20
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patients with increased OEF and increased CBV
(Log rank p = 0.003).

The higher risk of ischemic stroke in patients
with increased OEF and CBV suggests that their de-
gree of hemodynamic compromise is more
severe than those with increased OEF and normal
CBV. In patients with chronic carotid occlusion
and increased OEF, increased CBV may indicate pro-
nounced vasodilation due to exhausted autoregulatory
vasodilation. The physiological explanation for the
measurement of normal CBV in patients with increa-
sed OEF is less certain and may reflect preserved auto-

regulatory capacity.

Correlative studies between PET and other
methods of hemodynamic assessment

Transcranial Doppler, MR and CT perfusion tech-
niques, and SPECT are all capable of measuring re-
lative, and in some situations, absolute cerebral
blood flow [20]. These methods are often used to
assess for impaired vasodilatory responses or increa-
sed mean transit time. Several of these methods
have been compared to PET measurements of OEF.
The correlation is inconsistent. A significant relation-
ship between impaired vasodilatory responses and
increased OEF is frequently found, but for any giv-
en patient, the sensitivity and specificity of an im-
paired vasodilatory response is not strong. Given
this discordance, it is imperative to prove that an
abnormal hemodynamic response by any particular
method is clinically meaningful: that it predicts
stroke risk, for example.

The results of paired-flow studies with vasodila-
tory stimuli in any given patient may differ. The ef-
fects of acetazolamide on blood flow are different
from hypercapnia or physiologic activation. Inao and
colleagues a discordance between results with acet-
azolamide and neural activation [45]. They found
that CBF increased bilaterally with bimanual activa-
tion, but only contralaterally with acetazolamide.
The exact mechanism by which acetazolamide causes
an increase in flow is unknown. The evidence
points to local, rather than systemic, effects on the
cerebrovasculature [41]. Possible local mechanisms

include direct vasodilatory actions or secondary local
metabolic changes due to carbonic anhydrase inhibi-
tion [41]. The effect of acetazolamide can vary in re-
sponse to the total dose, the timing of CBF measure-
ment after the dose, and the age and sex of the
patient [41], [11]. One possible explanation for the
discordant results seen with acetazolamide and other
vasodilatory stimuli was put forward by Inao et al.
[45]. They suggested that regions with reduced base-
line flow receive a lower dose of acetazolamide than
regions with normal blood flow. The lower acet-
azolamide dose will result in a greater likelihood
that a reduced or absent blood flow response will be
seen with acetazolamide in these regions compared
to hypercapnia alone, which produces a uniform stim-
ulus throughout the brain.

An additional factor which may contribute to
the discordance observed between acetazolamide and
CO, or activation studies is the use of non-radioac-
tive xenon as a blood flow tracer. The inhalation of
xenon gas causes increases in blood flow [39]. The
steal phenomena with acetazolamide is reported with
much greater frequency with stable xenon blood flow
methods than with O-15 labeled PET radiotracers
[11]. It is possible that the pre-existing vasodilation
due to xenon augments the dose-dependent effects
of acetazolamide. Finally, absolute blood flow, rela-
tive blood flow, and blood velocity, while related phe-
nomena, are not equivalent. Dahl and coworkers fo-
und no relationship between the increase in velocity
(by TCD) and the increase in blood flow (by Xe-
CT) after acetazolamide [43].

The correlation between methods that evaluate
vasodilatory response or mean transit time and in-
creased OEF by PET in patients with cerebrovascular
disease has been inconsistent. One issue that remains
unclear is to what extent maximal autoregulatory vaso-
dilation persists when oxygen extraction fraction is
elevated, particularly in humans with chronic reduc-
tions in perfusion pressure. As discussed above, many
patients with increased OEF do not have increased
CBV or MTT. Whether this later finding represents a
variable vasodilatory capacity or some form of long-
term compensatory response remains to be determi-
ned. Therefore, both the independence of the mecha-
nisms of autoregulatory vasodilation and oxygen
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extraction and the changes occurring over time may be
sources of difficulty in comparing the results of vasodi-
latory and oxygen extraction methods.

Several studies have investigated the relationship
between acetazolamide reactivity and OEF. The most
consistent results were published by Hirano et al.
[44], who reported that all seven patients with acet-
azolamide responses below the normal range also had
OEF values above normal. Some patients with in-
creased OEF had normal acetazolamide responses,
however. A sensitivity of 45% and a specificity of 98%
of the steal phenomena after acetazolamide for in-
creased OEF was reported by the same investigators
[40], [93]. Similar data were reported by Narai and
colleagues [59]. Other investigators have reported no
significant relationship between changes in blood
flow after acetazolamide and quantitative values of
OEF [42].

Most recently, Yamauchi and colleagues exami-
ned 30 patients with symptomatic carotid occlusive
disease with PET measurements of CBF before and
after acetazolamide and compared this to OEF [92].
The baseline OEF value was inversely and non-lin-
early correlated with the percentage change in
CBF during acetazolamide administration (p =
0.02). They reported an upward trend of OEF with
diminishing acetazolamide response below a critical
level around zero response. An post acetazolamide
CBEF response of less than 6.65% over baseline had a
sensitivity 100%, specificity 89%, positive predictive
value 50%, negative predictive value 100% for OEF
beyond the normal range.

Two comparative studies of CO, reactivity and
OEF found linear relationships between the change in
quantitative flow after CO, and the absolute value of
quantitative OEF [43], [47]. In both studies, however,
a threshold value CO, reactivity which included all
patients with increased OEF would also included
many patients with normal OEF (low specificity).
Sugimori and coworkers found no relationship be-
tween blood velocity changes after CO, and OEF [83].

The data for the correlation between the
CBV/CBF or CBF/CBYV ratios and OEF is variable.
Two investigators found linear relationships [43],
[33]. Two other studies found no correlation when all
patients were included in the analysis [42], [64].

Borderzone hemodynamics

Acute reductions in perfusion pressure can cause
ischemic infarction of the cortex and adjacent subcor-
tical white matter located at the borderzones between
major cerebral arterial territories, such as the middle
and anterior cerebral arteries [2], [9]. Severe systemic
hypotension is a well-recognized cause of multiple bi-
lateral discrete cortical borderzone infarctions(70).
The mechanism of cortical borderzone infarction in
most patients with carotid atherosclerotic disease is
likely embolic [15], [16], [87], [88].

In addition to this cortical arterial borderzone,
there is good evidence for an arterial borderzone is
present within the white matter of the centrum
semi-ovale and corona radiata [97], [89]. This has
been called the internal arterial borderzone (between
lenticulostriate perforators and deep penetrating
branches of the distal middle cerebral artery). There
is a strong association between hemodynamic im-
pairment of the hemisphere and prior stroke in the
white matter borderzone [16].

We studied 110 patients with atherosclerotic
carotid occlusion with PET measurements of CBE,
CBYV, and OEF [16]. MR and CT studies of all
patients were reviewed. No borderzone-region in-
farctions were found in 35 asymptomatic patients.
For 75 symptomatic patients, cortical borderzone-
region infarction was found in 7 of 36 patients with
increased OEF and in 2 of 39 patients with normal
OEF (p = 0.08, ns). The pattern of multiple white
matter lesions arranged parallel to the lateral ven-
tricle was only observed in symptomatic patients
with increased OEF (8 of 36, p = 0.002, sensitivity
= 19%, specificity = 100%). This finding was
more frequent with MR imaging (7 of 14) than
with CT (1 of 22). We concluded that this pattern
of infarction is likely due to a hemodynamic mech-
anism.

In study involving many of the same patients, we
examined the structurally normal white matter regions
for evidence of selective ongoing hemodynamic abnor-
malities [17]. Thirty-six patients with carotid occlu-
sion and structurally normal deep white matter were
studied with positron emission tomography (PET).
Measurements of oxygen extraction fraction (OEF)
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were made in superficial (cortical and sub-cortical) re-
gions in the middle cerebral artery territory and in
deep white matter (internal borderzone) regions. The
presence of selective ischemia of the deep white matter
was assessed by the ratio of deep white matter to su-
perficial OEF. Ipsilateral hemispheric ratios in patients
were assessed as a group against contralateral hemis-
pheric ratios and 15 normal controls. We found no
difference in the degree of OEF elevation in the white
matter compared to the overlying cortex. These find-
ings suggest that these white matter infarctions may
occur at the time of occlusion or soon after (when
some selective increase in OEF is present) and not in
the chronic situation. There is no good prospective
data to support or refute this hypothesis, however.

Improvement in hemodynamics over time

In some patients with atherosclerotic carotid occlu-
sion, hemodynamic impairment can improve over
time, as collateral flow increases [18]. We repeated
PET measurements in ten patients with complete
atherosclerotic carotid artery occlusion with increased
OEF by PET and no interval stroke 12 to 59 months
after the initial examination. Quantitative regional
measurements of CBEF, CBV, CMRO2, and OEF
were obtained. Regional measurements of the cerebral
rate of glucose metabolism (CMRGIc) were also
made on follow-up in 5 patients. As a group, the ra-
tio of ipsilateral to contralateral OEF declined from a
mean of 1.16 to 1.08 (p = 0.022). Greater reductions
were seen with longer duration of follow-up (p =
0.023, r = 0.707). The cerebral blood flow ratio im-
proved from 0.81 to 0.85 (p= 0.021). No change in
cerebral blood volume or CMRO2 was observed.
CMRGIc was reduced in the ipsilateral hemisphere
(p = 0.001 compared with normal), but the
CMRO2/CMRGiIc ratio was normal.

This improvement in collateral sources of flow
over time may be a factor that accounts for the reduc-
tion in stroke risk over time in all the major cerebral
revascularization trials. The greatest risk for stroke in
medically treated patients in the North American
Symptomatic Carotid Stenosis Trial, the EC/IC by-
pass trial, the Warfarin versus Aspirin for Symptoma-
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Fig. 3. Most strokes in patients with atherosclerotic carotid occlu-
sion occurred during the first two years after enrollment. This may
reflect interval improvement in hemodynamics. The circles indi-
cate patients with increased OEF (left to right hemispheric ratios
of OEF beyond the normal range (dotted lines from the y-axis).
The red circles indicate patients suffering a stroke during follow up.
The length of follow up is indicated on the x-axis.

tic Intracranial study, the European Carotid Stenosis
Trial, as well as the St. Louis Carotid Occlusion Study
was in the first two years after stroke (Fig. 3) [60],
[84], [24], [10].

Metabolic down-regulation

There are other possible mechanisms for the pheno-
menon of normal CBV in patients with increased
OEF discussed above. One potential cause for nor-
mal or reduced CBV values is reduced metabolic de-
mand. CBV falls when the metabolic activity of the
tissue falls, due to either local or remote neuronal
injury (diaschisis) [80], [6], [90]. In the study pre-
sented above, however, we found no significant dif-
terence in CMRO2 between patients with increased
OEF and increased CBV and those with normal or
reduced CBV.

Sette and colleagues noted the phenomenon of
increased OEF associated with normal CBV and pro-
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posed a metabolically-mediated vasconstriction, asso-
ciated with the vascular collapse that may occur with
severe reductions in perfusion pressure, to account for
their observations [80]. Based on CBF/CBV ratios,
they considered these patients to have greater reduc-
tions in perfusion pressure than those with increased
OEF and increased CBV. They studied 4 patients
with carotid occlusion and found regions with reduced
absolute ipsilateral values of CBE, increased OEF,
and normal CBV. CMRO?2 was slightly reduced in
these areas as well. Importantly, the outcome data
from our study suggests that patients with increased
OEF and normal CBV have less severe hemodynam-
ic impairment than those with increased OEF and
increased CBV. If the normal CBV values in patients
with increased OEF were caused by reductions in the
diameter of previously dilated vessels, secondary to
severe reductions in intraluminal pressure, one would
expect a higher risk of stroke in the patients with in-
creased OEF and normal CBV than those with in-
creased OEF and increased CBV. In our data, pa-
tients with increased OEF and increased CBV had a
higher risk of stroke, suggesting the degree of hemo-
dynamic impairment is more, not less, severe in these
patients.

Bilateral hemispheric reductions in absolute
CMRO2 have been found in patients with unilateral
carotid occlusion [33], [76]. Gibbs et al., reported
hemodynamic and metabolic data for 32 patients
with unilateral and bilateral carotid occlusions [33].
They grouped their data by anatomy — contralateral
hemisphere and ipsilateral hemisphere for unilateral
occlusions, and both hemispheres for bilateral occlu-
sions. Absolute hemispheric values of CMRO2 were
significantly lower than normal control values in all
three groups. No difference between the three groups
was seen, however. Additionally, improvement in
CBF and CMRO2 in both hemispheres has been re-
ported after EC/IC bypass or with increased mean
arterial pressure in selected patients [76], [77]. The
nature of this phenomenon remains unclear.

The phenomenon of reversible metabolic
down-regulation due to long-standing hemodynam-
ic impairment and a clinical correlate to improved
cognitive function after revascularization are two
unproven but attractive hypotheses [80], [78].

CMRO?2 is frequently reduced patients with severe
hemodynamic impairment. Whether this is a revers-
ible compensation to reduced CBF or reflects un-
derlying ischemic injury is unknown. Prospective
randomized studies before and after revasculariza-
tion will be required.

Molecular imaging studies of carotid
atherosclerosis

As discussed above, there is more to carotid athero-
sclerosis than just vessel narrowing and limitation of
flow. Growing evidence points to synergistic effects
of embolic and hemodynamic factors [37], [67]. Pa-
tients with recent transient ischemic attack, stroke, or
silent emboli in the middle cerebral artery by tran-
scranial Doppler are at much higher risk for subse-
quent stroke than asymptomatic patients with identi-
cal degrees of carotid stenosis [57]. Molecular
imaging techniques have great promise in the investi-
gation of the biology of atherosclerosis and in iden-
tifying factors associated with the formation of
thrombo-emboli [13].

The pathology of atherosclerosis is well de-
scribed. Lipids and macrophages accumulate on the
endothelium, initially as a fatty streak. Over time, a
plaque develops with a central lipid core and a fi-
brous cap. The fibrous cap has an endothelial cover-
ing and contains vascular smooth muscle cells and
collagen. In carotid disease, this plaque may expand
to cause severe stenosis or occlusion. As discussed
above, this limits flow only if collateral sources are
not adequate. In addition, as there is no global in-
crease in flow with neuronal activation, there is no
angina-equivalent in the brain: you don’t get a head-
ache from thinking.

Thrombo-embolic phenomenon occurs when
the fibrous cap ruptures. This exposes subendothelial
structures that are very thrombogenic [32]. Circula-
ting clotting factors VII and XI are activated
through extrinsic and intrinsic pathways. Throm-
bin, fibrinogen and fibrin are generated. Platelet ac-
tivation occurs via upregulation of glycoprotein
IIb/I1a receptors. The ultimate product of these
events is thrombus formation.
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Plaque formation and rupture is a conse-
quence of multiple complex and inter-related fac-
tors. These factors include endothelial cell func-
tion (impaired in atherosclerotic disease, even in
the absence of plaque) and inflammation. Athero-
sclerotic risk factors, smoking, elevated low-den-
sity lipoprotein (LDL) levels, and hypertension,
are associated with impaired endothelial responses
to hypoxia. This endothelial dysfunction likely
predisposes to the accumulation of foam cells in
the subendothelial layer. The vascular smooth
muscle cells that migrate from the media create
the collagen that forms the fibrous cap. The foam
cells often die and leave behind the lipid that
forms the core of the plaque. Lesions with a thin
fibrous cap have a higher risk for future rupture
[12]. Inflammation likely plays a role in this pro-
cess [12], [52].

Much of the molecular imaging studies to date
have utilized single-photon emission computed to-
mography (SPECT) tracers in animal models of
atherosclerosis and will not be reviewed here. These
labels have been aimed at the plaque itself, including
LDL, endothelial peptides, and receptor site antibod-
ies for macrophages, and at adherent thrombus,
using labeled platelets, fibrin and other related
molecules.

The only studies to date using PET radiotracers
have employed 18F-Fluouro deoxyglucose (FDG).
FDG is taken up by metabolically active cells as a
glucose analog, but cannot be metabolized. Uptake
is particularly high in anaerobic cells, such as most
tumors and macrophages [49]. Yun and colleagues
observed vascular FDG uptake in approximately
50% of 137 consecutive cancer patients undergoing
PET [95]. This uptake was associated with risk fac-
tors for atherosclerosis [94]. Age and hypercholester-
olemia had the strongest associations. Rudd et al.,
studied 8 patients with symptomatic carotid athero-
sclerosis with CT/PET image fusion [75]. They
tound uptake of FDG within the plaque in all pa-
tients. They also performed autoradiography of the
removed plaques from 3 patients that underwent end-
arterectomy. Tritiated deoxyglucose (an analogue of
FDG) accumulation was localized to macrophage-
rich areas of the plaque.

Molecular imaging studies of stroke

The potential utility of this application of PET imag-
ing is to confirm or exclude a cerebral ischemic
event in a patient with a clinical history that is not
definitive. The presence or absence of ischemic symp-
toms is a critical distinction in determining therapy
for many patients with atherosclerotic disease, parti-
cularly women [74]. In some patients, it may not be
clear from history or structural brain imaging if an
ischemic event occurred in association with carotid
disease.

DeReuck and colleagues have extensively inves-
tigated the use of Cobalt-55 as a label for recent
(within two months) irreversible brain ischemia [15],
[14] Cobalt-55 is a calcium analogue and may reflect
calcium influx in ischemic tissue [82]. The degree of
uptake appears to correlate with the severity of the
ischemic damage within the first 2 months after
stroke and then returns to normal levels [15].

Clinical studies

There is presently no proven indication for PET in
patients with atherosclerotic carotid disease, other
than as a predictor for future stroke risk [19], [37],
[91]. A clinical trial of extracranial to intracranial
bypass based on PET screening of patients with
symptomatic carotid occlusion and hemodynamic
failure — the carotid occlusion surgery study
(COSS) - is underway [38]. If this trial shows that
surgery is beneficial in this population, we will have
proof of therapeutic efficacy for this application of
PET. In this section we will review the current liter-
ature associating PET measurements of hemodynam-
ics with the risk of future stroke.

Patients with complete atherosclerotic occlusion
of the carotid artery are at high risk for future stroke
[48]. A randomized trial of extracranial to intracra-
nial arterial bypass (the EC/IC Bypass Trial) failed
to show a benefit of surgical revascularization in over
800 patients randomized to surgery or aspirin [84].
One possible reason for the failure of this study to
show a benefit was the lack of an effective tool to
establish whether flow was normal or impaired. A
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Fig. 4. Reversal of increased OEF after extracranial to intracranial arterial bypass. The top row shows reduced CBF and increased OEF
in the hemisphere distal to an occluded carotid artery. The bottom row was performed within 7 days after extracranial to intracra-
nial arterial bypass. The OEF abnormality has normalized. Some persistent reduction in CBF is present, likely due to permanent
ischemic injury.



98

Chapter 1.7

procedure intended to improve flow if flow is normal
is unlikely to provide any benefit. It is possible that a
benefit of bypass was missed for a subgroup at high
risk due to hemodynamic factors.

The St. Louis Carotid Occlusion Study was de-
signed to determine if such a subgroup existed [37].
This was a blinded, prospective study of stroke risk
designed to test the hypothesis that increased OEF
in patients with symptomatic atherosclerotic carotid
occlusion predicted future stroke risk. All together,
81 patients with complete carotid occlusion and ip-
silateral ischemic symptoms were enrolled. At base-
line, 17 clinical, epidemiologic, and laboratory stroke
risk factors were recorded. PET measurements of
oxygen extraction were obtained. Thirty-nine of the
81 patients had increased OEF. All 81 patients were
followed for a mean duration of 3.1 years. Fifteen
total and thirteen ipsilateral ischemic strokes occur-
red during this period. Eleven of the 13 ipsilateral
strokes occurred in the 39 patients with increased
OEF. Multivariate analysis found only age and OEF
as predictors of stroke risk. Log rank analysis dem-
onstrated increased OEF to be a powerful predictor
of subsequent stroke (p = 0.004). Similar results
were reported by Yamauichi and coworkers [91].

Prior studies with PET have shown that the su-
perficial temporal artery to middle cerebral artery
bypass procedure is capable of reversing the OEF
abnormality [63], [3] (Fig. 4). Based on these facts,
the Carotid Occlusion Surgery Study was funded by
the National Institutes of Health and is underway.
Patients with complete atherosclerotic carotid artery
occlusion and recent (120 days) ipsilateral cerebral
ischemic symptoms are eligible for enrollment. PET
studies are obtained on enrollment. Patients with in-
creased OEF are randomized to surgery or best med-

ical therapy.

Future applications

PET remains a unique research tool, capable of
quantitative and accurate in vivo measurements of
physiological processes in humans. The O-15 radio-
tracers necessary for the measurement of CBF, OEF
and CMRO2 will remain limited to academic cen-

ters with on-site cyclotrons. These methods will con-
tinue to be used to define human cerebrovascular dis-
ease and responses to treatment, but will not be-
come widely used in community practice. PET
molecular imaging methods, on the other hand, have
much greater potential for wide usage. Dedicated
CT/PET scanners for oncological FDG imaging are
in common use. If some PET method of plaque imag-
ing is proven as a predictor of stroke risk and future
clinical trials demonstrate improvement in patient
outcome with this approach, this PET application
could become a routine clinical study.

Research applications of PET remain abundant.
Most of these applications have been described in the
chapter above. Brain hemodynamic and metabolic
imaging and molecular plaque imaging both have
great promise for defining high-risk or low risk sub-
groups of patients with carotid atherosclerotic disease.

Summary

The determination of the hemodynamic status of
the brain has proven prognostic value in patients
with atherosclerotic carotid occlusion. A clinical
trial is underway to determine if this information
has therapeutic value. PET remains, at this point, a
unique research tool with great potential to investi-
gate the embolic and hemodynamic factors involved
in stroke pathogenesis in patients with atherosclero-

tic carotid disease.
Support: NINDS RO1 NS39864, P01 NS35966, R01
NS39526
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Background

Carotid artery stenosis is known to be a significant
risk factor for stroke and indeed extracranial ath-
eroma is the single most important contributor to
non-haemorrhagic stroke in the developed world.
Studies such as the European Carotid Surgery Trial
(ECST) [63], [11] and North American Symp-
tomatic Carotid Endarterectomy Trial (NASCET)
[25], despite some methodological differences,
demonstrated a significant benefit for endarterectomy
in symptomatic carotid stenosis of more than 70%.
More recently, evidence has been published in
the form of the Asymptomatic Carotid Surgery
Trial (ACST) [34], that intervention in the asymp-
tomatic population with a stenosis of 70% or more
may be of benefit providing the associated risks and
likely morbidity of the intervention is low.

Atherosclerosis as a whole is a silent killer and
patients with clinically significant atheroma in one
organ system, are almost certain to be afflicted with
it in other vascular beds. Thus, the 65 year old with
stable angina may well have an asymptomatic ca-
rotid plaque from which he might eventually devel-
op symptoms. It is of course this group of patients in
whom identification of increased risk of stroke
would be most useful, so that appropriate evidence
based treatment and secondary prevention could be
instituted in a timely manner.

Any screening process for such a cohort of pa-
tients would have to involve an investigation that is
non-invasive, highly sensitive and specific and accept-
able to the patients themselves. Whilst the commonly
used clinical imaging methods fulfil some of these
criteria, they all suffer from the same limitation.

X-ray angiography is currently considered the
gold standard in terms of the assessment of luminal

stenosis and has been used as such in most of the
major trials concerning risk assessment in carotid
stenosis such as NASCET and ECST. This tech-
nique is of course uncomfortable for the patient and
carries with it a small risk of morbidity and mortal-
ity. This has lead to other measures of luminal ste-
nosis by techniques much less invasive than conven-
tional angiography.

Current clinical measures of atheroma burden by
either duplex ultrasonography, CT angiography, or
MR angiography (with or without IV contrast me-
dium), although less invasive and better tolerated than
conventional angiography, also only measure the de-
gree of luminal stenosis and give no information about
plaque morphology, physiology or biomechanics.
There is a great deal of evidence to suggest that lumi-
nal stenosis alone is an inadequate predictor of risk,
partly due to the process of arterial remodelling and
partly due to the fact that none of the investigations
used to measure it give any indication of plaque com-
position. This chapter will outline current imaging
methods which are being used to characterise these
plaque components and discuss the potential applica-
tions for them in a clinical setting.

Problems with luminal stenosis

Although luminal stenosis percentage is the most
commonly used clinical measure of plaque risk, it is
not at all clear how to measure it in the first place, as
evidenced by the two different systems adopted by
the two major clinical trials in this area, ECST and
NASCET. ECST determined the fractional steno-
sis by using the luminal diameter at the point of max-
imal stenosis at angiography as the numerator and
the projected diameter of the artery at that same
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Fig. 1. Diagram showing the problems with luminal measurement and the methods of measurement of luminal stenosis most frequently
discussed in the literature; namely NASCET, ECST and common carotid (CC) techniques
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point were it to be undiseased as the denominator.
NASCET however used the luminal diameter of the
undiseased internal carotid artery above the diseased
portion as the denominator (Fig. 1). It has recently
been shown that ECST measurements have a linear
correlation with plaque risk whereas NASCET
measurements need to be transformed before show-
ing such a direct relationship [38].

A third method of using the diameter of the
undiseased common carotid artery as the denomi-
nator has also been investigated and was thought by
some to be superior to the two previous measure-
ments [62], [49]. There remains no consensus in the
literature, thus far, as to the gold standard measure-
ment that should be adopted when assessing luminal
stenosis using X-ray angiography.

One further factor, not controlled for in any an-
glographic study is one of projection. As shown in
Fig. 1, an angiographic measure of stenosis is based
on a 2D projection in the longitudinal direction of
the point of maximal stenosis. Unless the luminal
morphology is entirely round, this point of maximal
stenosis should be better considered to be described
by not one measurement, describing a circle but by
two, describing an ellipse. Although more recent ad-
vances in X-ray angiography have addressed this prob-
lem with the advent of 3D rotational angiography,
this is at the expense of significantly increased radia-
tion exposure to both the patient and the radiolo-
gist. Increasingly, luminal morphology has been

shown to be critical in the biomechanics of plaque
rupture and thus should be taken into consideration
in any model of plaque rupture risk [30], [4], [55],
[66], [56], [51].

Plaque morphology

Stary et al. in 1995 set out to define what histo-
logical characteristics of atheromatous plaque made
it vulnerable [50]. They defined a number of types
and characteristics, detailed in Table 1.

It is now well described that the vulnerable
atherosclerotic plaque has a thin, fibrous cap, exten-
sive and necrotic lipid core and a significant amount
of associated inflammation with infiltration of T
lymphocytes and activated macrophages [28], [40],
[5], [31], [52], [37], [46]. These inflammatory cells
are found predominantly in the shoulders of the
plaque in the fibrous cap, usually at its weakest point.
Once activated, these inflaimmatory cells secrete
proteolytic enzymes such as matrix metalloprotien-
ases (MMPs) which degrade the collaginous extra-
cellular matrix and serve to weaken the cap further,
tending to increase its risk of rupture. Direct inter-
actions with the vascular smooth muscle cells (VS-
MCs) may lead to promotion of VSMC apoptosis,
further weakening the cap [7], [29], [53], [71].

Thus the non-invasive detection of these com-
ponents is key to the ability to risk stratify patients

Table 1. American Heart Association (AHA) histological definitions of atherosclerosis (after [50])

Lesion Type Histological Classification Other terms used for the same Progression
lesions often based on appearance
with the unaided eye
Typel Initial lesion Early lesions
Type lla Progression-prone type Il lesion Fatty dot or streak
Type llb Progression-resistant type Il lesion
Type lll Intermediate lesion (preatheroma)
Type IV Atheroma Atheromatous plaque Intermediate lesions
Type Va Fibroatheroma (type V lesion) Fibrolipid plaque, fibrous plaque, plaque
Type Vb Calcific lesion (type VIl lesion) Calcified plaque Advanced lesions
Type Vc Fibrotic lesion (type VI lesion) Fibrous plaque Raised lesions
Type VI Lesion with surface defect,and/or Complicated lesion, complicated

haematoma-haemorrhage, and/or
thrombotic deposit

plaque
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with carotid atheroma, which conventional tech-
niques of luminology are unable to address.

Why fibrous cap thickness?

As early as 1992, Loree et al. published a study simu-
lating stress on idealised eccentric atheroma [30],
using an engineering method, Finite Element Analy-
sis, to determine the effect on the overall stress on
the plaque when varying the overall degree of steno-
sis and thickness of fibrous cap. They postulated that
the final link in the chain of plaque rupture was like-
ly to be mechanical stress on a chronically weak-
ened fibrous cap leading finally to rupture. Their sim-
ulations found that circumferential stress on the
plaque was exquisitely linked to the thickness of the
fibrous cap and degree of arterial remodelling (accord-
ing to the law of Laplace); the thinner the cap, the
greater the stress even at relatively low levels of ste-
nosis. Further, increasing the simulated stenosis from
70 to 99% by increasing the thickness of the fibrous
cap only, keeping the lipid core constant, served to
decrease the overall stress, quite contrary to the ac-
cepted thinking at the time.

More evidence comes from cardiological post-
mortem studies looking at culprit coronary lesions
for sudden cardiac death. These showed that respon-
sible lesions could be split broadly into three groups;
one, the so-called fibroatheroma, with a very thin
ruptured fibrous cap and extensive lipid core with as-
sociated intraluminal thrombus formation; two, the
erosion, with no evidence of plaque rupture or intra-
plaque haemorrhage but a denuded fibrous cap with
no overlying vascular endothelium and an associated
overlying thrombus; three, a thrombus overlying a
superficial calcified nodule. The fibroatheroma lesion
with thin fibrous cap was by far the most common.

More recently, clinical studies histologically
assessing symptomatic carotid atheroma following
endarterectomy have shown these patients to show
vulnerable plaque morphologies. Fig. 2 shows two
plaques with both MR imaging and corresponding
histology; one from an asymptomatic individual
with a thick, fibrous cap and one from a symptomat-
ic, showing a thin, vulnerable fibrous cap.

Why lipid core and inflammation?

The lipid core, once thought to be an inert deposition
of lipid is now known to be a highly biologically active
area. The core itself is predominantly composed of
foamy macrophages that are dead or dying with more
viable cells usually found at the interface between the
core and the fibrous cap, particularly at the shoulders
of the plaque. As macrophages translocate across the
intimal endothelium as a result of endothelial dysfunc-
tion, they take up oxidised LDL cholesterol which ac-
tivates them and encourages them to continue to do
this. Activated macrophages secrete proteolytic en-
zymes such as matrix metalloproteinases (e.g.,
MMP-7, MMP-9) which degrade proteins and
collagens making up the extracellular matrix of the
fibrous cap, so weakening it and ultimately increasing
its risk of rupture.

The AHA Classification of atheroma by Stary
et al. was an early attempt to correlate plaque morpho-
logical characteristics with risk and ultimately outcome.
Although this was undoubtedly a major step forward
for the field of atherosclerosis, two omissions have led
the classification to be modified. These two include the
most common form of fibroatheroma with a thin fi-
brous cap at high risk of rupture and the histological
characteristic of plaque erosions. Further, since its publi-
cation, atherosclerosis has been shown in numerous stud-
ies to be an active inflammatory systemic disease rather
than the inert deposition of cholesterol that it was
originally assumed to be [8], [14], [16], [18], [20], [27].

Thus, a larger lipid core represents a more active
atherosclerotic process and likewise a greater macro-
phage burden most likely reflects a greater risk of fi-
brous cap weakening and ultimately plaque rupture.

Imaging modalities for plaque
characterisation

Intravascular ultrasound (IVUS)

The use of an intravascular ultrasound catheter for
in-vivo use in humans was first reported by Nissen
et al. in 1991 [39]. They reported the use of this
technology to assess the wall morphology in the
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Fig. 2. Thick and thin fibrous cap: a intermediate T2 weighted MR imaging of an asymptomatic carotid plaque with coregistered histo-
logy below showing a thick fibrous cap (white arrow and between red and blue arrows) and fibrous cap/lipid core interface (red arrows);
b STIR sequence of a symptomatic carotid plaque with coregistered histology below showing a thin fibrous cap, clearly resolved using
the STIR sequence in-vivo.

coronary arteries of both normal patients and those
with coronary artery atheroma. Whist this techno-
logy is very promising in the assessment of ather-
oma, it is highly interventional and, as such unsuit-
able for screening applications. Its use has also been
reported intraoperatively to determine the extent of
the carotid atheroma and help plan not only arterio-
tomy but also safe and accurate placement of a vas-
cular shunt [21].

More recent studies have followed atheroma
progression using IVUS particularly in the context of

coronary atheroma. A combination of angiography
and IVUS known as ANGUS has been described to
reconstruct luminal and wall morphology in 3 di-
mensions using a “pull back” technique [48]. The
technique was first described in coronary arteries by
Slager et al. In 16 patients who were investigated 6
months following coronary stent implantation, a
sheath-based catheter was used to acquire IVUS
images during an R-wave-triggered, motorized
stepped pullback. First, a single set of end diastolic
biplane images were obtained to document the loca-
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tion of the catheter at the beginning of pullback.
From these images, the 3D pullback trajectory was
predicted. Contours of the lumen obtained from
IVUS were fused with this trajectory. Recon-
structions were obtained in 12 patients. Geometric
measurements in silhouette images of the 3D recon-
structions showed high correlation (kappa 0.84 to

0.97) with corresponding measurements in the actual
biplane angiographic images. Thus, using ANGUS,
they concluded that 3D reconstructions of coronary
arteries can be successfully and accurately obtained in
the majority of patients.

Examples of coronary IVUS imaging are given

in Fig. 3.

Fig. 3. a Intravascular ultrasound (IVUS) of a concentric, large coronary plaque with some “fibrotic” elements but no calcification; b IVUS
of an eccentric and “soft” coronary plaque, not significantly stenotic but may be vulnerable; ¢ Eccentric but circumferential involvement
“mixed” coronary plaque with a small deposit of calcium (white arrow) with shadowing behind (white star). The internal elastic lamina of
the vessel is delineated by the black arrows (courtesy Dr Murat E Tuzcu and Dr Steven Nissen).
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CT plaque imaging

Attempts at using CT to image the components of ca-
rotid atheroma have been described by Porsche et al.
[41], [42]. Fifty five patients undergoing carotid en-
darterectomy were imaged preoperatively using single-
slice spiral CT angiography. A total of 165 histological
sections were available for analysis. Plaque density was
measured (in Hounsfield units) on axial CT sections
and the presence or absence of ulceration was noted.
The CT images were co-registered with the appro-
priate histological sections. ANOVA testing revealed a
statistically significant decrease in CT attenuation val-
ues as total lipid content of the plaque increased, but
the standard deviation of these values was very high.
The authors were unable to demonstrate any other his-
tological factors that showed a statistically significant
correlation with CT attenuation. Plaque ulceration
was detected by CT with a sensitivity and specificity of
60% and 74%, respectively. The authors concluded,
therefore, that single-slice CT was unable to give use-
ful information regarding plaque composition and is
insufficiently robust to be a useful tool for characteri-
sation of carotid plaque morphology. Thus, as a tech-
nique, CT is unable to accurately resolve the difference
between fibrous cap and lipid core with the plaque but
can still be used to assess overall plaque burden.

Magnetic resonance imaging

Magnetic Resonance Imaging (MRI) is an attractive
non-invasive imaging modality for the assessment of
plaque morphology in-vivo, as it allows exquisite res-
olution and using multi-sequence techniques allows
good discrimination between fibrous cap and lipid
core [17], [57], [59], [15]. It is usually well tolerated
by patients and has few contraindications. Its other
disadvantages in the context of atheroma relate to rel-
atively long imaging time and availability of technol-
ogy such as dedicated surface radiofrequency coils to
maximise signal to noise ratio (Fig. 4).

Black-blood imaging

One of the major problems associated with vessel
wall imaging until fairly recently has been the ar-

Fig. 4. Four-channel phased array surface coil dedicated to ca-
rotid imaging to maximise signal to noise at a 12 X 12 c¢m field of
view (Flick Engineering).

tefact and bright signal from the moving blood
pool. “Black-blood” imaging allows the use of a 90
degree pulse and a 180 degree rephasing pulse to
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Fig. 5. (Black blood imaging) Partial sequence showing the use of two 180 degree RF pulses to allow the nulling of flowing blood. Inset:
an example of carotid black blood imaging. Vessel outlines can clearly be delineated.

null the blood (Fig. 5). Since the spins in the
blood are moving though the slice, the chances of
them being hit by both pulses is very small and
therefore their signal will be nulled providing that
the readout is at the point where the blood signal
crosses zero magnetization. To further enhance
this pulse sequence the use of saturation pulses
above and below the slice can ensure that the
blood pool remains dark.

Multi-sequence imaging

Since different components of the plaque have inher-
ently different signal characteristics on multi-spec-
tral imaging, by using a number of different sequences
including T; weighted, T, weighted, Short tau
inversion recovery (STIR) and proton density (PD)
sequences they can be distinguished from each other
in axial section. These signal characteristics are out-
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Table 2. Signal characteristics of different plaque components in different MR sequences. + is used to indicate enhancement, — is used
to indicate signal loss and +/— is used to indicate variable signal characteristics

T, Weighted Intermediate T, LongT, STIR
Weighted
Fibrous Cap + ++ ++ +++
Lipid Core + +/— +/— -
Calcium - - - -
Haemorrhage ++ +/—= +/— +/—=

lined in Table 2. A number of articles have been pub-
lished comparing the accuracy of this type of seg-
mentation with histology following endarterectomy
showing good correlation between the two. Yuan
et al. and Trivedi et al. published the most recent pa-
pers on this topic with over 200 cases in total [57],
[59], [67]-[70].

Trivedi et al. imaged 40 consecutive patients
scheduled for endarterectomy using a multi-sequence
high resolution MR protocol. Fibrous cap and lipid
core thicknesses were measured on MR and histology
images. Bland-Altman plots were generated to deter-
mine the level of agreement between the two meth-
ods and in all, 133 corresponding MR and histol-
ogy slices were identified for analysis. MR and
histology derived fibrous-cap to lipid-core thickness
ratios showed strong agreement with a mean diffe-
rence between MR and histology ratios of 0.02 (+/—
0.04). The intra-class correlation coefficient between
two readers for measurements was 0.87 (95% confi-
dence interval, 0.73 and 0.93). Thus, multi-sequence
imaging accurately quantified the relative thickness of
fibrous-cap and lipid-core components of carotid
atheromatous plaques.

Lipid core and total plaque burden consistently
show the closest correlation with fibrous cap thick-
ness assessment pushing the limits of MR resolution
achievable in a reasonable imaging time.

In order to maximise signal to noise ratio and
maintain imaging time for a unilateral carotid ex-
amination to approximately 45 minutes, many de-
signs of surface coils have been used. The authors
currently use a dedicated 4 channel phased array surface
coil (Flick Engineering Ltd., Holland) (see Fig. 4).

Many methods of image segmentation have
been published including manual segmentation and

fully automatic algorithms based on probabilistic
analysis. These have always been shown to work well
on high resolution ex-vivo data, imaging the plaque
either in a microcoil on a standard 1.5 T clinical ma-
chine, or in a high-field machine (9.8 T). The semi-
automated algorithms appear to be less robust when
dealing with in-vivo data since resolution and SNR
are must less optimal in the in-vivo setting.

From plaque morphology to function

Plaque haemorrhage and direct

thrombus imaging

Although plaque structure is key to determination
of individual risk, plaque physiology and function
also plays a pivotal role. Histologically, atheroma-
tous plaque has been shown not only to have a
thin fibrous cap with extensive lipid core but also
neovessel formation within the plaque [32], [33],
[54] and associated plaque haemorrhage [3]. From
post mortem coronary studies, haemorrhage is
thought to be either associated with plaque
rupture as the tissue factor and pro-coagulative
cytokines in the lipid core are exposed to flowing
blood following rupture of the fibrous cap, or de-
novo thrombus overlying a denuded area of fibrous
cap as previously described. It is likely that weak
walled neovascularisation ruptures to create intra-
plaque haemorrhage and it is this that leads to fur-
ther plaque vulnerability. Since blood itself has
very specific signal characteristics on MR imaging,
this can be taken advantage of in an attempt to
image intraplaque haemorrhage.
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Fig. 6. (DTI) Direct Thrombus Imaging of the carotid arteries of a patient with a right sided symptomatic stenosis of 90% by NASCET crite-
ria (courtesy of Dr Alan R Moody). The high signal indicating an acute thrombus is indicated with a white arrow. This was confirmed to be
an acute thrombus in the plaque at histology following endarterectomy (image courtesy Dr Alan Moody).

As blood clots, methaemaglobin is formed. This
shortens T} of the clot significantly leading to bright
signal on T; weighted imaging. Unfortunately, this
haemorrhage is usually found within the lipid core

and since fat is usually high signal on T; imaging,
the very short T, species of the clot are obscured.
Moody et al. reported the use of a T; weighted se-
quence known as direct thrombus imaging (DTT)




S.P.S. Howarth et al.

115

Fig. 7. Low power light microscopy (X 10) of Elastin Van Gieson (EVG) stained plaque from an asymptomatic (a) and symptomatic (b) indi-
vidual. The symptomatic plaque has a much more extensive lipid core (blue star) and relatively small fibrous cap in relation to this; ¢ anti
CD-31 (immunohistochemical stain) high power microscopy (X40) of the symptomatic plaque in A showing extensive neovessel forma-
tion (black arrows) close to the lumen (red star); d anti CD-31 (immunohistochemical stain) high power microscopy (X40) of the symptom-
atic plaque at the fibrous cap/lipid core (black arrows) interface showing weak positivity (red arrow) suggesting a small condensation of

neovasculature.

that overcame this problem [22], [36], [35]. Their
approach was to use a selective water excitation
pulse to null the fat in the lipid core, so allowing the
T effect of the methaemaglobin to been seen. Fig. 6
shows an example of this sequence.

They imaged 63 patients with symptomatic ca-
rotid stenosis using this technique and compared
MR imaging to postoperative histology. There was

said to be a correlation if the artery showed high
signal on MR imaging within 1 cm of the point of
maximal stenosis and histology showed a Type IV
plaque according to the AHA Classification of vul-
nerable plaque by Stary et al, first published in
1995.

DTT was shown to have an 84% sensitivity and
specificity with a positive predictive value of 93%
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and negative predictive value of 70%. Intra and in-
terobserver error was acceptable with a Cohen’s

kappa of 0.75 and 0.9, respectively.

Neovascularisation

Work is ongoing regarding this difficult topic. Since it
has been found that rupture of neointimal vessels and
vasa-vasorum can lead to plaque haemorrhage and
thrombosis, some attempt has been made to quantify
and characterise the extent of neovessel formation
using MR imaging [68], [23], [64], [65]. U-King-Im
et al. showed in a small study that neovescularisation,
as assessed by immunohistochemistry following end-
arterectomy, correlated reasonably well with late
uptake of Gadolinium (Gd) into the plaque [61].
They used a standard T; weighted sequence, imaging
0, 8 and 12 minutes following the administration of
Gd. Although a small sample size, plaques showing a
greater degree of neovessel formation tended to show
a greater late signal enhancement. More studies need
to be performed in this area to determine whether or
not this technique could become a viable clinical tool.
Wiasserman et al. have recently studied the wash-in
kinetics of gadolinium into fibrous cap and lipid core
of atheromatous plaque which may well correlate with
neovessel density [64]. Fig. 7 shows the histology of
neovascularisation in a symptomatic carotid plaque on
CD-31 staining (an endothelial marker) and at low
power on EVG staining. An asymptomatic plaque is
presented for comparison.

In-vivo imaging of inflammation

One of the major components of plaque pathophysiol-
ogy that has been shown to be closely related to pla-
que vulnerability is the inflammatory milieu within.
This has been shown to be comprised of monocyte
macrophages, T cells and dendritic cells. Until rela-
tively recently, there has been no way to image these
cells or quantify the extent of the inflammatory com-
ponent within the plaque. There are two techniques
reported in the literature now capable of doing just
that; positron emission tomography (PET) and ul-
trasmall superparamagnetic iron oxide (USPIO) en-
hanced MR imaging.

Positron emission tomography (PET)

PET imaging is based on the principle that when a
positron meets an electron, it annihilates emitting a
quantum of energy in the process. This energy (in
the form of two gamma rays going in opposite di-
rections) can be detected and this information can
be used to determine where the positron emanated
from. PET wuses isotope tagged analogues, most
commonly of glucose or water that decay giving off
these positrons. As they annihilate with surrounding
electrons, a picture can be made up of where the
glucose or water was in highest concentration.

Rudd et al. reported the use of the glucose analogue
[18F]-fluorodeoxyglucose (*|)FDG) to determine the
metabolic activity or carotid atheroma [44]. Eight pa-
tients with symptomatic carotid atherosclerosis were
imaged using ®FDG-PET and co-registered CT.
Symptomatic carotid plaques were visible in ®*FDG-
PET images acquired 3 hours post-®FDG injection.
Six of the 8 patients had contralateral asymptomatic
stenoses ranging from 35% to 75%. A comparison
was made between the net ¥FDG accumulation rate
in symptomatic plaques and contralateral asymptom-
atic lesions. In all cases, symptomatic lesions had
statistically significantly higher estimated ¥FDG ac-
cumulation rates than asymptomatic lesions.

The 2 remaining patients had angiographically
normal arteries on the asymptomatic side, with no
significant uptake of FDG into those vessels.
There was no measurable FDG uptake into nor-
mal carotid arteries.

In a separate autoradiographic study, 3 carotid
plaques from symptomatic patients were incubated
whole with *°Ci tritiated deoxyglucose (an in vitro
analogue of ®FDG) in 5 mL Medium 199 (Sigma)
for 60 minutes at 37° C. Paraffin sections of 5 pm
thickness were coated with autoradiographic emul-
sion (LM-1, Amersham), exposed for 6 weeks, de-
veloped, and counterstained with hematoxylin and
eosin. Control slides were prepared without radioac-
tivity. Autoradiography of these excised plaques con-
firmed accumulation of deoxyglucose in macro-
phage-rich areas of the plaque, predominately at the
lipid core/fibrous cap border of the lesions. There
was little or no uptake in other areas of the plaques
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Fig. 8. (PET) Left to right shows PET, contrast CT, and co-registered PET/CT images in the sagittal plane, from a 63-year-old man who had
experienced 2 episodes of left-sided hemiparesis. Angiography demonstrated stenosis of the proximal right internal carotid artery; this
was confirmed on the CT image (black arrow). The white arrows show 18FDG uptake at the level of the plaque in the carotid artery. As
expected, there was high 18FDG uptake in the brain, jaw muscles, and facial soft tissues (image courtesy Dr James Rudd).

and control sections showed no development of sil-
ver grains. Thus, this study demonstrated that ath-
erosclerotic plaque inflammation can be imaged
with BFDG-PET, and that symptomatic, unstable
plaques accumulate more ¥FDG than asymptomatic
lesions, having a higher metabolic rate.

An example of a PET ®FDG study of carotid
atheroma can be seen in Fig. 8.

PET is of course limited by the physics of the
process and the resolution can never be greater than
the minimum distance that a positron can travel in
the body before meeting another electron. Thus,
current resolution is between 2.5-5 mm. In order to
improve spatial analysis, PET is often co-registered
with either CT or MR. Whilst a powerful tool, met-
abolic activity is still only a surrogate for macro-
phage burden and since the resolution is limited to
millimetres, spatial localisation of macrophages with-
in the plaque is not possible using this technique.
Further, the need for on-site cyclotron support for
some isotopes (though FDG specifically does not
require this) and extensive infrastructure required for
PET imaging relegates the technique to a powerful
research tool and unlikely to be used to any great ex-
tent in the clinical arena.

MR imaging of inflammation

The use of USPIO enhanced MR plaque imaging
has been reported in a number of studies and takes
advantage of the phagocytotic activity of human

monocyte macrophages. Although a number of dif-
terent USPIO compounds have been synthesised,
they all share the same basic structure; that of a fer-
rous core surrounded by a dextran coating. It is this
coating that allows the USPIO particles, when ad-
ministered, to be phagocytosed by the macrophages
and since inflammation within atheroma is a dy-
namic process, with transit of macrophages to the
plaque, replacing dying cells in the lipid core, after
approximately 24-36 hours, these peripheral
iron-loaded cells will make their way to the site of
any inflammation, including inflammatory plaque
[10], [13], [19], [43]. Figure 9 shows USPIO accu-
mulated within the lysosomes of a macrophage on
transmission electron microscopy.

The USPIO particles themselves emit a tiny
magnetic field around them and this serves to de-
phase the MR signal, leading to a susceptibility ar-
tefact most clearly seen on T,* imaging. Thus,
USPIO-laden macrophages produce a region of sig-
nal drop on T,* imaging. Of course, since other pla-
que components can display very little signal, most
notably calcium deposits, a pre USPIO imaging da-
taset needs to be obtained to ensure that the signal
drop demonstrated is new following USPIO infu-
sion. Originally developed for the imaging of metas-
tatic disease [2], [1], [6], [24], [45] this technology
has now also been successfully employed in the imag-
ing of inflammatory carotid atheroma [9], [26],
[58], [60]. Trivedi et al. showed that maximal signal
loss is seen at between 24 and 36 hours following
USPIO infusion [58]. Eight symptomatic patients



Fig. 9. Main image shows transmission electron micrograph of USPIO accumulation within a human monocyte macrophage. Accumula-
tion is confined to the lysosomes of the macrophage (black arrow). Inset a and b shows the tendency of USPIO to clump together when
present in high concentration (a) when compared with low concentration (b) (images courtesy Dr Jeremy Skepper).
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Fig. 10. (USPIO) a and b Symptomatic inflamed carotid plaque pre and 36 hours post USPIO infusion, respectively. Signal drop secondary
to the T,* susceptibility effect of USPIO can be easily seen (yellow arrow). ¢ and d Corresponding histology double-stain of Perls (blue
Iron stain) and CD-68 (for macrophages) at two magnifications X 10 and X40 which show USPIO being taken up by cells in the shoulder
regions of the plaque (red arrows) and that USPIO (yellow arrow) co-localises to CD-68 positive cells (blue and white arrow).

were imaged at 8, 10, 24, 26 and 72 hours following
infusion of the USPIO contrast agent. The follow-
ing ECG-gated, fat-suppressed pulse sequences
using double-inversion blood suppression were used
on each occasion: 2D T;-weighted fast spin-echo
(repetition time [TR]/echo time [TE] eff 1 R-R/7.8
ms; voxel size 0.4 X 0.4 X 3 mm; echo train length
= 12 matrix: 256 X 256 and 2 signal averages) and
2 2D T,*-weighted spiral acquisitions using spec-
tral-spatial excitation pulses, 1 with a TE of 5.6 ms

and 1 with a TE of 15 ms; both sequences used a
TR of 1 R-R. The inversion time of the postinfu-
sion T;-weighted sequence was adjusted to counter
the USPIO shortening effect in blood. The multi-
shot spiral sequence involved the acquisition of 22
spiral interleaves, each of 4096 data points, resulting
in an effective in-plane pixel size of 0.42 X 0.42
mm; 2 signal averages were performed. Signal loss
was determined from the pre and post signal when
normalised to the surrounding muscle to attempt to
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eliminate at much signal variation as possible across
the coil between the various time points. Following
this, plaques were excised and underwent Perls his-
tological staining for iron in an attempt to co-loca-
lise macrophages with USPIO. Transmission elec-
tron microscopy was utilised to visualise the USPIO
particles within the phagolysosomes of the macro-
phages (Fig. 9) 7 of the 8 plaques displayed signal
loss in regions of interest following USPIO infusion
and once co-registered with as many histological
slices as possible, Perls staining correlated with re-
gions of signal loss on MR. Double staining with
anti-CD68 and Perls confirmed Perls positivity
within CD68 positive macrophages (Fig. 10).

Other MR contrast agents
for plaque imaging

Although not yet used in-vivo in humans, early rab-
bit models of atheroma suggest that the new con-
trast agent, gadoflourine has a high affinity for lipid
rich and improves vessel wall delineation in T,
weighted sequences. Sirol et al. published data on
gadoflourine enhanced imaging in a rabbit model of
atheroma [47].

Twelve rabbits with aortic plaque and 6 controls
underwent MRI before and up to 24 hours after
gadofluorine injection (50 micromol/kg). Two T;-
weighted, segmented gradient-echo sequences (TFL)
were compared to enhance vessel wall delineation af-
ter injection: (1) an inversion-recovery prepulse (IR-
TFL) or (2) a combination of inversion-recovery and
diffusion-based flow suppression prepulses (IR-
DIFF-TFL). At 1 hour and 24 hours after injection,
the contrast-to-noise ratio was higher with the use of
IR-DIFF-TFL than with IR-TFL. There was no en-
hancement in the vessel wall after gadofluorine injec-
tion in the control group. A strong correlation was
found (r* = 0.87; P < 0.001) between the lipid-rich
areas in histological sections and signal intensity in
corresponding MR images.

Although these are promising results, there is
some question over the safety of the compounds use
in the context of human studies and further work
needs to be done in this area.

Positive MR contrast agents are being developed
that are much more targeted than the first generation
agents such as simple gadolinium or even USPIO.
Work thus far in humans has been limited to fibrin
targeted gadolinium-based imaging [12]. However,
molecular targeting of contrast agents to either mem-
brane bound receptors or free proteins will eventually
allow “in-vivo microscopy” at an exquisite resolution
with the use of high-field clinical systems. Such po-
tential targets could include IL-1 receptors, MMP-7,
MMP-9 and TNFalpha to name but a few. Receptors
involved in the apoptotic pathway in VSMC:s are also
under scrutiny as potential targets although, as yet, no
useable agents have come forth from this research.
Macrophage markers, well known in histological
circles such as MAC387 and CD68 could well be
used as targeted moieties for specific USPIOs to fur-
ther aid localisation of USPIOs to these cells.

It is quite clear that luminal stenosis alone is an
inadequate predictor of risk in carotid stenosis. The
accurate in-vivo assessment of risk in carotid atheroma
is essential to the correct targeting of interventions in
the asymptomatic population, so minimising popula-
tion morbidity. As interventions eventually become
more pharmaceutical in nature, in-vivo follow up imag-
ing using standardised measures of plaque risk will be
required to assess stabilisation over time.

A combination of detailed plaque morphology
and plaque physiology will need to be used to assess
risk in the asymptomatic population and to inform
subsequent intervention.
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Internal carotid artery (ICA) dissections are an increas-
ingly recognized cause of stroke, particularly due to
the development of non-invasive imaging techniques
in the last few years. Most reported dissections involve
the extracranial portion of the ICA, even though dis-
section of its intracranial portion has been more reco-
gnized and described recently.

Dissection is one of the most frequent etiologies
of ischemic strokes in patients younger than 50, with
no male/female preponderance.

Experimental knowledge

Dissections can be traumatic or spontaneous in ori-
gin. Most of the dissections are probably traumatic in
origin, with minor or trivial trauma observed in 40%
of the cases [90]. Such trivial traumas such as rapid
head turning, unusual positions of the neck and head,
prolonged bouts of coughing, vomiting and sneezing
are often forgotten or not considered relevant by the
patient and careful questioning is necessary to elicit
them.

Connective tissue disorders (Ehlers-Danlos,
Marfan syndrome, pseudoxanthoma elasticum), fibro-
muscular dysplasia, cystic medial necrosis, intimal fi-
broelastic aberrations have been associated with ca-
rotid dissections [40], [17] [42]. Intracranial
aneurysms, polycystic kidney disease, widened aortic
root and arterial redundancies (kinks, coils and loops)
are also commonly associated with dissections sug-
gesting an underlying generalized arteriopathy [17],
[42], [10].

Migraines are more prevalent in patients with ar-
terial dissections than in the general population [92].
The development of local vascular edema during a

migrainous attack has been posited as a potential
mechanism to the development of intracranial diss-
ection in those patients [84].

Dissections usually involve the mobile portions
of the arteries: the upper cervical segment of the ex-
tracranial ICA and the supraclinoid segment of its
intracranial portion.

Dissections are produced by the penetration of
circulating blood into the vessel wall. The dissection
can involve the subintimal and intramedial layers
causing stenosis or occlusion of the artery, or the
subadventitial layer leading to an aneurysm forma-
tion. The hemorrhage can rupture back through the
intima to the vessel lumen, producing a false lumen.

Okamoto et al. recently reported a study where
experimental dissections were created in the com-
mon carotid arteries of mongrel dogs. Morphologic
changes were closely related to the size of the inti-
mal entry zone with small lesions resulting in spon-
taneous healing, medium lesions inducing aneurysm
formation and large lesions causing stenosis or
occlusion of the artery [72].

Clinical knowledge

Extracranial ICA dissection

Clinical presentation

Patients with extracranial ICA dissection usually pre-
sent with ipsilateral sharp pain in the neck, jaw and
pharynx associated with a throbbing unilateral head-
ache [73], [35], [78], [16], [41], [86], [40], [20]. The
pain usually precedes the development of ischemic
strokes or transient ischemic attacks (TIAs) for a few
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days or weeks. A partial ipsilateral Horner syndrome
(ptosis and miosis) is commonly observed and
caused by involvement of the sympathetic fibers
traveling along the ICA wall. Ipsilateral pulsatile
tinnitus and lingual paresis can also be seen in some
patients.

TIAs are common and can involve the ipsilateral
eye or middle cerebral artery (MCA) territory. Most
of them are felt to be secondary to distal cerebral hy-
poperfusion. Ischemic strokes usually involve the
MCA territory and most of those patients have evi-
dence of intra-arterial emboli from a thrombus on
the site of the dissection [78], [41], [20].

The most common clinical presentation in pa-
tients with pseudoaneurysm formation is dysfunc-
tion of the lower cranial nerves (IX, X, XI, XII) at
the skull base.

Approximately 5% of the patients with arterial
dissection are asymptomatic and discovered inciden-

tally [78].
Imaging studies

The diagnosis of extracranial ICA dissection can be
made by noninvasive vascular imaging techniques
such as ultrasonography, computed tomography an-
giography (CTA), and combined magnetic reso-
nance imaging (MRI) and magnetic resonance an-
giography (MRA). Catheter angiography has been
considered the gold standard for the diagnosis of ar-
terial dissection [66], but in recent years its use has
become limited to selected cases when the diagnosis
of dissection is still indeterminate after non-invasive
methods were used.

Ultrasound techniques
Ultrasound techniques, including extracranial Dopp-
ler, color-coded duplex ultrasonography and transcra-
nial Doppler are usually abnormal in most patients
with ICA dissection, but are rarely specific (Fig 1).
Common findings on Doppler are the presence
of high-resistance bidirectional flow pattern along
the ICA up to the mandibular region and reduced
velocity in both proximal ICA and common carotid
artery (CCA) reflecting a distal ICA obstruction
[89], [45], [87].

With Duplex examination the most common
direct sign is a tapering ICA lumen occurring in
about 2/3 of the cases, while a double lumen and in-
timal flap are less commonly seen. Presence of a pat-
ent bulb despite an absent flow signal, stump flow,
lack of wall pulsations and absent atheromatous
plaque are commonly seen in patients with carotid
dissection, but are less specific [89].

Transcranial Doppler can show compromise of
the intracranial blood flow in the cerebral arteries
distal to the ICA involved [87], [51] as well as high-
intensity transient signals suggestive of intracranial
microembolism from the dissected artery in the
neck [85], [51], [8] (Fig. 2). Taken together, the
overall sensitivity of those techniques to detect arte-
rial dissection is approximately 95% [89].

The main limitations of this technique include
suboptimal visualization of dissections in the distal
ICA which is the most common location and pseudo-
aneurysms as well as technical difficulties associ-
ated with the presence of a short and/or large neck,
poor transtemporal windows and high cervical bi-
furcations.

Magnetic resonance

Magnetic resonance imaging (MRI) and magnetic
resonance angiography (MRA) of the neck can pro-
vide morphological details as well as document in-
traluminal blood flow, respectively, in patients with
ICA dissection and is frequently the first choice of
imaging studies in the work-up.

The typical MRI appearance of a dissected artery
in cross-section is an increased diameter of the artery
with an eccentric narrowed lumen caused by the pres-
ence of an intramural hematoma [36], [97], [74]. The
hematoma can be crescent, oval or circumferential and
can be detected on spin-echo T1- and T2-weighted
images and fat suppressed T1-weighted techniques
[37] (Fig. 3). The lumen containing a flow void indi-
cating patency is usually the true lumen.

The signal intensity on T1- and T2-weighted
images depends on the age of the hemorrhage [57].
In the acute phase the intramural hematoma appears
isointense on T'1 and hypointense on T2 (deoxyhe-
moglobin phase) and then becomes hyperintense in
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Fig. 1. Doppler scan showing reduced velocity in
the proximal, mid and distal portions of the RICA in
a patient with RICA dissection. Color Duplex scan
(bottom) in the same patient showing the presence
of diffuse narrowing of the submandibular portion
of the RICA.
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Fig. 2. Top: TDCin a patient with RICA dissection sho-
wing decreased velocity with blunted waveform in the
ipsilateral MCA reflecting the compromised cerebral
blood flow distal to the occlusion. Bottom: Presence of
high intensity transit signals in a patient with RICA diss-
ection suggestive of intracranial embolism.
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Fig. 3. Fat-suppressed T1-
weighted imaging show-
ing eccentric narrowed
lumen and the presence
of an intramural hema-
toma in both distal ICA
suggestive of bilateral ICA
dissection.
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the subacute stage (methemoglobin phase). Because
the high signal seen on T1-weighted images in the
subacute stages of the hematoma can blend in with
surrounding fat, fat-suppressed T1-weighted techni-
ques are used to better delineate the subacute intra-
mural hematoma, vessel wall thickening and overall
vessel diameter [74]. The length of the dissection
can also be estimated [36]. The abnormal signal can
persist for several months and may be detected in
70% to 100% of dissected vessels [88], [97], [55],
[89]. Other MRI findings include stenosis or occlu-
sion of the carotid artery, but these markers lack
specificity.

Three-dimensional time-of-flight magnetic re-
sonance angiography (3D TOF MRA) without
gadolinium can show the presence of a double-lu-
men, string sign, wall irregularity and aneurysmal
dilatation, not usually seen on segmental MRI (33)
(Figs. 4 and 5). Levy et al. showed 84% and 95%
sensitivity for MRI and 3D TOF MRA respectively
and 99% specificity for both techniques as compared
with 4-vessel angiography . Two-dimensional time-
of-flight (2D TOF) MRA can be used to cover a
larger area although is more susceptible to artifacts
from turbulent flow.

An important aspect of the axially acquired
2D TOF or 3D TOF MRA studies is the close
inspection of the axial source data that can often
demonstrate a double lumen as well as the intimal
flap.

Limitations of MRI and MRA include: artifacts
from swallowing or patient’s movement, tendency to
overestimate the degree of stenosis and difficulties
detecting an acute hematoma and distinguishing it
from slow flow or intraluminal thrombus [97], [7],
[26]. MRI and MRA are also less sensitive than
conventional angiography for detection of fibro-
muscular dysplasia [55], [26], [69] and aneurysmal
dissection [55], [89].

Important advances have been made recently
with the advent of MRA with contrast. MRA with
gadolinium infusion allows a quick evaluation of
the full extent of the cervical vessels from the arch
to the intracranial segment as well as provides a
high-quality image with less flow-related artifacts
and in-plane saturation allowing a better evaluation

of tortuous arteries, a more precise assessment of
the degree of arterial stenosis and better detection
of pseudoaneurysms [53] (Figs. 6 and 7). Slight lu-
minal abnormalities may not be as well detected as
compared with angiography [53] and subadven-

titial hematomas can also be missed [4].

Computed tomography (CT)
Conventional CT using dynamic CT technique
(axial images at a single level during contrast ad-
ministration) or dynamic incremental CT (dyna-
mic CT with multilevel slices) has been used in
patients in patients with cervical arterial dissec-
tion [97], [28], [76]. Narrowed eccentric lumen,
mural thickening and thin annular contrast en-
hancement were the most common signs sugges-
tive of arterial dissection using this technique.
With the advent of multidetector CT scan-
ners, computed tomography angiography (CTA)
has emerged as a non-invasive alternative for the
diagnosis of cerebrovascular disease (Figs. 8-10).
Leclerc et al. [54] found that a narrowed eccentric
lumen at the upper segment of the ICA was a
sensitive and specific finding in patients with a
stenotic type of dissection, while an increase in
external diameter was the most common finding
in patients with occlusive-type dissection. Arterial
wall thickening was very specific but less sensi-
tive, while thin annular contrast enhancement was
a less reliable sign. Since CTA is independent of
flow phenomena, even small residual lumen and
pseudoaneurysms causing slow or turbulent flow
can be detected [71], [70], [33], [6]. However,
subtle intimal flaps and intramural thrombi can
escape detection with CTA [54], [70]. Also, the
external wall of the vessel can be difficult to visua-
lize accurately.

Angiography

Angiography has made it possible to classify carotid
dissection into 3 patterns: stenotic, occlusive and
aneurysmal types. The stenotic type [76], [6], [67],
[15], [32] is the most frequent one and is character-
ized by a luminal narrowing usually irregular and ta-
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Fig. 4. Cross-section images of a 3D-TOF
MRA showing a LICA pseudoaneurysm
(bent-up arrow).
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Fig. 5. 3D TOF MRA of the intracranial vessels, showing a large pseudoaneurysm (arrow) arising from the distal ICA below the level of entry
in to the skull base with presence of irregularity proximal to this segment (arrow head). A small pseudoaneurysm in the RICA is also seen be-
low the entry into the skull base (curved arrow). Presence of an intimal flap in the distal horizontal segment of the RICA (bent-up arrow).
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Fig. 6. MRA with gadolinium showing prominent tortuosity of both ICAs and presence of bilateral pseudoaneurysms (arrows).

pered that starts 2-3 cm above the bifurcation extend-  section can extend to the cavernous portion of the
ing over several millimeters, often to the base of the  carotid artery and sometimes involve the intracranial
skull (“string sign”) (Fig. 11). Occasionally the dis-  arteries. A carotid artery occlusion secondary to dis-
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section [6], [67], [15] also starts a few centimeters
distal to the bifurcation and is characterized by a gra-
dual tapering resembling a flame (“flame sign”). The
incidence of dissecting aneurysms varies from 3% to

56% [76], [6], [67], [15], [32] and takes the appear-

Fig. 7. MRA of the head and neck with gadolinium
showing diffuse narrowing of the distal RICA (ar-
row) and mild iregularities of the distal LICA (cur-
ved arrow) compatible with bilateral ICA dissec-
tions.

ance of an extraluminal pouch filled with contrast
agent (Fig. 12). Occasionally the only abnormality
seen in patients with carotid dissection is an irregular-
ity of the vessel wall [15]. A combination of these

different features may be observed as well.
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Fig. 8. a CTA of the neck from the same pa-
tient on Fig. 7 one week later showing a LICA
pseudoaneurysm in the distal cervical seg-
ment; b CTA source images from the same pa-
tient showing bilateral ICA dissections.
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I't carotid

Fig. 9. CTA of the neck showing the presence of a luminal narrowing starting 2 cm above the RCA bifurcation and extending to the base

of the skull (string sign).

Angiography can also document underlying
abnormalities that can predispose to arterial dis-
sections such as fibromuscular dysplasia and inter-
nal carotid artery redundancies (loops, coils and
kinks).

Even though angiography is still considered the
gold standard for diagnosis of carotid dissection, it
carries an increased risk of complications [46] since
it is an invasive technique. Also, a double lumen and
intimal flaps are rarely visualized with this technique
[6], [67], [16] and the external wall is also rarely vi-
sualized.

Differential diagnosis

Cluster headaches might be confounded with an
ICA dissection since classically it presents as facial
pain and an ipsilateral Horner’s syndrome, however
the episodes are usually brief and focal signs rarely
occur [77].

Complicated migraine is also in the differen-
tial, even though most of the time, the patients re-
cognize the attacks as their usual migraine. Changes
in the characteristics of the headache should raise a
red flag, since a possible association between mi-
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Fig. 10. CTA showing an increase in the diameter of the LICA (arrow) and the presence of an intimal flap (bent-up arrow).

graines and arterial dissections has been described
[90], [37].

Herpes zoster involving the ophthalmic branch of
the trigeminal nerve can also mimic dissection initially
since it presents with unilateral facial pain and blurred
vision before the typical rash develops [93].

Treatment

There have been no controlled trials of medical
therapy for the treatment of ICA dissections. Some
authors, with the goal of preventing intra-arterial
embolism and further strokes, have advocated short-
term anticoagulation with heparin followed by Cou-
madin [19], [79], [12], [58]. The long-term safety of
antithrombotic therapy (anticoagulants or antiplate-
lets) has been shown in patients with carotid artery
dissection [34] and the potential risk of a spread of
mural hematoma, which has prevented some authors

from using heparin, has never been demonstrated
[40], [96]. The optimal duration of anticoagulation
has not been established, but treatment for 3 to 6
months is usually advocated. Anticoagulation may be
stopped earlier if complete recanalization is demon-
strated or may be continued in cases of persistent ste-
nosis of the artery. In patients with chronic occlusion
of the artery, there is probably no benefit of conti-
nuing anticoagulation [19], [96].

The feasibility of IV TPA in patients with acute
ischemic stroke secondary to carotid dissection has
also been demonstrated [30], [5].

Fortunately in the vast majority of the cases
there is complete recanalization and healing of the
dissected arteries within the first few months of the
initial event [90], [16], [87], [6], [67], [15]. How-
ever, in a subgroup of patients, the recanalization of
the vessel fails to occur and patients are left with se-
verely stenotic vessels, sometimes associated with
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Fig. 11. Cerebral angiography showing a stenotic type of ICA
dissection (“string sign”).

pseudoaneurysm formation. In such cases antico-
agulation will prevent further thromboembolic
events, but not hemodynamic ones associated with
low cerebral blood flow. Also, at times, anticoagu-

lation may be contraindicated because of the risk of
pseudoaneurysm rupture [3]. Occasionally, the false
lumen can remain patent.

Surgeries including carotid ligation, resection
with revascularization and bypass have been used
when symptoms progress despite the best medical
treatment or when a pseudoaneurysm is present.
More recently, stents with and without coil place-
ment have provided a new option for some of those
patients with successful results [14], [23], [24], [59].

Prognosis

The prognosis of extracranial dissections is quite het-
erogeneous varying from asymptomatic cases (ap-
proximately 5% of the patients) to major sequelae
and death in about 15% of the patients. However,
most of the patients have excellent or good recovery
(891, [87], [56].

Complete recanalization of the ICA occurs in
approximately two thirds of patients with occluded
vessels and 90% of patients with initial stenosis,
usually within the first two months of symptom on-
set [90]. Rarely, recanalization is detected after 6
months of a dissection.

Recurrence rates for arterial dissection vary in
different series from 3-8% [56], [11], [80] and are
higher in younger patients, patients with positive fa-
mily history or patients with an underlying arterio-

pathy [56], [11], [80], [81], [38].

Intracranial ICA dissection

Clinical presentation

Contrary to the patients with extracranial ICA dissec-
tion, patients with intracranial involvement usually
present with a severe retro-orbital, frontal and/or tem-
poral headache followed almost immediately by neu-
rological signs [35], [22], [65], [95]. Fluctuation of the
neurological signs during the first two weeks after
symptom onset is common and likely secondary to ce-
rebral hypoperfusion. The MCA territory is often in-
volved [22].
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Fig. 12. Cerebral angiogram showing a saccular pseudoaneurysm (arrow) just below the skull base and immediately proximal to the carotid
canal.

Even though more common in patients with ver-  Imaging studies
tebro-basilar dissection [60], [13], [2] subarachnoid
hemorrhage due to rupture of a pseudoaneurysm has ~ Most of the reports published so far have used an-

been reported in a few patients with intracranial ca-  giography to diagnose those patients with intracra-
rotid artery dissection [22], [62], [64], [43], [49]. nial dissection [22] (Figs. 13 and 14). Little is report-
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ed about the utility of other non-invasive imaging
modalities, such as TCD, CTA and MRA, to di-
agnosis this condition.

The typical angiographic findings of intracra-
nial ICA dissection are similar to those of its ex-
tracranial portion. String sign, double lumen
(Fig. 13), irregular scalloped stenosis and vessel
occlusion are usually seen when the dissection in-
volves the subintimal and intramedial layers and
aneurysm formation when the subadventitial layer is
affected (Fig. 14) [10], [72], [73].

The most common intracranial site is the supra-
clinoid segment of the ICA with occasional exten-
sion to the MCA and/or ACA [72], [82].

Subarachnoid hemorrhage and aneurysm for-
mation are common in patients with intracranial
dissection, but rare in patients with extracranial in-
volvement [13]. The presence of a thinner media
and adventitial layers and lack of well-developed ex-
ternal elastica lamina in the intracranial arteries have
been implicated as the main factors favoring sub-
arachnoid hemorrhage in those patients [74].

Differential diagnosis

Occasionally patients with intracranial dissections
have been diagnosed as having vasculitis [72]. The
only vasculitis that can affect the distal portions of
the ICA is giant cell arteritis [83]-[85]. However, in
most of these patients, only the petrous and caver-
nous portions of the ICA are involved, without in-
volvement of its supraclinoid portion [86]. Clini-
cally, giant cell arteritis affects a much older
population and is commonly associated with an in-
creased erythrocyte sedimentation rate [87].

Treatment

The treatment of intracranial ICA dissection is con-
troversial. The development of hemorrhagic trans-

Fig. 13. MRA of the head (left image) showing a filling defect (ar-
rowhead) in the distal portion of the right ICA and proximal MCA.
Cerebral angiography (right images) showing the presence of
double lumen in the right MCA stem (black arrow) and a narrow-
ing of the supraclinoid portion of the RICA (white arrow).
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Fig. 14. Cerebral angiography showing an irregular aneurysm in the right A2 segment (left image, arrrow) with proximal narrowing of
the right A1 segment and supraclinoid portion of the right ICA (right image, arrow).

formation and progression of the dissection during
heparin treatment have prompted speculation that
anticoagulation may be harmful in these patients
[88], [89]. On the other hand, spontaneous progres-
sion in patients not anticoagulated has argued the
opposite [90], [91].

Chaves et al. [72] reported no complication in
patients with intracranial dissection treated with an-
ticoagulation or antiplatelet treatment.

Surgical repair of intracranial dissections have
been performed in patients with subarachnoid hem-
orrhage, but the incidence of spontaneous healing
and recurrent bleeding is not known.

Prognosis

In contrast with most of the older literature [82],
[92]-[94], in which massive stroke has been the
rule with 75% mortality, most recent reports have
shown better outcome probably due to a higher
index of suspicion and improved diagnostic me-
thods allowing antemortem diagnosis [72], [95],
[96].

Aspects for the future

Further development of non-invasive imaging tech-
niques will allow an easier detection of patients with
intracranial dissection as well as of any associated un-
derlying arteriopathy. High-field MRIs are currently
being used primarily on an experimental basis and
have shown to be a very promising technique allow-
ing the identification of detailed morphologic changes
in the brain and supplying vessels [97]-[99]. Per-
tusion MRI and CT have also been used recently in
patients with cerebrovascular disease allowing the de-
tection of areas of benign oligemia, penumbra and ir-
reversibly infarcted tissue [100]-[102].

Hopefully, the advances in imaging techniques
will translate into a better understanding of the
stroke pathophysiology and a more rational thera-
peutic approach to those patients.

Take home message

Carotid artery dissections usually have a good prog-
nosis and should be thought as a potential etiology
of stroke and TIAs especially in young patients.
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Non-invasive imaging techniques, in particular
MRI (T1- and T2-weighted, fat-suppressed T1) and

MRA of head and neck with and/or without gado-
linjum, should be used routinely for screening of
patients with ICA dissection. CTA can be an alter-
native or adjunctive diagnostic technique used for
evaluation of dissection. Conventional angiography
should be reserved for selected cases where the
diagnosis remains indeterminate after initial studies
have been performed.

Further studies are necessary to evaluate the
best therapeutic options for patients with arterial
dissection.
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Introduction

A stenosis of the internal carotid artery is typically
irregular and approximately up to two centimeters
distal the bifurcation. However, this is not what it
is meant here. The so-called “high suited carotid ar-
tery stenoses” are different with respect to imaging
procedure, more diagnosis, and particulary in treat-
ment planning, and are a little bit complex than the
stenoses just around the bifurcation. It is very im-
portant to understand the diagnostic techniques and
therapy of traumatic or postsurgery carotid artery
dissections and the complex intracranial stenosis.
Furthermore, imaging and therapy of atherosclerotic
extracranial brachiocephalic stenoses must also be
considered. This chapter provides an overview of the
various imaging options available, including a speci-
fic workflow in case of an emergency (traumatic le-
sions) and finally a discussion of the clinical, diagnos-
tic and therapeutic knowledge based on the current
literature.

Useful imaging techniques

Clinical and radiographic data should be combined
for the selection of the most appropriate patients for
surgical or interventional therapy.

Ultrasonographic assessment is often used as
the initial diagnostic test. Abnormal flow pattern,
stenoses, intramural hematoma or an intimal flap are
seen as specific changes [20]. A combination of
Doppler color-flow ultrasound and transcranial
ultrasonography provides even more useful infor-
mation. Unfortunately, limitations exist with this
method due to the high variability of results depend-

ing on the physician, the device used and the measu-

ring methods, e.g. the angle of measurement. For all
types of carotid artery stenosis an overall sensitivity
of 64-100% has been described [44].

Digital subtraction angiography is still the gold
standard in imaging the carotid arteries. Transfem-
oral catheter arteriograms with aortic arch injection
and selective catheterization of both carotid arteries
and documentation of three different views (poste-
rior—anterior, lateral and 45° oblique) of both internal
carotid arteries are usually performed. Important in-
formation regarding intracranial circulation is obtain-
ed as well. Results are usually somewhat better in
the skull base or petrous part of the carotid artery as
are possible with computed or magnetic resonance
tomography. Digital subtraction angiography meth-
ods are still indispensable for interventional proce-
dures, but for diagnostic use, computed or magnetic
resonance tomography methods are replacing digital
subtraction angiography due to the non-invasive nat-
ure of the techniques and the fact, that the resolu-
tion now approaches that of the conventional angiog-
raphy.

Computed tomography (CT) assessment of the
carotid arteries has become increasingly important in
recent years. Not only the single row CT scanners,
but moreover the modern multislice CT scanners
(e.g., 16-row, 64-row MSCT) is becoming more wide-
ly available for CT angiography. CT angiography has
high diagnostic potential and provides information
about vessel pathology, thrombus, intramural hema-
toma or aneurysmal dilatation as well as the sur-
rounding tissue. Multislice scanners have excellent
temporal and spatial resolution and multiplanar refor-
mations can be done in each orientation to help vi-
sualize the extent of the dissection. Moreover, it is
possible to image the entire supraaortic vessel system
from the aortic arch to the circle of Willis, in about
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10-15 sec. CT angiography shows low artifacts, e.g.,
low or no motion or pulsation artifacts, due to its
high temporal resolution. CT angiography should be
the preferred method in an emergency situation,
combined with a cranial computed tomography. This
combination not only provides critical information
about the carotid arteries, but also cerebral perfusion
can be evaluated and cerebral bleeding ruled out. To
image the whole supraaortic vessel system a normal-
ized pitch of 1 to 1.5 should be used. Normalized
pitch and necessary table movement can be calculated
as follows: normalized pitch = table movement/(col-
limation X rows). For a typical 16-row MSCT with a
collimation of 0.75 mm and a necessary pitch of 1.0,
the table movement must be 12 mm/sec (table move-
ment = 1.0 X (0.75 mm X 16-row)). The voltage
and ampere-second adjustments of the tube are set at
120 kV and 180-200 mAs, respectively. Using modu-
lation of the radiation dose for the upper chest, results
could be improved. For CT angiography, the use of
an intravenous (cubital vein) contrast agent is impera-
tive. Jodided contrast agent with 300 mg/ml iodide is
usually used. A bolus of 100 ml contrast agent is deliv-
ered by a power injector at a flow rate of 3 ml/sec,
followed by a saline flush at the same flow rate. To
calculate the start delay, two methods are usually
used; “bolus tracking” and “test bolus”. Bolus tracking
is an automatic or semiautomatic method, where a re-
gion of interest is set in the lumen of the target ca-
rotid artery or the aortic arch. During injection of the
contrast agent, the Houndsfield Units are measured
each second, and when a certain threshold value (e.g.
100 Houndsfield Units) is reached, the planned scan
starts automatically. Obtaining a time-to-density dia-
gram by preinjection of a small volume of contrast
agent to obtain the right start delay is described as a
“test bolus”. Both methods can be recommended, but
in the case of a suspected carotid artery dissection, it
seems most effective to set the region of interest in
the aortic arch and to add about 7-10 sec to the mea-
sured start delay. However, it may be that the region
of interest was placed in the intramural hematoma or
the low flow false lumen, thus resulting in a delayed
start time. To avoid this, a reconstruction recruitment
of 1-3 mm is necessary and rendering multiplanar re-
formations and maximum intensity projections are

mandatory, especially when an interventional therapy
is planned.

As described for the computed tomography,
magnetic resonance (MR) methods are also becom-
ing more and more important for carotid artery
imaging. Before the era of contrast-enhanced MR
angiography, two- and three-dimensional time of
flight (TOF) or phase contrast techniques were used
to image the supraaortic arteries. These bloodflow-
based methods are limited, however, by intravoxel
dephasing due to complex flow, rising peak systolic
velocity, low flow, and disturbances, caused by vascu-
lar lesions in stenotic areas. Methemoglobin in
thrombus can imitate a perfused lumen. TOF is
most important for imaging the intracranial vessel.
2D TOF and 3D TOF each have certain strengths
and weaknesses. 3D TOF shows a higher spatial res-
olution and a higher signal to noise relationship,
whereas 2D TOF does not show significant satura-
tion effects, but does have a lower spatial resolution.
For optimal results, a hybrid technique with multi-
ple overlapping thin slab acquisitions (MOTSA)
can be used. The use of contrast agent has reduced
this signal loss substantially due to the reduction of
echo time and the diminution of saturation effects,
resulting in more accurate imaging of the stenoses.
The vessel signal is related to the contrast agent en-
hanced T1 shortening effect in the vessel lumen.
Spin saturation effects, from in-plane flow or slow
flow are reduced and short echo times reduce intra-
voxel spin-dephasing in turbulance flow caused by
vascular lesions. Contrast enhanced MR angio-
graphy has been shown to reliably produce high-
quality images of the carotid arteries with conven-
tional angiography analogous lumen filling
characteristics. Unenhanced and enhanced images of
the carotid arteries are obtained with 3D field gradi-
ent echo techniques. A dedicated head and neck coil
plus at least a 1.5 Tesla whole body superconducting
scanner is mandatory for excellent image quality.
Contrast agent (e.g., gadopentate dimeglumine) is
injected into a cubital vein at a dose of 0.2 mmol/kg
body weight of gadolinium. The bolus must be deliv-
ered by a power injector at a flow rate of 2-3 ml/sec,
and followed by a saline flush at the same flow rate.
Patients are instructed to breath quietly throughout
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the entire acquisition phase or breath-holding tech-
niques can also be used. Unenhanced and contrast
enhanced images are subtracted, similar to digital
subtraction. The source coronal images are post-pro-
cessed with a standard maximum intensity projec-
tion algorithm. In addition, fat-suppressed T1
weighted coronal and axial images must to be ac-
quired to differentiate an intramural hematoma
from the surrounding soft tissue [73], [32]. For all
types of carotid artery stenoses, the overall sensitivity
and specifity for CT and MRA in the literature is
82%—-1000%.

For an acutely occurring carotid artery stenosis
with neurological symptoms, e.g., a dissection, it
may be necessary to obtain information, regarding
critically hypoperfused brain tissue, to aid in the de-
cision-making process for therapy. The definition of
ischemic penumbra, a critically hypoperfused and
functionally impaired and viable brain around the
infarct core, was introduced in the late 1990s. This
area is potentially resolvable and could be salvaged
by restituting the perfusion. In order to perform MR
diffusion studies, field gradients have to be applied
in addition to radio frequency and gradient pulses.
During the time evolution, diffusion-encoding is
performed by a pair of field gradients. The gradient
factor is called the b-factor. Diffusion results from
the Brownian motion of the water molecules. When
the spins move excessively inside the field gradient,
they dephase each other destroying the alignment
of the spins, thus resulting in a low measured signal.
If they do not move, no or less early dephasing is
seen and thus a high signal is obtained. Hyper-
intense diffusion weighted imaging lesions have to
be correlated with severely depressed apparent diffu-
sion coefficient values (ADC). Calculated ADC
maps reflect the strength of diffusion in the pixels by
obtaining diffusion weighted images (DWI) with
different b-values (increasing magnitude, e.g., 1000
s/mm). DW images are T2 weighted and the effect
of T2 prolongation is a well known artifact called
“T2 shine-through”. Exponential image processing
eliminates this effect. For DWI, a reasonably short
TE (120 ms) and an adequate diffusion sensitivity is
required. Images must be obtained in the x, y, and z-
axis plus two b-factors for best results. Single shot

echo-planar imaging techniques are most performed
in clinical practices [19], [64]. Perfusion weighted
imaging (PWI) is usually obtained with an echo-pla-
nar gradient-echo sequence, measuring several time
points per slice and centered on the DWI lesion. A
bolus of gadolinium contrast agent is injected at the
beginning of the measurement. Subsequently, the rel-
ative mean transit time (rfMTT), time to peak
(T'TP), relative cerebral blood flow (rCBF) and rela-
tive cerebral blood volume is calculated and displayed
as color-coded maps. The penumbra is the area with
no reduced diffusion, but changes in PWI (reduced
rCBF and increased rMTT), the so-called PWI >
DWI mismatch [70].

Carotid artery dissections (traumatic,
spontaneous, iatrogenic)

Clinical knowledge

Studies describe an annual incidence of spontaneous
carotid artery dissection of about 2.5 to 3 per
100,000 people [73], [78]. These spontaneous dis-
sections account for only about two percent of all
ischemic strokes [75], [52], [26]. However, carotid
artery dissection is a very common cause of stroke in
children and in young or middle-aged patients [26].
There, it occurs in 10 to 25 percent of ischemic
strokes. Most dissections are observed after trauma,
particulary motor vehicle accidents, although they
may also occur spontaneously. Typical common risk
factors for vascular disease and atherosclerosis, like
smoking, hypertension and hypercholesterolemia,
may play a minor role, but are not the main reasons
for vessel wall pathology. Generally, atherosclerotic
changes are not seen in the average patient, but ca-
rotid artery dissection can be found in apparently
healthy vessels or vessels weakened by inherited
connective-tissue disorders. Well-known collagen
abnormalities show an increased risk of spontaneous
carotid artery dissection and have been identified in
most young patients with spontaneously dissections.
In all vessels, dissections arise from an intimal tear
(entry), which allows blood to enter the artery wall
and split its layers. An intramural hematoma is formed
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which is located within the layers of the tunica
media towards the intima. This hematoma can cause
high-grade carotid stenosis. The so-called false lu-
men (subintimal dissection) can disrupt twice cau-
sing a reentry into the true arterial lumen leading to
what is known as a perfused false lumen. This false
lumen is normally wider than the true lumen, due to
a lower blood flow and a thinner vessel wall. Simul-
taneously the true lumen can be tightened. Further-
more, the subintimal dissection can cause an intimal
layer, floating in the perfused artery lumen and cau-
sing a high-grade stenosis or thrombembolic events.
Based on this pathogenic mechanism, stroke as a
complication of carotid artery dissection is caused by
critical stenosis of the true arterial lumen with a re-
sulting hemodynamic insufficiency. Moreover, embo-
lization of thrombi that develop on the intimal layer
may occur [47]. Young patients with spontaneous ca-
rotid artery dissections are thought to have an under-
lying structural defect of the vessel wall, although the
exact type of arteriopathy remains obscure in most
cases [73]. In some families, a history of a dissection
of the aorta or its branches is known. Schievink WI
[73] gives an excellent overview of the most common
inherited connective-tissue disorders or collagen ab-
normalities with an increased risk of spontaneous ca-
rotid artery dissections. Foremost is Ehlers-Danlos-
Syndrome type IV [75], but others like
Marfan’s-Syndrome, autosomal-dominant polycystic
kidney-disease and osteogenesis imperfecta are im-
portant as well. These inherited abnormalities have
been identified in about one to five percent of all pa-
tients with spontaneous dissections. Twenty percent
of all patients have clinically apparent, but as yet un-
named connective-tissue disorders. In addition, it
seems that fibromuscular dysplasia is found in up to
15 percent of patients with carotid artery dissections
[75], and ultrastructural abnormalities of dermal
connective-tissue components have been detected in
66 percent of all spontaneous carotid artery dissec-
tions [73].

For serious head or cervical spine trauma, for ex-
ample a hyperflexion-hyperextention (whip-lash
trauma) or rotation trauma of the cervical spine from
a motor vehicle accident, as well as a spontaneous ca-
rotid artery dissection, mechanical stress, like stretch-

ing of the carotid artery wall is mandatory. Even
minor precipitating events like sudden neck move-
ments, sports, working over head, painting a ceiling,
less forceful focal trauma, chiropractor manipulation,
a history of respiratory tract infection, in addition to
coughing, sneezing or heavy vomiting may injure the
vessel mural, which has been weakened by inherited
connective-tissue disorders. It should also be mentio-
ned, that acute carotid artery occlusion or dissection
following carotid endarterectomy is often accompa-
nied by a sudden deterioration in clinical status, e.g.,
hemiparesia and somnolence, where emergency stent
replacement as an alternative method of treatment
should be considered [45]. The extracranial part of
the internal carotid artery and the external carotid
artery undergo more dissections than the intracranial
part. This is due to the fact that there is a greater
mobility of the extracranial part between its origin
and its entry into the skull, while the intracranial part
is fixed. This mobility and the proximity to bone
structures like the cervical spine or the styloid pro-
cess increases the potential for vessel wall injures.
Nevertheless, despite the reduced mobility of the in-
tracranial portion, dissections were also observed in
this area.

Due to modern non-invasive imaging methods,
carotid artery dissection is often diagnosed more of-
ten than at later times and the number of diagnosed
dissections has increased over the last several years.
Patients present either no signs at all, only subtle
signs or obvious manifestations of acute carotid ar-
tery dissection [84]. Before cerebral ischemia ac-
tually occurs, patients often undergo diagnosis and
therapy due to some other localized warning sign.
The typical symptoms are pain on one side of the
face, partial oculosympathetic palsy (Horners syn-
drome) or severe ipsilateral headache miming a sub-
arachnoid hemorrhage, migraine or a cluster head-
ache. Pain is usually the initial manifestation of
carotid artery dissection before cerebral or retinal
ischemia occurs. This classic triad (pain, Horners
syndrome and cerebral ischemia) is observed in only
one third of all patients [73], [84]. Patients with
symptoms develop cerebral or retinal ischemia in
about 50 to 95 percent of the cases. One fifth of

them show cerebral ischemia without any warning signs
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[73]. Related to atherosclerotic high-grade carotid
artery stenoses, are hemispheric neurological symp-
toms like transient ischemic attacks or recurrent epi-
sodes of transient monocular blindness (amaurosis
fugax) and cranial-nerve palsies. In the worst case
scenario, it progresses to ischemic stroke and perma-
nent loss of vision. The average time from the initial
manifestation and the appearance of more severe

symptoms is about four days [73], [84].

Imaging knowledge

In the detection and follow-up of carotid artery dis-
sections, a combination of Doppler color-flow ultra-
sound and transcranial ultrasonography may some merit
[3], but it is not very useful for decision-making. In
diagnosing carotid artery dissections, magnetic reso-
nance imaging and computed tomography is superior
to digital subtraction angiography [73]. It provides
more information about the extent of the dissection,
and shows the intramural hematoma with its charac-
teristically crescent-shape, the intimal flap and the
true and false lumen. Intracranial bleeding can be
ruled out before intervention, and as an aid to the
decision-making for planning therapy, diffusion- and
perfusion-weighted magnetic resonance images can
indicate the presence of ischemic areas as well as
identify the brain tissue at risk by finding a diffusion-
perfusion mismatch. In dissected vessels, conventional
angiography usually only shows a narrowing or an
occlusion of the lumen, although sometimes the inti-
mal flap can be seen. In an emergency, we prefer to
perform a native cranial computed tomography and a
contrast-enhanced CT angiography from the aortic
arch to the circle of Willis. The presence of objective
cerebral ischemia and an available magnetic resonance
tomography scanner, contrast-enhanced MR angiog-
raphy should be performed in the same way as de-
scribed for the CT angiography. Additional axial and
coronal views must also be obtained with fat-suppress-
ed T1 weighted images to help identifly an intramural
hematoma. Furthermore, diffusion- and perfu-
sion-weighted images of the brain are mandatory in
the presence of objective neurological symptoms. By
finding a larger perfusion deficit than diffusion defi-
cit, the area of the salvageable brain tissue can be

shown (penumbra). This can help to identify patients
requiring emergency stent replacement, since penum-
bra tissue only survives about 6 hours, or perhaps a bit
longer [46], [27]. Studies have shown that patients
with radiological evidence of viable penumbra tissue
benefit from emergent interventional therapy and
show a resolution of neurological symptoms [15].
Magnetic resonance imaging is also very important
for follow-up series during the healing process, espe-
cially under conservative treatment.

Treatment knowledge

Carotid artery dissection (extracranial) is an acute
(spontaneous, traumatic) disease in which most dis-
sections heal spontaneously. However emergency treat-
ment is necessary in patients with severe or persis-
tent symptoms of ischemia to prevent cerebral or
retinal ischemia which can lead to significant disabi-
lities. Blood clots formed in the false lumen or on the
intimal flap give rise to distal emboli, e.g., in the
middle cerebral arteries, and the mural hematoma
may induce a critical stenosis or even occlude the
true lumen. It is thus recommended that anticoagu-
lation therapy be the first step in treatment. In fact,
this has been advocated since the 1970s and is widely
accepted, but no controlled studies of anticoagulation
have been performed to assess the benefits and risks
of anticoagulation in carotid artery dissections and
the actual validity of such treatment has never been
truly evaluated. Furthermore, it is not known which
patients will respond to anticoagulation, which will
show persistent symptoms or an exacerbation of
ischemia despite anticoagulation therapy, and how
many patients might even show spontaneous im-
provement [15]. To prevent these thromboembolic
complications, anticoagulation with intravenous ad-
ministration of heparin, followed by oral marcumar
or warfarin is used in most institutions. No specific
parameters have yet been identified for predicting
the clinical history, although anticoagulation has to
be recommended for all patients, regardless of the
type of symptoms (except contraindication for anti-
coagulation, e.g. intracerebral bleeding). The target
international normalized ratio of 2.0-3.0 (INR)
should generally be used for three to six months [57],
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[74]. A high rate of recanalization within the first
three months after the event is observed. Schievink
et al. [74] describe an approach to obtaining the ap-
propriate level of anticoagulation, and recommend
performing a magnetic resonance angiogram after
three months. Anticoagulation therapy should be
subsequently continued for three or more months if
luminal irregularities are found, and then repeat the
imaging and change to antiplatelet therapy (e.g., clo-
pidogrel) if the luminal irregularities still persist.

The most common mechanism of cerebral
ischemia is the embolization of thrombi or micro-
emboli from the dissected vessel [47]. Hemodynamic
insufficiency (i.e., caused by insufficient flow) due to
a critical high-grade stenosis of the origin true lu-
men, caused by the mural hematoma or a moving in-
timal flap, is another mechanism for cerebral ische-
mia or stroke. Over the past decade, endovascular
stent therapy of vessel lesions has become increas-
ingly important in modern interventional therapy.
Recently, stent therapy has been proposed as an al-
ternative method for the treatment of patients with
carotid artery lesions such as traumatic and sponta-
neous dissections. Most data are based on emergency
settings and long-term results are limited [4]. As
mentioned above, most dissections of the carotid ar-
tery heal spontaneously under anticoagulation/anti-
platelet treatment [73]. Thus, open surgery [67], [69]
or percutaneous interventional repair should be re-
served for patients with persistent symptoms, recur-
rent neurological episodes, persistent high-grade ste-
nosis or failed anticoagulation treatment. The major
advantage is that stent repair achieves immediate res-
toration of vessel caliber thereby preventing forma-
tion of emboli, plus coverage of the arterial defect
and restoration of a normal circulation.

All surgical methods, including ligature of the
carotid artery combined with an in situ extracranial-
to-intracranial bypass or vein-graft replacement are
quite challenging in carotid artery surgery. In con-
trast, percutaneous interventional methods are very
beneficial and are easier to perform. Percutaneous
endovascular treatment consists of percutaneous bal-
loon angioplasty and placement of one or more na-
ked or covered metallic stents. In iatrogenic, traum-
atic or spontaneous carotid artery dissections,

non-covered metallic stents are common, whereas in
carotid artery aneurysm, covered stents are often
used. The major limitation of endovascular stenting
in carotid artery dissections is related to technical
difficulties. Malek et al. [58] have demonstrated that
it is often difficult, although possible to navigate a
microcatheter through a dissection to reconstruct
the true lumen, even in the case of complete carotid
occlusion [58]. The arterial segment is usually ex-
tensive and frequently requires a long stent or se-
veral combined stents, in which the combined stents
have to be exactly overlapped (telescoping). In our
opinion, self-expanding stents should be given pre-
cedence. Self-expanding stents open with different
diameters over their entire length according to the
actual vessel diameter are thus more adaptable than
balloon-expandable stents. Most often, an emer-
gency stenting procedure is necessary, and recent
studies have shown that emergency endovascular
stenting may be a feasible and effective treatment for
symptomatic patients [45], [15], [29]. During the
interventional procedure, heparinization with up to
10,000 IU (acquired coagulation time ACT about
200-300 sec) is recommended. If the stenting proce-
dure is elective, 75 mg clopidogrel daily or 250 mg
ticlopidine daily should be administered for five
days. Additionally, 100-300 mg acetylsalicylic acid
daily should be administered five days prior to the
procedure. Intraarterial papaverine or nitrogylcerin
may sometimes be necessary in cases of arterial
spasm during the procedure. Some physicians use
abciximab or eptifibatide (platelet glycoprotein
ITb/I1a inhibitors) before the first angioplasty, but
this is not a general practice. The intervention
should be followed by a daily dose of clopidogrel or
ticlopidine for at least three to six weeks and acetyl-
salicylic acid should be continued for at least half a
year.

Prognosis

As shown above, the incidence of detected carotid
artery dissections is reported to be 2.5 to 3 per
100,000 people [73], [78]. Due to the fact that most
ischemic events after dissection are thrombembolic
arising from the intimal flaps, the reported recur-
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rence rate of thrombembolic events varies from 0.6%
to 10.4% a year [47], [6]. Most observers describe an
annual recurrent stroke rate in patients of < 1%
[77], [54]. These dissections account for only two
percent of all ischemic strokes [77], [52], [26], but
are the cause of ischemic stroke in up to 25% of yo-
unger adults [26]. Within the first two to three
months, spontaneous recanalization was described in
47% to 90% of all cases, whereas two thirds of
occlusions and up to 90% of all stenosis are recana-
lized [73], [4], [42], [25]. It seems that adequate anti-
coagulation therapy supports this process, in parti-
cular by reducing the number of complications.
After six months changes are rare.

Surgical techniques are demanding and are asso-
ciated with a high morbidity rate. Perioperative stroke
occurs in up to 10%, and peripheral cranial nerve in-
jury rates of 58% and mortality rates of 2% are ob-
served [4], [67]. Perhaps the use of the hybrid tech-
nique (open surgical implantation of a covered stent)
may reduce this substantial complication rate [4]. The
occurrence of microembolic shower in intracranial
circulation during carotid artery angioplasty or
stenting is well known, but recent studies showed neu-
rological events after carotid artery stenting (without
protection devices) in 5.4% of all cases. Major strokes
were seen in 0.7% and minor complications (e.g., tran-
sient ischemic attacks, minor stroke) in 4.7% [86].
64.3% of all neurological symptoms occurred postpro-
cedurally. The basic complication rate for angiography
is known to be about 4% for minor complications
(e.g., puncture site hematoma) and < 0.01% for major
complications. Reports on the long-term results of ca-
rotid artery dissection stent repair are rare, but they
seem to be positive and indicate that recovery will ulti-
mately be achieved [4], [53]. The prognosis of stroke
is related to the initial ischemic insult and the collater-
al circulation. Once stroke has occurred, the prognosis
is generally poor and anticoagulation does not really
affect any significant change [7]. Therefore, diffusion-
and perfusion-weighted magnetic resonance images
could help to identify those patients which did not re-
spond to anticoagulation and therefore are very good
candidates for endovascular stent repair. Diffusion-
and perfusion-weighted images identify potentially
salvageable, but at-risk cerebral tissue by showing the

hypoperfused ischemic penumbra (brain tissue at-
risk). Less than five percent of all patients with carotid
artery dissections die from the dissection or its com-
plications.

Take home points

The spontaneous, traumatic or iatrogenic (post-
surgery) dissection of the carotid artery is a dynamic
process associated with a potentially poor clinical
outcome and significant disabilities. It affects predom-
inantly younger adults. The main reasons for cere-
bral ischemia complicating a carotid artery dissec-
tion are microembolic events. To date, primary
treatment of acute carotid dissection is nonsurgical
or noninterventional. Despite the lack of evaluative
studies, primary therapy should include anti-
coagulant or antiplatelet agents over at least three to
six months, since most dissections of the carotid ar-
tery heal spontaneously under anticoagulation/anti-
platelet treatment. Open surgery or percutaneous in-
terventional repair should be reserved for patients
with persistent symptoms, recurrent neurological
episodes, persistent high-grade stenosis and a failed
anticoagulation treatment. To identify potential pa-
tients, urgent magnetic resonance imaging of the
brain, including diffusion- and perfusion-weighted
images and a magnetic resonance angiography
should be performed. Cohen et al. [15] stated “The
presence of objective evidence of cerebral ischemia
and salvageable tissue on magnetic resonance imag-
ing studies could help in the selection of the most
appropriate patients for stenting”. Due to a lower
complication rate and an excellent success rate, per-
cutaneous interventional therapy by stenting the
dissection should be preferred. After stenting, an anti-
platelet therapy with clopidogrel or ticlopidine and
acetylsalicylic acid is mandatory. Although long-
term studies are rare, endovascular stent repair seems
to achieve good results and should be considered as
more than just an option to open surgery. Normally,
the procedure is easy to perform, but it should only
be reserved for patients with ongoing clinical symp-
toms, despite adequate anticoagulations. Endovas-
cular stent repair allows immediate recanalization of
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Fig. 1. CT scan of the right internal carotid artery in a young female patient

-l after a car accident (explanation see text).
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Fig. 2. MRA of the right internal carotid artery in a young female patient after a car accident (same patient as in Fig. 1; explanation see
text).

the dissected vessel with immediate reperfusion of
the brain, and is therefore also suitable for emer-
gency treatment [15].

Clinical examples

Fig. 1 shows a CT scan of the right internal carotid
artery in a young female patient after a car accident.
The traumatic dissections typically begins before
entry into the skull base (see arrow Fig. 1d; Fig. le
shows a normal internal carotid artery). Due to the

intramural hematoma, the perfused true lumen of
the petrous part shows a high-grade stenosis of a
short distance (see arrows Fig. 1b, ¢). After passing
through the skull base, the cavernous part of the in-
ternal carotid artery shows a regular caliber (see ar-
row Fig. 1a). The same findings were depicted on
MRA (see arrows Fig. 2a—c). The patient showed no
symptoms and no signs of ischemia in cranial MRI
and was treated long-term with acetylsalicylic acid.
More than one year later, the stenosis had not signi-
ficantly changed on MRA follow-up, and no symp-

toms had occurred.
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Fig. 3. Carotid artery angiogram after endarterectomy due to a high-grade stenosis of the carotid artery bifurcation (explanation see
text).
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Fig. 3 shows the carotid artery angiogram of a pa-
tient who underwent endarterectomy due to a high-
grade stenosis of the carotid artery bifurcation. After
surgery, a new weakness in the left arm occurred
although the cranial MRI did not show any signs of
acute ischemia or bleeding. However, the MRA
depicted a high-grade stenosis of the internal carotid
artery and consequently a DSA was performed. Fig. 3a
shows an iatrogenic dissection (see arrow) of the
right internal carotid artery. As shown in Fig. 3b, it
could be successfully treated with a 6 mm diameter
and 22 mm long Carotid-Wall-Stent. Clinical symp-
toms resolved and the patient was subsequently treated

with clopidogrel and acetylsalicylic acid.

Intracranial carotid artery stenosis

Clinical knowledge

Atherosclerotic lesions and dissections of the main
intracranial carotid artery stenosis cause stroke in 8—
29% of patients per year [88], [14], [72], [90], [89].
Intracranial atherosclerotic lesions are present in 8—
12% [72], [90], [16], [55] of all patients with cerebro-
vascular symptoms. The typical risk factors for ath-
erosclerotic lesions in intracranial and peripheral
vessels are well known and need not be mentioned
here. A high risk of death from ischemic heart disease
correlates with symptomatic intracranial atherosclero-
tic lesions. The incidence of intracranial carotid artery
stenosis is higher in certain ethnic groups, like Hispa-
nics, African Americans and Asians [72], [90]. Novel
magnetic resonance imaging techniques, such as
MRA, diffusion- and perfusion-imaging, can increas-
ingly detect intracranial stenoses, even in clinically
asymptomatic patients, and give an acute evaluation
of stroke patients. Most patients with an intracranial
artery stenosis have recurrent cerebral ischemic events
despite antiplatelet or anticoagulation regimens. The
risk of suffering a stroke is dependent on the one
hand on the general hemodynamic situation and
thrombembolic events, and on the other hand on the
severity of the intracranial stenosis [14], [13]. Patients
with a high-grade stenosis run a more than 80%

higher risk of stroke. The yearly risk of stroke in pa-

tients with an intracranial carotid artery stenosis is
listed above and, for patients with a history of stroke,
suffering a stroke again in the same vessel territory
carries a risk of about 25% [88].

Intracranial stenoses are mostly found in the
petrous and cavernous siphon parts of the internal
carotid artery and the M1-segment of the middle
cerebral artery. Intracranial stenoses may be either
stenotic or dilatative. A symptomatic stenosis occur-
ring under a reduced hemodynamic situation mani-
fests itself in transient ischemic attacks, minor and
major strokes. In contrast to extracranial carotid ar-
tery stenosis, intracranial carotid artery stenosis can
cause stroke due to thrombembolic events or local
thrombosis. Microembolic events can cause small
vessel cerebrovascular disease with leukoaraiosis, pat-
chy lesions and lacunes [21], [22], [91], [92]. The
same pathological patterns are found in vessels with
atherosclerotic plaques occluding the small penetrat-
ing vessels, like the important lenticulostriate arte-
ries. Due to similar pathological image patterns, a
differentiation of the cause is usually not possible
[21], [22], [91], [92]. Stenosis in more peripheral
parts of the intracranial vessels, e.g. the peripheral
middle cerebral artery, cause perfusion deficits as a
results of hemodynamic insufficiency, whereas ste-
nosis in the major intracranial arteries can be asym-
ptomatic due to better collateral perfusion. Thus, in
addition to the grade of stenosis and its localization,
the presence of collateral circulation is decisive for
possible perfusion deficits which lead to actual clini-
cal symptoms [21], [22]. The circle of Willis, and
the leptomeningeal and extracranial anastomoses are
the main arteries responsible for sufficient collateral
circulation. Particulary the internal carotid artery
can be well perfused via the circle of Willis. Once
detected, intracranial atherosclerosis usually has a
progressive course, but when dynamic behavior of
the intracranial stenoses is observed, stabilization or
even a regression may be possible.

Imaging knowledge

Before performing therapy, the clinical symptoms
and neurological history, obtained by a neurologist
or neurosurgeon, have to be compared with the neu-
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roimaging findings. This is mandatory for planning
a successful interventional treatment or an optimal
medical treatment program alone. Currently imag-
ing diagnostics is mostly based on MRI and MRA.
To assist in decision-making for therapy planning,
diffusion- and perfusion-weighted magnetic reso-
nance images are necessary since they can image the
presence of ischemic areas and identify the brain tis-
sue at risk by finding a diffusion-perfusion mis-
match, thus providing critical information about the
extent of ischemic brain damage. Additional pos-
itron emission tomography with an oxygen 15-la-
beled radiotracer can be performed to obtain infor-
mation about impaired cerebrovascular reserve as an
indicator of perfusion failure distal to the stenosis
[80]. Intracranial bleeding must be excluded before
intervention (e.g. with CT). For diagnostic pur-
poses, an MRA is usually performed from the aortic
arch to the circle of Willis (usually with a contrast-
enhanced technique) and additionally thin slabs of
the circle of Willis (usually with time-of-flight tech-
niques) should be obtained to give clear information
about the localization and extent of the intracranial
stenosis. CT and CT angiography are somewhat
limited due to the beam-hardening artifacts at the
skull base and after stent implantation due to the
metal of the stents. Accurate depiction is not en-
sured in these cases. Collateral blood flow is of tre-
mendous importance for adequate brain tissue per-
fusion, since insufficient collateral blood flow and
stenosis of the supplying vessel are both responsible
for the perfusion failure. This collateral blood flow
has to be carefully evaluated on conventional DSA
images and is indicated by a delayed flow or a bor-
der-zone shift [80]. Transcranial ultrasound does
not play an important role in the detection of in-
tracranial artery stenosis, but transcranial Doppler
ultrasound is a useful method for the detection of
microembolic signals as a marker for a soft, local un-
stable plaque. This method can not only be per-
formed before intervention, but gives critical infor-
mation about plaque stability, especially when
performed during crossing of the lesions [82], [91],
[92]. Ultrasound allows differentiation between the
white stable plaques and the yellow unstable pla-
ques. In the case of unstable plaques with evident

microembolic showering, the primary strategy
should focus on plaque stabilization and anticoagu-
lation, whereas angioplasty or stenting is secondary
and should be considered carefully [80].

The primary aim of imaging techniques is to
identify those patients with a high risk of stroke.
Furthermore, it is to detect the stenosis, determine
whether it is accessible and suitable for angioplasty
or stenting, or to exclude patients with other possi-
ble differential diagnoses like cerebral vasculitis, in-
tracranial bleeding or a tumor, which are clearly not
treated with interventional techniques. Imaging
should help to detect patients with acute ischemic
events which run a much higher risk of complica-
tions under intervention, predominantly intracerebral
hemorrhage by reperfusion or stroke, based on an
unstable plaque. Posttreatment imaging follow-up
must detect subacute to late restenosis and must
depict ischemic events. MRI and MRA are the best
methods to accomplish this. Follow-up with extra-
and intracranial Doppler ultrasound can easily be
performed and provides important information
about a significant restenosis. A peak systolic velocity
of over 220 cm/sec in the carotid artery or middle
cerebral artery indicates a > 50% restenosis [5].

Treatment knowledge

Patients with stenoses of the intracranial arteries fre-
quently show cerebral ischemic events while being
traditionally treated with an antiplatelet agent or
oral anticoagulant and general management of vas-
cular risk factors [88]. Despite the dynamic course,
prognosis is poor with significant morbidity and
death rates. These limitations and the high current
stroke rates require a more aggressive treatment re-
gimen in patients with symptomatic intracranial ar-
tery stenosis. The treatment of these patients is still
controversial and several questions have to be an-
swered. For example, whether only antiplatelet/anti-
coagulation therapy or angioplasty/stenting is the
best first-line therapy [13], or what is the best or
maximal medical therapy? Furthermore, what is the
risk of stroke with medical therapy or with interven-
tional therapy or, what is the risk of complications
from interventional therapy? Is stenting necessary or



B. Butz

159

is angioplasty alone sufficient? Do the interventio-
nalists have sufficient experience and routine clinical
use. Are there any contraindications against a suffi-
cient peri- and postprocedural anticoagulation/anti-
platelet therapy? [13]. All of these questions have
not yet been clearly answered and must be consid-
ered for each patient on an individual basis.

The so-called best medical treatment plan is
based on the control of vascular risk factors and the
application of antiplatelet/anticoagulation drugs,
statins (HMG-CoA reductase inhibitors) and an-
glotensin-converting enzyme inhibitors. Maximal
medical treatment can be defined as receiving daily
doses of >81 mg acetylsalicylic acid, 500 mg ticlopi-
dine, 75 mg clopidogrel, or comparable doses of
marcumar/warfarin or heparin [80]. A more aggres-
sive treatment regimen like angioplasty should be
considered in cases where maximal medical therapy
fails to prevent massive ischemic stroke. Medical
therapy failure is not clearly defined, but should be
assumed when recurrent cerebral symptoms occur
under maximal medical treatment [80].

Despite unsatisfactory experiences during the
1980s involving high rates of stroke or death, advan-
ces in micro-guidewires, microcatheters, balloon tech-
nology and stent technology have been made as a re-
sult of positive in coronary angioplasty and stenting.
Angioplasty or stenting methods have emerged as a
potential therapeutic option over the last decade.
Stent placement has proven to be as technically
feasible as for angioplasty or stenting of the
extracranial carotid artery [56].

Angioplasty or stent treatment can be per-
formed using the typical transfemoral access. Some
physicians perform the interventional procedure with-
out general anesthetic or sedative, in order to reco-
gnize slight changes in clinical neurological status
such as motor activity or speech. But for quiet ex-
amination conditions and reduced patient move-
ment, a general anesthetic is recommended. During
all examinations, the continuous measurement of
blood pressure, electrocardiogram and transcuta-
neous oximetry is mandatory during the entire in-
terventional procedure. Despite preexisting imaging
modalities, like a MRA of the circle of Willis or the

carotid arteries, a four-vessel cerebral DSA must be

performed to verify the stenosis and to provide a de-
scription of the existing collateral circulation. Three-
dimensional rotational angiography can be a very help-
ful method for the imaging and evaluation of the
stenosis. The diameter of the stenosis, referring to
the next normal sized vessel part and the stenosis
length have to be measured based on the standard-
ized criteria [68]. The choice of the appropriate
micro-guidewire to be used for probing the stenosis
is also of considerable importance. Intracranial ves-
sels are located in the subarachnoid space sur-
rounded by the cerebrospinal fluid and follow quite
a convoluted course. Additional, small penetrating
vessels extend from the major intracranial arteries
supplying the brain tissue with blood. These small
penetrating vessel are invisible in neuroimaging.
Particular care must be taken with the lateral lenti-
culostriate arteries arising from the M1-segment of
the middle cerebral artery. The use of stiff micro-
guidewires, involves the risk of injuring (e.g., dissec-
tion) or penetrating the vessel and tearing off the
small penetrating vessels. Subsequent severe in-
tracranial bleeding or infarction may occur. Occlu-
sion caused by a stent or a dissection or microtrauma
to the vessel wall as a result of angioplasty may lead
to subsequent ischemic stroke. Hydrophilic micro-
guidewires (usually 0.010-0.014 inches) with a soft
or floppy tip should thus be used. These wires must
be placed more peripherally, so that the system can
be well stabilized [21], [22]. In case of an M1 me-
dial cerebral artery stenosis, this requires the position-
ing of the tip in the M2 insular branches. All
manipulations with the micro-guidewire — microca-
theter-system have to be performed very carefully
since each step runs the risk of vessel rupture, vaso-
spasm or dissection. After positioning a 6 French
guiding catheter in the upper cervical part of the in-
ternal carotid artery and crossing of the intracranial
lesion by the micro-guidewire or micro-guidewire —
microcatheter-system, a predilation of a high-grade
stenosis is often necessary, since the stent delivery
system might not cross the lesion or can cause a
dissection or shearing off of atherosclerotic plaques.
Otherwise, primary stenting is normally preferred.
Some authors are of the opinion that a predilation
should always be performed if the diameter of the
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stent delivery system is smaller than that of the le-
sion [21], [22]. Small-profile balloon-catheter-sys-
tems should be given preference and, in order to re-
duce the risk of rupture or dissection, a balloon
diameter size smaller than the normal adjacent ves-
sel diameter should be used. Balloon-dilation should
be performed very slowly lasting several seconds or
even minutes [80]. As mentioned above, intracranial
vessels follow a quite tortuous course, thus the match-
ed stent and the stent delivery catheter system
have to be soft, flexible and must offer a low profile
with excellent trackability and pushability. Balloon-
expandable stents derived from coronary angioplasty
are very suitable stents and, based on experience in
this area, special stents for intracranial angioplasty
were developed [85]. In general, the stent size
should be matched to the vessel diameter proximal
or distal to the stenosis or slightly undersized, and in
case of a less than optimally deployed stent, a further
expansion with a balloon catheter can be performed
[85].

Clearly, postprocedural angiograms have to be
carried out immediately in order to evaluate cerebral
blood flow. The main risks of intracranial interven-
tion remain the possibility of vessel rupture, vaso-
spasm, dissection, stroke, severe intracranial bleeding
or even death. These risks can be reduced by in-
creased experience and the use of novel, improved
materials, as described above. Crossing and dilating
the lesion carry the greatest risks in intracranial in-
tervention. Careless pushing of the stent delivery sys-
tem leads to the danger of a shear stress to these
small vessels with associated disruption or dissec-
tion. It is well known from coronary or peripheral
angioplasty, that abrupt inflation of the balloon pro-
duces severe stress on the vessel wall causing the
vessel to dissect. Slow inflation and deflation of the
balloon is mandatory and can reduce the dissection
rate for angioplasty from 75% to 14% [66]. After
predilation, the stent should be positioned and de-
ployed quickly but carefully in order to diminish the
vessel recoil.

Initial positive experiences with undersized stents
have been reported in the literature [21], [22]. These
studies showed a good balance between efficacy and
safe procedure, where the risk of vessel rupture could

be reduced, without affecting the clinical outcome. If
the predilated lesion can not be easily reached with
the stent delivery catheter, prolonged attempts should
be abandoned to reduce procedural risks. In such
cases, angioplasty alone can sometimes be safer than
stent placement [66]. The aim being to just slightly
stretch the vessel, since a small increase in vessel dia-
meter results in a large increase in perfusion [80].

After the recanalization of a major intracranial
artery, intracerebral reperfusion hemorrhage within a
preexistent hemodynamic stroke can occur. In case
of acute thrombosis, the application of urokinase or
tissue plasminogen activator during intervention is
necessary. It should be clear that this thrombolytic
treatment increases the risk of intracerebal hemor-
rhage. Intraarterial papaverine or nitrogylcerin may
sometimes be necessary in case of arterial spasm du-
ring the procedure.

To reduce the risk of acute vessel occlusion due
to acute thrombosis, a rigorous periinterventional
anticoagulation/antiplatelet therapy is mandatory.
As mentioned above, the best medical treatment in
patients with intracranial atherosclerotic lesions is
still unknown. Similarly, the best periinterventional
medical treatment is also not known [14], [13], [21],
[22]. Despite the increased risk of intracerebral hem-
orrhage, the risk of thrombembolic events during
and after intervention has to be reduced. The anti-
coagulation and antiplatelet regimen should be
performed as known from interventions for the
extracranial internal carotid artery. Before
intervention, 75 mg clopidogrel daily or 250 mg
ticlopidine daily should be administered for three to
five days. Additionally, 100-300 mg acetylsalicylic
acid daily should be administered three to five days
prior to the procedure. During the interventional
procedure, heparinization with up to 10,000 IU (ac-
quired coagulation time ACT about 200-300 sec) is
recommended. In addition to heparin, glycoprotein
IIb/IIIa inhibitors can be used as well with similar
results [56], but with a possibly higher risk of intra-
cerebral hemorrhage. A burst suppression-inducing
dose of etomidate may help to protect the brain
from ischemic events, especially while the treatment
device transverses the stenosis [80]. The interven-

tion should be followed by a daily dose of clopido-
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Table 1. Classification of intracranial stenotic lesions modified from a scheme for coronary arteries for intracranial angioplasty alone [63]

Lesion Type A Lesion Type B

Lesion Type C

Concentric or moderate eccentric Eccentric
Angulation < 45°

Smooth contours

No prominent calcifications
Non ostial

Non occlusive

No thrombus present

No major branch involvement
Lesion length < 5mm

Ostial

Angulation 45°-90°
Irregular contours
Heavy calcifications

Total occlusion < 3 months old
Some thrombus present

Major branch involvement possible
Lesion length 5-10mm

Eccentric
Severe tortuosity

Total Occlusion > 3 months old

Lesion length > 10 mm

grel or ticlopidine and acetylsalicylic acid for up to
six months and acetylsalicylic acid monotherapy (or
clopidogrel/ticlopidine monotherapy if necessary)
should be continued for life.

Prognosis

The risk of stroke per year is about 3.9-28.7% in pa-
tients with atherosclerosis of the internal carotid ar-
tery and about 2.8-12% in patients with athero-
sclerosis affecting the middle cerebral artery [88],
[14], [72], [90], [89], [18], [30], [8]. The prognosis
depends on the localization and extent of the steno-
sis, as well as the plaque morphology, the collateral
circulation and the general hemodynamic situation.
Intracranial stenoses are dynamic lesions. They can
show progression, can remain stable or even undergo
regression. Predicting these changes is impossible
and the dynamic process is not really completely un-
derstood. Several studies have suggested that intracra-
nial stenoses have the potential to regress with me-
dical treatment alone [80], [82], [91], [93], [1]. The
annual risk of stroke in patients with symptomatic
intracranial atherosclerosis where anticoagulation/
antiplatelet therapy failed is about 4-12% (—45%)
[88]. Patients who show symptoms despite best me-
dical treatment have an annual risk of stroke of up
to 25% [88]. Surgical methods like an extracranial—
intracranial bypass do not reduce the risk of stroke
[87]. Several attempts were made to evaluate the ef-
fectiveness of medical treatment alone. All of these

studies (WASID, TASS, ESPS, CAPRIE [89], [39],

[24], [10] showed the potential to reduce the risk of
suffering from stroke. Anticoagulation or anti-
platelet therapy positively influences thrombembolic
induced events, but may only have a reduced effect
on events induced by hemodynamic insufficiency.
Nevertheless, best medical treatment is always man-
datory. Despite best medical treatment and the po-
tential of a regressive course, prognosis is generally
poor. In case of maximal medical treatment failure,
angioplasty or stenting must then be considered.
Experienced physicians are able to perform most le-
sions and the technical success rate is high (up to
95%). To reduce the complication rate, recent tech-
nological advances in microcatheter — microwire-sys-
tems, balloons and stents should be taken advan-
tage of.

The short-term patency rate in cases of primary
intracranial stent placement seems to be slightly fa-
vorable compared with angioplasty alone, but the
long-term results have yet to be determined. The in-
tracranial complication rates of intracranial angio-
plasty or stent placement are as high as 20% (general
angiographical complication rate not included). Du-
ring treatment, ischemic stroke has been reported in
0-20%, intracranial hemorrhage in 0-4%, vessel
dissection in 0-10%, vessel rupture in 0-4%, vessel
occlusion/thrombosis in 0—4% and death in 0-8%
[80], [56], [61], [62], [2], [33], [34], [65], [35], [17],
[49]. In neurologically unstable patients, e.g. with a
recent ischemic stroke, an intracranial complication
rate of up to 50% [36] was observed. As mentioned
above, for patients with acute stroke or after throm-
bolysis, the risk of intracranial hemorrhage after an-
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gloplasty or stenting is very high. But sometimes re-
canalization is the only option in order to prevent
the extension of the stroke or vessel reocclusion. The
risk of intracranial hemorrhage versus the benefit of
brain tissue salvage has to be weighed very carefully.
Mori et al. [60]-[62] developed an angiographic
classification system modified from a scheme for
coronary arteries to predict the outcome of cerebral
intervention with angioplasty alone. Lesions were
categorized as shown in Table 1. Corresponding to
this classification system, procedural success and
short- and long-term outcome was either more or
less satisfactory based on the type of lesion. Type A

lesions show the best results, type B lesions have an

intermediate risk and type C lesions have the
poorest outcome and do not respond sufficiently to
angioplasty alone. Mori reported procedural success
for a type A lesion as 42% and for a type C lesion as
33%. In type C lesions, the short-term patency rate
can even be totally unsatisfactory 0%. This classifi-
cation system is developed for angioplasty alone, and
the typical limitations of angioplasty (see above) can
be reduced by primary stenting. The 30-day stroke
and death rates after angioplasty or stenting are
about 10% (maximal 36% in earlier studies) in the lite-
rature. Subacute or late restenosis is mostly related
to neointimal hyperplasia and vascular remodeling.
Neointimal hyperplasia seems to carry a lower risk

Fig. 4. Carotid artery angiogram of a high-grade intracranial internal carotid stenosis of the supraclinoid portion (explanation see text).
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of thrombembolic events than does atheroselcerosis.
In recent studies, about 60% of patients remain
asymptomatic at the six month follow-up after in-
terventional treatment. In stented lesions, restenosis
> 50% occurred in about 11% after one year (0-
30%) [56], [85], [21], [22], [33], [34], [65], [17],
[60], [50], [51]. Nevertheless, the long-term patency
rate of angioplasty or stent placement needs to be
evaluated in further studies. It seems that patients
with one event in their clinical history do not bene-
fit from stenting, but for patients with recurrent
events, interventional therapy is a good treatment
option. The risk-to-benefit ratio has to be con-
sidered individually for each patient.

Fig. 4. (Continued)

Take home points

In patients with intracranial atherosclerotic disease,
angioplasty or stent placement should not be the first-
line therapy. Instead, initial treatment should include
the standard control of vascular risk factors and appli-
cation of antiplatelet/anticoagulation drugs, statins
and angiotensin-converting enzyme inhibitors. Unfor-
tunately, best-medical treatment, intracranial athero-
sclerosis is associated with a poor prognosis. However,
only in the case of maximal medical therapy failure,
should interventional treatment be considered. Elec-
tive stenting of intracranial atherosclerotic lesions of
the major intracranial arteries is technically feasible
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Fig. 4. (Continued)

and shows a good procedural and clinical success rate.
Angioplasty and stent placement have to be done very
carefully because, unlike extracranial arteries, the wall
layers of intracranial arteries are very vulnerable. Using
an oversized the balloon or stent could lead to vessel
rupture with subarachnoid bleeding and the resulting
devastating consequences. The small penetrating ves-
sels can be covered by the stent or angioplasty, thus in-
ducing dissection or microtrauma to the vessel walls
resulting in stroke. Special attention has to be paid to
the lateral lenticulostriate arteries arising from the
M1-segment of the middle cerebral artery. Here, stent
placement can produce better angiographic and short-
term clinical results than balloon angioplasty alone
due to the prevention of vessel dissection or vessel re-

coil. Therefore, the safety of interventional treatement
can be increased by using stents versus angioplasty
alone.

Angioplasty or stent therapy remains technically
difficulty, and application of the interventional ap-
proach should always take into account multi-
disciplinary factors to ensure careful selection of the
right patient and to reduce periprocedural compli-
cations. Up-to-date techniques using flexible and soft
catheter and stent-delivery systems should be used
and an experienced team of physicians is mandatory. It
must always be kept in mind that interventional
therapy of intracranial artery stenosis has a high peri-
procedural complication rate of up to 20% including
stroke, intracranial hemorrhage and death. This com-
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Fig. 4. (Continued)

plication rate will be even higher in neurologically un-
stable patients or in emergency situations. The goal of
preprocedural imaging, in conjunction with a com-
plete neurological history obtained by a neurologist, is
to exclude patients with acute ischemic symptoms or
exclude other potential differential diagnoses like cere-
bral vasculitis. The effectiveness of stroke prevention is
not really known yet and the long-term results have to
be further evaluated in the future. It seems that pa-
tients with recurrent events benefit more from interven-
tional treatment than from medical treatment alone,
whereas the benefit in patients with only one event in
their clinical history has to be carefully considered. As
with interventional therapy performed in other

vessel territories, a periprocedural and a life-long post-
procedural anticoagulation/antiplatelet treatment is
mandatory.

Clinical examples

Fig. 4 shows a high-grade intracranial internal carotid
stenosis of the supraclinoid portion (see arrows Fig. 4a
for lateral view and Fig. 4¢ for anterior-posterior view)
in a symptomatic patient. A concurrent reduced blood
flow in the anterior and middle cerebral artery
branches is well demonstrated (Fig. 4b). The stenosis
could be easily crossed with a 0.014 inch microcatheter
(Fig. 4d). Fig. 4e and f depict the opening of a balloon-
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Fig. 4. (Continued)

expandable stent with of 2.5 mm in diameter and 20
mm in length. This stent is usually used in the coro-
nary arteries. Fig. 4g and 1 depict the excellent result,
with no restenosis or any vascular complications. In
comparison to Fig. 4b, the anterior and middle cere-
bral arteries are again well perfused (Fig. 4h).

Extracranial brachiocephalic and
common carotid artery stenosis

Clinical knowledge

Not only are the internal carotid arteries or major in-
tracranial vessels affected by atherosclerosis, but also

the common carotid arteries, the innominate artery
and the subclavian arteries. Vasoocclusive disease of
the upper extremities is much less common than
in the lower extremities. Usually, lesions are athero-
sclerotic, whereas non-atherosclerotic changes like
Takayasu’s arteritis, connective-tissue disorders or
collagen abnormalities, fibromuscular dysplasia and ra-
diation-induced fibrosis are quite rare [83], [3]. Symp-
tomatic lesions show a prevalence of 1.9% to 7.1% in
cohort studies [83], [28]. As for internal carotid artery
stenosis and stenosis of the major intracerebral and
peripheral vessels, the typical risk factors are well
known. Extracranial brachiocephalic stenoses are asso-
ciated, e.g., with a history of smoking, systolic hyper-
tension and hypercholesterolemia or low high-density
lipoprotein cholesterol. A coexistence with athero-
sclerotic lesions in the intracranial vessels, lower extrem-
ities [37], in the cardiovascular system or in other
extracranial brachiocephalic arteries can be observed as
well. Unlike intracranial atherosclerotic lesions, no
higher risk is found to be associated with certain eth-
nic groups like Hispanics, African Americans or
Asians [83]. Whereas a male predominance is known
for other atherosclerotic lesions, lesions in the innom-
inate artery occur with no significant differences in
both sexes [43]. Stenoses of the subclavian artery tend
to show a higher incidence on the left side [28], and in
up to a third of patients, the innominate artery is also
affected [83], [94]. Furthermore, it has been observed
that stenoses are more common in the proximal vessel
segments or proximal to the origin of the vertebral
artery. This can be attributed to the fact that a more
turbulent flow in the aortic arch, nearer the origin,
induces more extensive plaque deposits [79].

Major symptoms of stenosis or occlusion of the
subclavian artery include upper limb ischemia/claudi-
catio (palor, finger coldness, functional raynaud di-
sease), peripheral emboli to the brachial-, forearm-,
hand- and finger-arteries, sensory- and motor deficit,
considerable interarm blood pressure difference and
vertebrobasilary insufficiency (sublavian steal syn-
drome). Patients with a high grade stenosis of the sub-
clavian or innominate artery show a reversal of blood
flow in the ipsilateral vertebral artery. This steal phe-
nomenon leads to the typical symptoms of a hemody-
namic insufficiency in the posterior brain circulation
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[40], e.g., vertigo or collapsing after arm exercises. The
same phenomenon is observed in patients with an ar-
terial thoracic outlet syndrome, but there the stenosis
is caused by compressive fibrous, muscle or bone
structures, and is usually treated by transaxillary or
supraclavicular surgery. Subclavian stenosis in patients
with an internal mammary interventricular anterior
artery bypass or a Blalock-Taussig shunt can lead to a
coronary-subclavian steal with myocardial ischemia
[31]. An interarm difference of > 15 mm Hg of the
systolic blood pressure is considered clinically signifi-
cant [48]. for patients with subclavian or innominate
artery stenosis, a sensitivity of about 50% and a speci-
fity of 90% is described, with an interarm systolic
blood pressure difference of > 15 mm Hg [28]. This
relatively low sensitivity is a result of a low or mode-
rate grade stenosis, whereas a high grade stenosis or an
obstruction shows a more significant sensitivity [83],
[28]. Stenoses or occlusions of the common carotid
artery cause symptoms similar to that of the internal
carotid artery, e.g., cerebral or ocular ischemia, like
transient ischemic attacks or amarousis fugax and are a
source for thrombembolic events. The risk of ischemia
is not only dependent on the grade of stenosis, but
also on the plaque morphology, especially in incom-
plete occlusions or ulcerations. Stenoses or occlusions
of the innominate are markedly different than a single
subclavian or carotid artery stenosis. They are symptom-
atic as a result of the reduced blood flow in the sub-
clavian and carotid artery, and can thereby result in
upper limb ischemia and ocular or cerebral ischemia.

Clinical examination includes comparative blood
pressure measurements on both arms, pulse palpation
and a subclavian, carotid and vertebral Doppler color-
flow ultrasound to verify suspected stenosis or a
steal phenomenon. Examination by a neurologist is
mandatory in the case of common carotid artery le-
sions, but should also be performed as well in lesions
affecting the other supraaortic vessel.

Imaging knowledge

In the detection of extracranial brachiocephalic and
the common carotid artery stenosis, Doppler color-
flow ultrasound is routinely used. It should always in-

clude an examination of both common carotid arter-
ies, both subclavian arteries and both vertebral arter-
ies. The duplex of the vertebral arteries provides evi-
dence for the reversed blood flow in the ipsilateral
vertebral artery in case of a subclavian stenosis. Ultra-
sound can also be useful in evaluating plaque mor-
phology. DSA is still the gold-standard and must be
performed before any intervention. Every DSA
should start with an overall view from the aortic arch
to the circle of Willis, usually with a left-anterior-
oblique projection of 30°. After that, the affected ves-
sel can be depicted selectively. In case of a common
carotid artery stenosis, a four-vessel angiography is re-
commended to obtain detailed information about in-
tracranial blood flow, performed as well in internal
carotid artery lesions. In patients with subclavian ar-
tery stenosis, it can be necessary to perform semise-
lective angiography of the contralateral vertebral artery
to depict the reversed blood flow in the ipsilateral ver-
tebral artery. For diagnostic use or interventional or
surgery planning, non-invasive imaging methods can
be used. Magnetic resonance angiography is the most
preferred non-invasive method. However, with new
CT technologies (multirow scanner), an excellent
depiction of the supraaortic vessel is possible as well.
In addition, the extent of calcification can also be
clearly visualized. For patients with a history of cere-
bral or ocular ischemic events, a supplemental image
of the brain is obligatory. Diffusion- and perfusion-
weighted magnetic resonance images are optional, but
should be performed to determine the presence of
possible ischemic areas. Non-invasive imaging tech-
niques are sufficient, if only surgery treatment is plan-
ned, but naturally, DSA must be performed if inter-
ventional treatment is the chosen course of action.

Treatment knowledge

Traditionally, surgical revascularization of extracranial
brachiocephalic and common carotid artery lesions
using a transthoracic or extrathoracic route has proce-
dural good technical success rates and acceptable
long-term results. More recently, angioplasty of the
extracranial brachiocephalic and the common carotid
artery, which began in the 1980s, has become increas-
ingly important. Surgical treatment is associated with
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a considerable morbidity and mortality rate [43], [12],
[59], [9], resulting in potential lung atelectasis, pneu-
mothorax, chylothorax, pleural effusion, stroke, phren-
ic nerve palsy or Horner’s syndrome. In contrast, an-
gioplasty is very effective, shows a low incidence of
complications and produces excellent short- and mid-
term results [38].

DSA, angioplasty or stent treatment is generally
performed using the transfemoral access and local
anesthesia. Sometimes, an additional transbrachial
approach can be very helpful if a subclavian occlusion
can not be crossed via the transfemoral route and the
aortic arch. Often the lesion can be crossed via the
transbrachial route, and then grasped with a lasso-
catheter and drawn out transfemorally. Further opera-
tions can be performed via the femoral access. Using
small delivery systems, all operations can also be per-
formed via the transbrachial access and recanalization
can also be attempted from this point. For the trans-
femoral access, usually a short sheath in combination
with a guiding catheter or a long sheath alone are
used. If a lesion is suspected in the common carotid
artery, a four-vessel angiography should be performed
to obtain additional information about the intracra-
nial circulation and collaterals. In case of a subclavian
or innominate artery stenosis, the aortic arch must be
depicted and the reversed blood flow of the ipsilateral
vertebral artery documented to provide evidence of
the steal phenomenon. After the lesion was crossed,
angioplasty can be performed as usual. Common ca-
rotid artery stenosis should be primary stented, simi-
lar to the internal carotid artery stenosis. Self-expand-
ing stents, e.g., Wallstents are highly recommended.

In the literature, no consensus has been reached
as to whether angioplasty alone or primary stenting is
more favorable in the treatment of the subclavian and
the innominate artery. Several authors did not report
any differences between primary stented lesions or
nonstented lesions as far as the recurrent stenosis rate
was concerned [23], [41]. Often, additional stent place-
ment is necessary in the case of a dissection after an-
gioplasty or if a residual stenosis of > 20% persists, as
well in cases of a persisting pressure gradient of
> 5 mm Hg. Residual stenoses are mostly seen in high-
ly calcified lesions. To avoid dissection or covering up
of the vertebral origin after angioplasty or stenting, the

subclavian lesions must be proximal and at a safe dis-
tance from the origin of the vertebral artery. Balloon-
expandable stents should be preferred due to the high
accuracy of placement with respect to the origin of the
vertebral artery and the aortic arch. The anticoagula-
tion and antiplatelet regimen should be performed ac-
cording to standard procedure. Before intervention, 75
mg clopidogrel daily or 250 mg ticlopidine daily
should be administered for at least three days. During
the interventional procedure, heparinization with up
to 10,000 IU (acquired coagulation time ACT about
200-300 sec) is recommended. After the intervention,
a daily dose of clopidogrel or ticlopidine and acetylsa-
licylic acid (100-300 mg) for up to six months is nec-
essary and acetylsalicylic acid monotherapy (or clopi-
dogrel/ ticlopidine monotherapy) should be continued
for at least an additional six months. As opposed to
surgery, patients can usually be discharged within two
days after the interventional procedure.

Angioplasty or stenting should be preferred in
the treatment of extracranial brachiocephalic and
common carotid artery stenosis. However, surgery is
still indicated after unsuccessful interventional treat-
ment or long segment occlusions, heavy calcification
or in lesions located very close to the vertebral origin.
Furthermore, a history of embolization from incom-
plete occlusions or ulcerative plaques in the innomi-
nate or common carotid artery is also an indication
for surgery. Innominate artery stenosis can be re-
sponsible for both cerebral and upper limb ischemia,
therefore the indication for interventional therapy
has to be checked very carefully. This holds true for
right-sided subclavian artery lesions as well, whose
treatment is believed to be a risky procedure due to
the proximity of the common carotid artery [23].

Prognosis

To assess the success rate and the long-term follow-
up of angioplasty or stenting, several studies were car-
ried out. The primary technical success is achieved in
about 98% of all observed cases [43], [79], [38]. Only
in the case of occlusions was initial failure observed
due to the inability of crossing the lesions. Common
carotid artery stenosis should be primary stented due
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Fig. 5. Angiogram of a typical high-grade stenosis of the left subclavian artery (explanation see text).
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Fig. 6. Angiogram of a typical occlusion of the origin of the left sub-
clavian artery (explanation see text).
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to increased procedural safety, whereas lesions of the
innominate artery or subclavian artery lesions can be
dilated by angioplasty alone. However, stent place-
ment must always be performed in case of a subopti-
mal angioplasty result. Primary stented lesions show a
better 1-year patency rate (95% vs. 79%), but the
long-term outcomes are slightly less favorable (59%
vs. 68%) [79] than in angioplasty alone groups due to
instent neointimal hyperplasia. The superior short-
term outcome of stent treatment leads to the preven-
tion of elastic vessel recoil [79]. Some authors did not
see any difference in patency rate between stented
and balloon-dilated alone lesions and report a general
long-term patency rate of 89% [23]. Occluded lesions
have as favorable a clinical outcome as stenotic le-
sions, despite the somewhat reduced initial technical
success rate [23]. Patients with aortoarteritis should
not undergo interventional therapy, due to the quite
poor outcome. Considering all interventional
methods, the local complication rate is known to be
about 4.5%. Severe complications like periprocedural
stroke or transient ischemic attacks are observed in up
to 3.6%, whereas the incidence of neurological com-
plications is lower in the treatment of the subclavian
artery and higher in the treatment of the innominate
artery or the common carotid artery [79], [11]. The
reversed blood flow in the ipsilateral vertebral artery
in patients with subclavian artery stenosis prevents
vertebrobasilary ischemic events during the proce-
dure. This reversed blood flow persists for several min-
utes after angioplasty [71]. The complication rate of
the brachial approach is suggested to be higher than
for the typical femoral approach. In some cases, a
subclavian or innominate artery lesion can be more
easily crossed from the brachial route.

It has been shown that the technical success rate
for interventional methods is equivalent to that of
surgical methods and a similar patency rate was also
observed. However, the overall incidence of stroke is
3 = 4% and of death 2 = 2% in the published surgi-
cal studies. The risk of severe complications from sur-
gery is at least 5%. A comparison of stenting over sur-
gery demonstrates equal effectiveness, but fewer
complications and suggests that stenting should be
considered as the first-line therapy for subclavian or
brachiocephalic obstruction [38].

Take home points

Atherosclerotic lesions of the extracranial brachio-
cephalic and common carotid artery stenosis
should be preferably treated with percutaneous
transluminal angioplasty or stenting. These tech-
niques show high effectiveness and an excellent tech-
nical success rate as well as a good clinical outcome.
Compared to surgery, angioplasty shows no greater
risk of complications and even an overall lower com-
plication rate. Except in cases of occlusions, techni-
cal success can be achieved in nearly every patient
undergoing angioplasty. Common carotid artery le-
sions should be primary stented due to the safety of
the technical procedure, whereas in subclavian or in-
nominate artery lesions, the effectiveness of primary
stenting versus angioplasty alone with respect to re-
garding the long-term patency rate is not yet prov-
en. This suggests that primary stenting is not man-
datory. However, if a suboptimal result occurs for
dissection or residual stenosis under angioplasty
alone, secondary stent treatment is mandatory. At-
tention also has to be paid to the origin of the verte-
bral artery to avoid dissection or covering it up.
Usually, interventional therapy is performed via the
femoral access, but an additional brachial route can
be sometimes helpful when dealing with subclavian
or innominate artery lesions. The risk of vertebro-
basilary ischemic events is very low during the treat-
ment of subclavian artery lesions due to the reversed
blood flow in the ipsilateral vertebral artery. Antiplate-
let therapy with clopidogrel or ticlopidine and acetyl-
salicylic acid is always mandatory after interventio-
nal treatment. Surgery is still indicated after
unsuccessful interventional treatment or for the tre-
atment of long segment occlusions, or if a history of
embolization from incomplete occlusions or ulcera-
tive plaques exists, or for lesions located very close to
the vertebral origin.

Clinical examples

Fig. 5a shows a typical high-grade stenosis of the left
subclavian artery. Using transfemoral access and after
crossing the stenosis, a 7 French sheath was placed
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proximal to the stenosis. First, the stenosis was
predilated with a 4 mm and a 5 mm diameter balloon-
catheter. Then the sheath could be placed distal to the
stenosis and a balloon-expandable stent 8 mm in diam-
eter and 28 mm in length was correctly placed. The
sheath was redrawn and then the stent was deployed.
No restenosis remained (Fig. 5b). The patient suffered
from the steal-syndrome with dizziness and precollaps-
ing after arm exercises. Fig. 5c—e depict the steal phe-
nomenon with a cross-flow from the left to the right
vertebral artery and a resulting perfusion of the sub-
clavian artery distal to the stenosis. After stent im-
plantation no steal and no reversed blood flow was ob-
served in the ipsilateral vertebral artery (Fig. 5f).

Fig. 6a is an angiogram of a typical occlusion of
the origin of the left subclavian artery. The occlusion
could be crossed via a transbrachial access, and than
the guidewire could be drawn out of the additional
transfemoral access. The sheath was introduced via
the transfemoral access (Fig. 6b). The lesion could
be treated successfully with a 8 mm in diameter bal-
loon-expandable stent (Fig. 6¢). The stent projects
about 3 mm into the lumen of the aortic arch.
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Introduction to symptomatic and
asymptomatic internal carotid artery
stenosis and occlusion

The majority of transient ischemic attacks (TTAs) and
ischaemic strokes are caused by thromboembolism
from a stenosed large extracranial artery or occlusion
of a large intracranial artery (atherothrombotic stroke),
occlusion of a small intracranial artery (lacunar
stroke), or embolism from the heart (cardioembolic
stroke) [74]. In the remaining patients, the origin of
the infarction is not established by investigation (TTA
or ischaemic stroke of indeterminate aetiology), or less
common causes for ischaemia or infarction are iden-
tified (e.g., sickle cell disease or vasculitis).

TIA or stroke in association with extracranial in-
ternal carotid artery (ICA) stenosis is a very impor-
tant cause of morbidity and mortality in adults, and in
one series, 25% of patients with carotid territory
ischaemic stroke had = 75% stenosis or occlusion of
the ipsilateral ICA [6]. However, carotid artery terri-
tory TIA or stroke can occur in association with mild
(0-49%), moderate (50—-69%), or severe (70-99%) ex-
tracranial ICA stenosis, or ICA occlusion. Most pa-
tients with TIA or ischaemic stroke secondary to ex-
tracranial carotid artery stenosis present with clinical
features of ipsilateral middle cerebral artery (MCA)
rather than anterior cerebral artery (ACA) territory
ischaemia or infarction, although exceptions do occur
(see later). The majority of these patients are believed
to have initial atherosclerotic plaque rupture with
subsequent ipsilateral distal thromboembolism of pla-

telet emboli and/or plaque fragments [24]. However,
in some patients, acute thrombosis can occur on the
plaque surface and cause extracranial ICA occlusion.
Carotid occlusion may be asymptomatic if there is
adequate intracerebral collateral circulation, but it may
cause distal haemodynamic compromise especial-
ly in the presence of severe contralateral carotid ste-
nosis or poor collateral circulation [91], [44]. In other
patients with internal carotid artery occlusion, emboli
may arise (i) from the occluded internal carotid
stump, (ii) from the ipsilateral common or external
carotid arteries via external carotid collaterals, or (iii)
by transhemispheric passage from a contralateral in-
ternal carotid stenosis via the circle of Willis [44].
Embolic and haemodynamic mechanisms may co-
contribute to the pathogenesis of cerebral ischaemia
or infarction in some patients with ICA stenosis or
occlusion [83]. All patients with symptomatic carotid
stenosis or occlusion warrant aggressive secondary
prevention to reduce the risk of subsequent TIA,
stroke or other vascular events.

Asymptomatic stenosis (> 50%) of the extracra-
nial carotid artery can be incidentally detected in ap-
proximately 4 to 8% of adults with non-invasive Dopp-
ler ultrasound screening [18]. These patients could
potentially benefit from primary prevention strategies
to prevent the morbidity or mortality associated with
carotid territory TIA or stroke in the first instance.

In addition to the important group of patients
with extracranial ICA stenosis, up to 10% of TIAs
or ischaemic strokes may be attributed to athero-
sclerotic stenosis of a major intracranial artery [10].
Amongst Chinese patients, non-invasive imaging
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studies have suggested that intracranial stenosis may
be found in 51% of patients presenting with TIAs,
[35] and a third of patients presenting with acute
stroke [93]. Atherosclerotic stenosis of a major in-
tracranial artery is also an important cause of stroke
in black and Hispanic patients [10]. Cerebral ischae-
mia or infarction in these patients may be sec-
ondary to thrombosis, thromboembolism, or distal
haemodynamic compromise, and recurrent cerebro-
vascular events commonly occur despite the use of
anti-thrombotic therapy [10].

Intracranial imaging can confirm or refute that
the presenting symptoms and signs are secondary to
carotid territory ischaemia or infarction, and may
help to elucidate the aetiology and pathogenesis of
the patient’s TIA or stroke. This is important be-
cause the management of these patients is influenced
by the presence or absence of prior symptoms [84],
[21], [28], the severity and location of the stenosis in
the symptomatic subgroup [44], [10], [71], [72], and
the likely aetiopathogenesis of the symptoms. For ex-
ample, despite the potential benefits of carotid en-
darterectomy in patients with severe carotid stenosis,
better risk stratification of patients is required be-
cause certain subgroups derive less benefit from sur-
gical treatment. One needs to operate on approxima-
tely 4 or 5 patients with symptomatic severe carotid
stenosis within 2 weeks of symptom onset to prevent
one stroke or death over the following 5 years [72].
In patients with asymptomatic > 60% carotid steno-
sis, one needs to perform a carotid endarterectomy
on 17-19 patients to prevent one stroke or death over
the following 5 years [21], [28]. These data illustrate
the need to enhance our understanding of the patho-
genic mechanisms responsible for carotid territory
TIA or stroke, and the importance of identifying in-
dividual patients with carotid stenosis or occlusion
who are at highest risk of recurrent symptoms during
follow-up to facilitate improvements in stroke pre-
vention. This might allow us to target ‘lower risk’ pa-
tients with asymptomatic or symptomatic severe ca-
rotid stenosis with more intense anti-thrombotic,
anti-hypertensive or lipid-lowering therapy, while re-
serving surgical, endovascular or revascularisation
therapy for those at ‘higher risk’. Furthermore, this
information could facilitate identification of, and in-

tensification of antithrombotic treatment in, a sub-
group of carotid stenosis patients who have ongoing
embolism while awaiting carotid endarterectomy or
stenting.

This chapter focuses on intracerebral imaging
with T1- and T2-weighted, Diffusion-Weighted
and Perfusion-Weighted Magnetic Resonance Ima-
ging (MRI), and intracranial vascular imaging with
intra-arterial catheter angiography, CT angiography
(CTA), MR angiography (MRA), and transcranial
Doppler ultrasonography (TCD) in the diagnostic
work-up of patients with extracranial carotid steno-
sis. The role of TCD in detecting intracranial ath-
erosclerotic ICA and MCA stenosis, and in monito-
ring patients with extracranial ICA stenosis will be
discussed. Standard brain CT and Single-Photon
Emission Computed Tomography (SPECT) ima-
ging, T2* (gradient echo) and standard MRI of
brain in patients with carotid territory haemorrhagic
infarction, functional MR brain imaging, intra-
cranial imaging of patients with carotid dissection,
and Positron Emission Tomography (PET) have
been dealt with in other chapters and will not be
discussed further. The detailed investigation of
patients with moyamoya disease is also beyond the
scope of this chapter.

Magnetic Resonance Imaging (MRI)
techniques to establish patterns
and the likely aetiology of ischaemia
or infarction in patients with carotid
territory TIAs or stroke

It is our practice to perform intracranial structural
brain imaging in all patients with carotid stenosis,
especially in those patients who are being considered
for carotid endarterectomy or endovascular treat-
ment. Cranial MRI may localise the area of cerebral
ischaemia or infarction, evaluate brain structure and
function, and assess perfusion characteristics and
large-vessel patency in a patient with a carotid terri-
tory TIA or ischaemic stroke. A standard MRI pro-
tocol for the investigation of a patient with a carotid
territory TIA or stroke may include T1- and T2-
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weighted and Fluid-Attenuated Inversion Recovery
(FLAIR) sequences, Diffusion Weighted Imaging
(DWI), Perfusion Weighted Imaging (PWI) and
extra- and intracranial Magnetic Resonance Angi-

ography (MRA).

T1- and T2-weighted MRI in patients
with carotid territory TIA or stroke

T1- and T2-weighted MRI sequences form the core
of almost every clinical MRI protocol, but are not the
most sensitive techniques available to identify hyper-
acute cerebral ischaemia or infarction. One may detect
‘absence of flow void’ in an acutely occluded intracra-
nial artery within 2 hours (and possibly within mi-
nutes) of onset of acute carotid territory ischaemic
symptoms using T1- and T2-weighted MRI; T2-
weighted sequences are more sensitive than T1-MRI
at detecting this subtle abnormality [16] MR imaging
following administration of gadolinium may identify
abnormal enhancement (abnormally high signal)
within the artery feeding the area of ischaemic cortex
within the first 2 hours after symptom onset, presum-
ably secondary to sluggish flow within the partially
occluded vessel [94]. These changes are more easily
seen on gadolinium- enhanced T1-weighted than
T2-weighted MR images [94].

When cerebral blood flow falls to between 10
and 15 ml/100 g/minute, ischaemia-induced failure of
the neuronal membrane sodium pump results in the
intracellular accumulation of sodium and water with
resultant neuronal swelling (cytotoxic oedema) [39].
Because T1-weighted MRI is useful for looking at
normal brain anatomy, one may identify morphol-
ogical swelling of the grey matter and subtle effac-
ement of sulci on T1-weighted images in the acute
phase after ischaemic stroke (within the first 2-4
hours), which is presumably secondary to cytotoxic
oedema [94]. Although this can occur before high
signal is seen on T2-weighted images, these changes
may be very subtle and may not be reliably identified,
and one cannot exclude acute cerebral infarction if
T1-weighted MRI of brain is normal.

If severe cerebral ischaemia persists for more
than 6 hours, the integrity of the capillary endothelial

cells is compromised and intravascular fluid and pro-
tein leak into the extracellular space [39]. This leads
to the development of vasogenic oedema which peaks
at 24 to 48 hours [39]. T2-weighted imaging may
identify high signal intensity change secondary to ei-
ther cytotoxic or vasogenic oedema, but is much more
commonly abnormal during the phase of develop-
ment of vasogenic oedema (Fig. 1). Therefore, al-

though T2 high signal change may be seen as early as

Fig. 1. a T2-weighted axial MRI: Subtle high signal intensity
changes (arrows) involving the left frontal and insular cortex, left
putamen and head of the left caudate nucleus 8 hours after onset
of right hemiparesis and expressive dysphasia. b T2-weighted MRI
brain 4 days later in same patient showing an established left
MCA territory infarct.



180

Chapter 2.4

6 to 8 hours after the onset of ischaemic symptoms, it
is present in most, but not all, patients by 24 hours
[94]. Corresponding low signal intensity change on
T1-weighted MRI is rarely seen before 16 hours, and
is only identified in some patients between 16 and 24
hours after onset of acute cerebral infarction, thus
rendering low signal change on T1-weighted MRI a
less sensitive marker of acute infarction than high sig-
nal change on T2-weighted images [94].

T1- and T2-weighted MRI can confirm that
the area of infarction lies within the ACA or MCA
territory in a symptomatic patient with ipsilateral
carotid stenosis, thus implying that the stenosis caused
the symptoms. However, T1- and T2-weighted
MRI cannot identify acutely ischaemic tissue that is
not destined to undergone irreversible infarction,
and as stated above, may not actually identify all pa-
tients with acute cerebral infarction. Furthermore,
because recent and long-standing cerebral infarcts
both exhibit similar high signal intensity character-
istics on T2-weighted images, one may not be able
to differentiate between acute and established infarc-
tion with T2-weighted MRI unless the patient has
developed acute oedema in association with a recent
infarct. Because a proportion of patients with carotid
stenosis have clinically asymptomatic established in-
farction on brain MRI, and others have co-existent
small vessel disease or a potential cardiac source of
embolism, additional MR imaging techniques may
help to clarify whether the stenosis has caused the
presenting symptoms or is likely to be incidental and
asymptomatic.

Fluid-Attenuated Inversion Recovery

(FLAIR) MRI

More recently, FLAIR MRI has been introduced to
complement conventional T2-weighted sequences.
FLAIR MRI provides a very heavily T2-weighted
image of brain parenchyma and nullifies the signal
from cerebrospinal fluid (CSF) [65]. FLAIR MRI is
particularly useful in identifying periventricular and
cortical infarcts which may be less obvious on con-
ventional T2-weighted sequences because of partial
volume effects and high CSF signal adjacent to the

pathological region of interest (Fig. 2). Noguchi
et al. identified high signal changes on FLAIR MRI,
consistent with acute infarction, in 6 of 7 (86%) pa-
tients who were imaged within 3 hours of onset of
ischaemic stroke [65]. Although FLAIR MRI may
increase the likelihood of identifying acute carotid
territory infarction compared with T1- or T2-
weighted MRI, high signal abnormalities also per-
sist on FLAIR MRI after the acute phase of cerebral
infarction, and do not allow one to differentiate be-
tween recent or prior infarction. Ultimately, some in-
farcts may also appear as low signal intensity lesions
on FLAIR if cavitation of the infarct occurs and the

Fig. 2. a T2-weighted Turbo Spin Echo sequence at the high
convexity level demonstrating equivocal high signal intensity
changes in the right MCA territory; b FLAIR image at the same
level demonstrating definite high signal intensity change in-
volving the cortex in two separate gyral regions (white arrows)
(Adapted from Brant-Zawadzki et al. [19]).
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contents of the cavity approach the protein content

of CSE.

Diffusion Weighted Imaging (DWI)

MRI can exploit the normal random motion of wa-
ter molecules in the brain to produce image contrast
[39]. In a Diffusion Weighted Imaging (DWI) pro-
tocol, the spatial location of each water molecule is
effectively ‘tagged’ so that any net movement of wa-
ter molecules during image acquisition results in a
loss of signal and darkening of the images. This ‘tag-
ging’ is achieved by a pair of very strong magnetic
field gradients (diffusion gradients) which are typi-
cally added to a T2-weighted spin echo sequence
[4]. These gradient pulses are designed to cancel
each other out if there has been no movement of
water molecules. Signal attenuation therefore occurs
in normal tissues with random water motion, such
as CSF; high signal change is seen on DWI in tis-
sues that have restricted diffusion, e.g., with cyto-
toxic oedema associated with hyperacute cerebral
ischaemia/infarction, and may also occur with sub-
sequent vasogenic oedema in the later stages after
cerebral infarction (see below).

Diftusion weighted scans are characterised by
their b value (in s/mm?) which is a function of the
diffusion gradient strength, its duration, and the
time interval between gradients. The conspicuity of
the lesion on DWI relates to this b value. Although
DW images are useful, the absolute intensities may
not be a direct indicator of the diffusion coefficient.
Factors that affect the diffusion coefficient on DWI
include the T2 signal and the b value. DWI can be
influenced by the “T2 shine through effect’ caused
by high signal intensity changes on a corresponding
T2-weighted MRI. However, each DW image has a
corresponding  Apparent Diffusion  Coefficient
(ADC) map which allows one to measure the degree
of signal decay (slope of decay) rather than the abso-
lute value, thus eliminating the influence of the T2
shine through effect on the ADC map. Areas which
exhibit restricted diffusion and appear bright on a
DW image have a low diffusion coefficient and ap-
pear hypointense or dark on an ADC map.

DWI has been shown to detect ischaemic le-
sions within minutes of the ictus in experimental
animals, and within 30-90 minutes of acute stroke
onset in humans [82]. Therefore, DWI is more
sensitive than CT or conventional MRI at detecting
acute cerebral ischaemia or infarction in the first
few minutes and hours after symptom onset [64],
[86], [22], [23], [5], [76], [42]. Acute ischaemic foci
typically appear bright on DWI (‘light bulb’ sign)
and dark on ADC maps (Fig. 3) [88]. High signal
abnormalities on DWI may persist for up to 57
days (and very occasionally for up to 90 days) after
ischaemic stroke, and then typically decrease in in-
tensity [20]. Dark signal abnormality on an ADC
map usually lasts for 10 days after ischaemic stroke
onset, pseudonormalises, and may subsequently
change to exhibit increased signal intensity [20].
However, dark signal abnormality on an ADC map
may persist for up to a month in border-zone in-
farcts between the superficial and deep perforators
of the middle cerebral artery, and should not be
interpreted as indicating hyper-acute infarction in a
patient with severe ipsilateral ICA stenosis [34].

It was initially felt that acute DWI signal
changes on MRI represented irreversibly infarcted
brain tissue. However, more recent longitudinal
studies have shown that brain regions with initial
abnormal signal intensity on DWI may regain normal
signal intensity after recanalisation of the occluded
artery [43] suggesting that cerebral ischaemia may
also cause DWI signal change. This is supported by
the observation that 45% of patients who had a hemi-
spheric TTA in association with severe ipsilateral ca-
rotid stenosis had abnormal signal change on DWI
in one series [42].

The additional information obtained from DWI
in TIA and ischaemic stroke may influence clinical
management. For example, an 85 year old man with
severe right extracranial ICA stenosis who experiences
a non-disabling stroke causing left arm and leg weak-
ness, who 1s found to have an acute ischaemic lesion
on DWI consistent with right pontine lacunar infarc-
tion, may not undergo carotid endarterectomy when
the clinician concludes that the stenosis is asymptom-
atic. On the contrary, a patient with carotid stenosis
who presents with a ‘lacunar stroke syndrome’ may be
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Fig. 3. a DWI in a patient with an acute right MCA territory infarct showing bright signal abnormality (‘light bulb sign’) in the right corona
radiata (arrow); b Corresponding ADC map showing dark signal abnormality in the same region (arrowhead).

found to have a large subcortical infarct on DWI that
could not be attributed to small vessel occlusion, thus
allowing the clinician to conclude that the stenosis is
“symptomatic” and warrants intervention [76]. Fur-
thermore, some patients with severe carotid stenosis
may have an alternative source of embolism; the find-
ing of recent bilateral MCA and vertebrobasilar terri-
tory lesions on DWI would prompt a more intensive
search for a cardio-embolic source of embolism that
might require treatment with anticoagulation. An-
other important group of patients that might benefit
from the information obtained from DWI are those
with “clinically asymptomatic” severe extracranial ICA
stenosis who have never had prior symptoms of TTIA
or stroke. The identification of recent ipsilateral MCA
territory infarction on DWI in a “clinically asymptom-
atic” patient suggests that the stenosis has been “radio-
logically symptomatic” and may encourage the cli-
nician to recommend carotid endarterectomy for
stroke prevention if the potential benefits of treatment

outweigh the risks in that individual. Although one
must stress that there is no evidence from randomised
controlled trials that clinically asymptomatic patients
with cerebral infarction on MRI benefit more from
carotid endarterectomy than patients without evidence
of infarction on MRI, this is an issue that warrants
turther investigation.

DWI allows us to identify patterns of infarction
in the acute stage after TIA or stroke, and can im-
prove our understanding of the likely aetio-
pathogenesis of ischaemia or infarction in patients
with extracranial carotid stenosis. Szabo et al. have
utilised data from previous studies to describe 5
main patterns of infarction in patients with ischae-
mic stroke distal to an ipsilateral extracranial ICA
stenosis or occlusion (Fig. 4) [83]:

(1) “Territorial infarction” involves the cerebral
cortex and subcortical structures within the MCA,
ACA or both vascular territories [83]. MCA infarcts
may be considered to be “partial” if a distal MCA
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Conventional Imaging

Pattern Description Term Example (DW MRI)
1 Large lesion involving the cortex Territorial infarction
2 Subcortical lesion with or without Subcortical infarction

additional smaller lesion(s)

3 Large lesion involving the cortex with Territorial infarction with
additional smaller lesion(s) fragmentation

4 Several disseminated small lesions

5 Small lesions in hemodynamic risk zones Border zone infarction

Fig. 4. Different patterns of infarction that one may see in patients with extracranial ICA stenosis (reproduced from [83]).
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branch is occluded, and “large” if there is proximal
occlusion at the level of the MCA bifurcation or tri-
furcation without an efficient collateral system (Fig. 5)
[83]. “Complete” ACA and MCA territory infarc-
tion may occur in patients with embolisation and
occlusion of the distal intracranial ICA [83].

(i1) “Subcortical infarction” involves the terri-
tory supplied by deep perforating branches origina-
ting from the distal intracranial ICA or the MCA
trunk in the presence of adequate collateral supply
to the cortex [83]. For example, embolic occlusion of
the MCA trunk in the presence of patent super-
ficial collaterals may cause a large striatocapsular in-
farct [83].

(i) “Territorial infarction with fragmentation”
represents a large territorial infarct with additional
smaller lesions in either cortical or subcortical regions,
presumably due to partial fragmentation of an embo-
lus to the MCA [83].

(iv) Small “disseminated lesions” may be ran-
domly distributed in the MCA territory and mainly
involve the cortex [83]. This pattern of infarction may
be secondary to fragmentation of a single MCA em-
bolus, or may occur if multiple smaller emboli occlude
smaller branches of the MCA [83].

(v) “Border-zone infarction” may also occur at
the junction between two or more adjacent non-anas-
tomosing arterial systems in patients with extracranial
carotid stenosis [83], [61]. Two different patterns of
border-zone infarction are recognised:

(a) “Cortical (external) border-zone infarcts”
involve the cortical boundary zones that lie in the
vascular territory supplied by the distal arterial

Fig. 5. Different patterns of infarction on MRI brain in two patients
with extracranial internal carotid artery occlusion: a Axial T2-
weighted MRI showing a right MCA territorial infarct with sparing
of the right ACA territory. It is assumed that the right ACA terri-
tory has been spared because of collateral blood supply from the
left carotid circulation via the anterior communicating artery; b
Axial FLAIR MRI showing infarction in the border-zone between
the MCA and the ACA territories, with relative preservation of
parts of the fronto-parietal corte; it is also possible that the pa-
tient had multiple emboli from the ICA stump to the MCA at
the time of the occlusion. The relative sparing of the cortex sug-
gests that the patient had a well developed superficial collateral
supply e.g. from branches of the right external carotid artery.

branches of both the ACA and the MCA, the MCA
and the posterior cerebral artery (PCA), or in the
triple border-zone between the ACA, the MCA and
the PCA; [61]. (b) “Internal border-zone infarcts”
involve the white matter that lies in the vascular
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territory between the arterial supply of the superfi-
cial arterial perforators (medullary perforating arteries)
and the deep perforating arteries (lenticulostriate ar-
teries) of the MCA [89], or in the centrum semi-
ovale in the territory between the superficial arterial
perforators of the MCA and ACA [61].

One might expect the first four patterns of
ischaemia or infarction to occur predominantly in
carotid stenosis patients with embolic occlusion of
the intracranial ICA or MCA, and border-zone in-
farction to occur in patients with severe extracranial
ICA stenosis with haemodynamic compromise sec-
ondary to poor collateral supply. However, because
the size and location of the border-zones vary enor-
mously between carotid stenosis patients, and even
within individuals who develop increasingly severe
carotid stenosis over time, it 1s difficult to be certain
whether the cause of the ischaemic lesion on MR
imaging is secondary to thromboembolic occlusion,
‘low flow” with haemodynamic compromise, or a
combination of both mechanisms [90]. A detailed
history may provide some clues as to whether a ca-
rotid territory TIA is likely to secondary to throm-
boembolism or haemodynamic compromise. Hae-
modynamic TTAs are typically described as evolving
over minutes (embolic TIAs are typically maximal
within seconds of symptom onset), and may be asso-
ciated with course jerking of the arm and/or leg
contralateral to the stenosis in association with limb
weakness or numbness. In patients with ‘low flow
retinopathy’ distal to a unilateral severe extracranial
ICA stenosis, monocular ‘visual whiteout’ may devel-
op after exposure to bright sunlight and resolve over
seconds to minutes when the patient leaves the
bright surroundings. A haemodynamic mechanism
is also more likely if TIA symptoms occur after
standing or sitting up suddenly, after intake of anti-
hypertensive medication, or if the symptoms only
occur in very hot weather, after a hot bath or heavy
meal [90]. One must accept that a patient with e.g.
intracranial MCA branch stenosis who has an em-
bolism to the MCA trunk from an extracranial ICA
stenosis may present with a TIA that evolves in a
manner that suggests ‘haemodynamic’ ischaemia.

It is also important to remember that because the
lenticulostriate arteries arise from the MCA, occlusion

of one of these ‘end arteries’ by an embolus from an
extracranial ICA stenosis can also cause a clinical ‘la-
cunar syndrome’ with associated ‘lacunar infarction’ on
brain imaging [37]. Therefore, screening for carotid
stenosis in a patient with an anterior circulation lacu-
nar TIA or stroke can be justified, although the pick-
up rate is likely to be lower than in patients with clas-
sical large artery atherothrombotic TIA or stroke.

The following section reviews the imaging modal-
ities that may improve our understanding of the po-
tential mechanism(s) that may cause these different
patterns of infarction in patients with extracranial ICA
stenosis, and which may in turn inform clinical man-
agement decisions in this patient population.

Magnetic resonance Perfusion-Weighted
Imaging (PWI)

Perfusion-Weighted Imaging (PWI) is an additional
MRI technique that can provide some information
about cerebral blood volume and blood flow [5] by ex-
ploiting magnetic susceptibility effects within the
brain [39]. PWI involves rapidly injecting an intrave-
nous bolus of gadolinium diethylenetriamine penta-
acetic acid [70], which causes a transient reduction in
signal within the cerebral blood vessels and brain pa-
renchyma on T2*-weighted imaging [39]. Multi-slice
images of the whole brain are typically acquired every
1 to 2 seconds, and sequential changes in signal inten-
sity can be used to produce pixel-based colour maps,
and to calculate a number of indices including the
mean transit time of the bolus thorough the brain
(MTT), the relative cerebral blood volume (rCBV)
and the relative cerebral blood flow (rCBF) [39]. The
relative cerebral blood flow is calculated by dividing
the relative cerebral blood volume by the mean transit
time (rfCBF = rCBV/MTT). Prolongation of the
mean transit time of the injected bolus is the earliest
and most consistent sign of impaired cerebral perfu-
sion [39]. When the MTT increases, autoregulatory
mechanisms are activated which promote vasodilation
and recruitment of collateral vessels, thus increasing
cerebral blood volume and maintaining cerebral blood
flow at a relatively constant level [39]. Thus, the re-
sponse to impaired perfusion and prolongation of the
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MTT provides some information about the brain’s au-
toregulatory capacity and collateral reserve.

PWTI has the potential to play a role in evaluating
patients with extracranial ICA stenosis. However, it
must be appreciated that PWI is semi-quantitative and
cannot provide absolute values, but comparison of
blood flow between the two hemispheres may provide
information about the relative reduction in blood flow
in the affected hemisphere [39]. In the presence of im-
paired perfusion distal to a severe unilateral ICA steno-
sis, relative cerebral blood volume in the affected
hemisphere may be normal or increased if collateral
supply is adequate, but may be decreased if collateral
blood supply is insufficient and if maximum vasodila-
tory capacity has been exceeded [39]. This may allow
one to speculate that recurrent stereotyped MCA terri-
tory TIAs in a patient with severe ipsilateral ICA ste-
nosis are haemodynamic in origin if other non-invasive
imaging modalities fail to provide evidence of embo-
lism to the ipsilateral MCA (see section on TCD be-
low). It follows that the data obtained from PWI may
be less informative in patients with bilateral severe ICA
stenosis who have impaired perfusion in the MCA or
ACA territories on both sides. However, in some pati-
ents with bilateral ICA occlusion with collateral supply
to the anterior circulation from extracranial collaterals,
PWI may show impaired perfusion in the region of the
cortical border-zones on both sides [39].

In acute carotid territory TIA or ischaemic stroke,
perfusion of the affected brain region is impaired and
can be detected with PWI. Initially, because DWI le-
sions were considered to represent areas of irreversible
infarction, and because the perfusion defect was often
larger than the lesion seen on DWI, it was assumed
that the difference between the two defects, the “MR
diffusion-perfusion mismatch zone”, represented an
area of ischaemic brain that had not yet undergone ir-
reversible infarction (the ischaemic penumbra) [75].
Because more recent data have shown that DWI le-
sions may reverse following recanalisation of the feed-
ing artery [43], the MR diffusion-perfusion mismatch
model may overestimate the amount of irreversibly in-
farcted core tissue, thus underestimating the extent of
the ischaemic penumbra.

How could these MR imaging studies provide
useful information that could improve the care of pa-

tients with acute carotid territory TIA or stroke? In-
travenous recombinant tissue plasminogen activator
has been shown to improve the likelihood of a favour-
able outcome during follow-up if administered within
180 minutes of acute stroke onset, and may be of
benefit in patients treated up to 270 minutes after
symptom onset [27]. Ongoing studies, e.g. the Echo-
planar Imaging Thrombolysis Evaluation Trial, are
investigating the usefulness of combined DWI-PWI
studies in selecting patients who may benefit from
‘delayed thrombolytic therapy’ if they seek medical at-
tention outside of the usual three hour time period
following stroke onset. Preliminary results from the
Desmoteplase in Acute Ischemic Stroke trial suggest
that DWI-PWI mismatch data may be used to select
patients who may benefit from treatment with novel
thrombolytic agents between 3 and 9 hours after
acute ischaemic stroke onset, but larger trials are re-
quired to confirm these initial results [26]. Con-
versely, it may also be sensible to avoid thrombolytic
therapy in patients with acute DWI lesions who have
no residual perfusion deficit on PWI, because it is
likely that these patients have already spontaneously
recanalised the temporarily occluded feeding artery
and may not derive any further benefit from throm-
bolysis. Furthermore, future PWI studies may facili-
tate identification of patients with acute MCA infarc-
tion who are likely to develop a malignant MCA
syndrome secondary to more extensive MCA ischae-
mia than is predicted by DWI alone. If the results of
ongoing trials, such as the Decompressive Surgery for
the Treatment of Malignant Infarction of the Middle
Cerebral Artery (DESTINY) trial are encouraging,
the use of PWI in this setting deserves further study.

Intracranial vascular imaging

with catheter angiography, CTA,

and MRA in patients with extracranial
carotid stenosis

Most clinicians request colour Doppler ultrasound
imaging to initially establish the diagnosis of ex-
tracranial proximal ICA and carotid bifurcation ste-
nosis. Colour Doppler ultrasound has a relatively
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high sensitivity and specificity in identifying severe
extracranial ICA stenosis [62], [59], and the combi-
nation of Doppler ultrasound with other non-inva-
sive imaging studies (e.g., extracranial MRA or
CTA) improves the likelihood of ‘accurately’ iden-
tifying a severe ICA stenosis that might warrant in-
tervention [66]. Because of the safety of non-in-
vasive imaging techniques, many patients with
proximal extracranial ICA stenosis do not have their
stenosis severity measured with the “gold standard”
technique of catheter angiography, and routine imag-
ing of the intracranial circulation is not performed
in many centres as part of the work-up of patients
with carotid stenosis. Although standard cross-sec-
tional CT and MRI images provide some informa-
tion about the patency of the intracranial vessels, de-
dicated intracranial vascular imaging protocols are
required to delineate the intracranial vessels in de-
tail.

The potential benefits of intracranial imaging in
patients with extracranial carotid stenosis include
identification of:

— “T'andem arterial stenosis’ in the extracranial and
intracranial ICA (Fig. 6)

— Intracranial atherosclerosis of the MCA, ACA,
PCA, and their branches

— The response to intravenous or intra-arterial
thrombolytic therapy

— The extent of the intracranial collateral arterial
supply and

— Other pathological processes, including vasculitis
or dissection, that may occasionally co-exist in pa-
tients with atherosclerosis.

Clinical examples of patients who could benefit
from intracranial vascular imaging

Because colour Doppler ultrasound cannot visualise
the distal extracranial ICA far above the angle of the
mandible, one should suspect distal ‘tandem’ carotid
stenosis in a patient with ‘high-resistance flow’ on
Doppler waveform analysis of the proximal ICA, and
distal extracranial and intracranial vascular imaging

should be performed [73]. Intracranial vascular imag-

Fig. 6. a Intra-arterial digital subtraction angiogram with selective
ICA injection showing > 80% stenosis of the origin of the ex-
tracranial internal carotid artery according to NASCET criteria
(long black arrow). There is severe stenosis and trickle flow in the
proximal external carotid artery (short black arrow), and there is a
tandem stenosis of the proximal cavernous segment of the in-
tracranial ICA (white arrow); b Intracranial time of flight MRA also
showing the stenosis of the intracranial cavernous ICA.

ing should also be considered in patients at higher
risk of having intracranial stenosis; e.g., the occur-
rence of ‘haemodynamic’ carotid territory TTIAs in an
Asian or black patient who only has moderate ex-
tracranial ICA stenosis warrants a search for co-exi-
stent intracranial stenosis that could be contributing
to the symptoms. Intracranial vascular imaging may
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provide useful clinical information in a patient with
mild carotid stenosis who is found to have proximal
MCA occlusion on intracranial MRA 4 hours after
stroke onset, because this patient may then be consid-
ered for intra-arterial thrombolysis. The degree of re-
canalisation of the occluded vessel can be re-assess-
ed at a later date with non-invasive MRA. A patient
with severe bilateral ICA stenosis who has recurrent
posterior circulation ischaemic symptoms, but no
evidence of proximal vertebral stenosis, would benefit
from intracranial imaging to look for evidence of ba-
silar artery stenosis and to assess intracranial collat-
eral supply to the posterior and anterior circulation.
If one encounters a patient with severe extracranial
ICA stenosis who has multifocal bilateral ischaemic
and haemorrhagic lesions on CT or MRI brain, in-
tracranial catheter angiography may show features
suggestive of vasculitis, and the stenosis may then be
considered to be asymptomatic.

How might intracranial vascular imaging
influence clinical management?

The information obtained from intracranial vascular
imaging can influence clinical decision making in
patients with carotid stenosis. In patients with ca-
rotid territory TIAs or stroke in association with
tandem arterial stenosis affecting the extracranial
and intracranial ICA, many clinicians would advise
treatment of the extracranial stenosis first with ei-
ther carotid endarterectomy or endovascular therapy.
If TTAs or stroke recur in the absence of extracranial
ICA restenosis, especially if one can detect emboli in
the ipsilateral MCA on transcranial Doppler imag-
ing and no other cause for the symptoms is identi-
fied, then one may conclude that the intracranial
stenosis is causing the recurrent symptoms. This
could lead to further intensification of best medical
therapy or perhaps endovascular intervention, al-
though it must be stressed that no randomised stud-
ies comparing these interventions have been pub-
lished to date.

In the North American Symptomatic Carotid
Endarterectomy Trial (NASCET), the presence of

intracranial atherosclerotic disease on catheter an-

giography significantly influenced the risk of subse-
quent stroke only in patients with 85-99% extracra-
nial ICA stenosis who were treated with best medi-
cal therapy alone; intracranial stenosis did not
significantly impact on stroke risk in patients with
< 50%, 50 to 69%, or 70 to 84% stenosis [41]. The
three-year risk of ipsilateral stroke distal to an 85—
99% extracranial ICA stenosis was significantly
higher in those with versus those without intracrani-
al atherosclerosis (45.7% wvs. 25.3%, relative risk 1.8
[95% confidence interval 1.1-3.2]) [41]. In the same
study, the three-year risk of ipsilateral stroke in sur-
gically treated patients with 85-99% extracranial
ICA stenosis was similar in those with and those
without intracranial atherosclerosis (8.6% wvs. 10%,
relative risk 0.9, [95% confidence interval 0.2-3.0]).
These data can be of use when counselling this sub-
group of patients before carotid endarterectomy. Pa-
tients who have combined very severe extracranial
and intracranial atherosclerosis have a very high risk
of stroke if they are treated with best medical
therapy alone, but the presence of intracranial steno-
sis does not appear to increase the hazard associated
with surgery if they proceed to carotid endarterec-
tomy.

A further study revealed that the presence of in-
tracranial collateral supply to the symptomatic hemi-
sphere in medically treated patients with symptom-
atic 70-99% extracranial ICA stenosis reduced the
two-year absolute risk of ipsilateral hemispheric
stroke by 16.5% (11.3 vs. 27.8%, p = 0.005) and the
risk of ipsilateral hemispheric TIA by 17% (19.1 ws.
36.1%, p = 0.008) compared with patients who did
not have collaterals [30]. Surgically treated patients
with symptomatic 70-99% extracranial ICA stenosis
who had collateral supply to the affected hemisphere
had a lower peri-operative stroke risk in the 30 days
after surgery compared with those patients without
collaterals (1.1 ws. 4.9%) [30]. However, the pres-
ence of collaterals did not provide significant added
protection against TIA or stroke in these surgically
treated patients during prolonged follow-up at 2
years [30]. The beneficial effect of collateral supply
was not evident in either the medically or surgically
treated patient with near occlusion of the ICA.
These data may also be useful in risk stratifying pa-



188

Chapter 2.4

provide useful clinical information in a patient with
mild carotid stenosis who is found to have proximal
MCA occlusion on intracranial MRA 4 hours after
stroke onset, because this patient may then be consid-
ered for intra-arterial thrombolysis. The degree of re-
canalisation of the occluded vessel can be re-assess-
ed at a later date with non-invasive MRA. A patient
with severe bilateral ICA stenosis who has recurrent
posterior circulation ischaemic symptoms, but no
evidence of proximal vertebral stenosis, would benefit
from intracranial imaging to look for evidence of ba-
silar artery stenosis and to assess intracranial collat-
eral supply to the posterior and anterior circulation.
If one encounters a patient with severe extracranial
ICA stenosis who has multifocal bilateral ischaemic
and haemorrhagic lesions on CT or MRI brain, in-
tracranial catheter angiography may show features
suggestive of vasculitis, and the stenosis may then be
considered to be asymptomatic.

How might intracranial vascular imaging
influence clinical management?

The information obtained from intracranial vascular
imaging can influence clinical decision making in
patients with carotid stenosis. In patients with ca-
rotid territory TIAs or stroke in association with
tandem arterial stenosis affecting the extracranial
and intracranial ICA, many clinicians would advise
treatment of the extracranial stenosis first with ei-
ther carotid endarterectomy or endovascular therapy.
If TTAs or stroke recur in the absence of extracranial
ICA restenosis, especially if one can detect emboli in
the ipsilateral MCA on transcranial Doppler imag-
ing and no other cause for the symptoms is identi-
fied, then one may conclude that the intracranial
stenosis is causing the recurrent symptoms. This
could lead to further intensification of best medical
therapy or perhaps endovascular intervention, al-
though it must be stressed that no randomised stud-
ies comparing these interventions have been pub-
lished to date.

In the North American Symptomatic Carotid
Endarterectomy Trial (NASCET), the presence of

intracranial atherosclerotic disease on catheter an-

giography significantly influenced the risk of subse-
quent stroke only in patients with 85-99% extracra-
nial ICA stenosis who were treated with best medi-
cal therapy alone; intracranial stenosis did not
significantly impact on stroke risk in patients with
< 50%, 50 to 69%, or 70 to 84% stenosis [41]. The
three-year risk of ipsilateral stroke distal to an 85—
99% extracranial ICA stenosis was significantly
higher in those with versus those without intracrani-
al atherosclerosis (45.7% wvs. 25.3%, relative risk 1.8
[95% confidence interval 1.1-3.2]) [41]. In the same
study, the three-year risk of ipsilateral stroke in sur-
gically treated patients with 85-99% extracranial
ICA stenosis was similar in those with and those
without intracranial atherosclerosis (8.6% wvs. 10%,
relative risk 0.9, [95% confidence interval 0.2-3.0]).
These data can be of use when counselling this sub-
group of patients before carotid endarterectomy. Pa-
tients who have combined very severe extracranial
and intracranial atherosclerosis have a very high risk
of stroke if they are treated with best medical
therapy alone, but the presence of intracranial steno-
sis does not appear to increase the hazard associated
with surgery if they proceed to carotid endarterec-
tomy.

A further study revealed that the presence of in-
tracranial collateral supply to the symptomatic hemi-
sphere in medically treated patients with symptom-
atic 70-99% extracranial ICA stenosis reduced the
two-year absolute risk of ipsilateral hemispheric
stroke by 16.5% (11.3 vs. 27.8%, p = 0.005) and the
risk of ipsilateral hemispheric TIA by 17% (19.1 ws.
36.1%, p = 0.008) compared with patients who did
not have collaterals [30]. Surgically treated patients
with symptomatic 70-99% extracranial ICA stenosis
who had collateral supply to the affected hemisphere
had a lower peri-operative stroke risk in the 30 days
after surgery compared with those patients without
collaterals (1.1 ws. 4.9%) [30]. However, the pres-
ence of collaterals did not provide significant added
protection against TIA or stroke in these surgically
treated patients during prolonged follow-up at 2
years [30]. The beneficial effect of collateral supply
was not evident in either the medically or surgically
treated patient with near occlusion of the ICA.
These data may also be useful in risk stratifying pa-
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Fig. 7. a Selective intra-arterial carotid DSA (lateral projection) showing luminal irregularity with segmental narrowing and widening of
branches of both the middle and anterior cerebral arteries. The patient presented with a haemorrhagic stroke after taking an unknown
mixture of illicit substances, thought to include ‘ecstasy’ and cocaine. These peripheral arterial branches are rarely clearly visualised with
current intracranial CTA or MRA imaging techniques; b High power view of the same patient showing stenotic and dilated segments of
the angular branch of the middle cerebral artery (arrows); ¢ I-ADSA following a left common carotid injection shows occlusion of the cer-
vical internal carotid artery with refilling of the cavernous and supraclinoid internal carotid artery by reversed flow in the ophthalmic ar-
tery; the ophthalmic artery is supplied by branches of the external carotid artery. Large arrow, point of reconstitution of the intracranial

cavernous ICA; Small arrow, reversed flow in the ophthalmic artery.

One of the limitations of I-ADSA is it does not
directly image the vessel wall itself or allow one to
identify the exact site of disease within the affected
vessel wall. Furthermore, if peri-procedural compli-
cation rates are not kept to a minimum, the poten-
tial benefit from intervention in a patient with ex-
tracranial ICA stenosis, especially in those with
asymptomatic severe carotid stenosis, may be out-
weighed by the combined short-term risks of angiog-
raphy and revascularisation.

‘Non-invasive’ intracranial angiography

Intracranial CTA and MRA currently offer lower
spatial resolution and less clear visualisation of the in-
tracranial vessels than I-ADSA, but the peri-proce-
dural morbidity associated with CTA or MRA is sub-
stantially lower. However, the adverse impact of the
lower accuracy of these relatively ‘non-invasive’ imag-
ing studies of the intracranial circulation in patients
with extracranial ICA stenosis is uncertain.
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CT Angiography (CTA)

CTA involves the intravenous administration of a
non-ionic iodinated contrast agent, that is typically in-
jected at a rate of 3ml per second [39]. The patient is
transported through the gantry of a spiral multi-detec-
tor CT scanner by a motorised table, and the rotating
detector ring of the scanner acquires 3D data at a time
that coincides with the phase of high intra-arterial
contrast enhancement (first pass imaging). Post-pro-
cessing of the acquired data sets allows one to con-
struct 3D CT angiographic images, on which one can
visualise the intracranial vessels and quantify the de-
gree of stenosis of an intracranial artery. More rapid
table movement obviously allows a larger field of imag-
ing to be covered, but leads to more movement blur-
ring artefact in the acquired images (Z-axis blur). In-
dustry developments are focusing on producing wider
blocks of detectors that will sample a larger area than
that covered by the currently available spiral CT scan-
ners, thus minimising the need for table movement
with the goal of improving imaging quality.

The advantages of CTA include the fact that it
can be performed in conjunction with standard CT
brain imaging, it is a relatively non-invasive test
which can be performed on an out-patient basis, and
current ‘leading-edge’ machines can cover a region
of interest from the aortic arch to the intracranial
middle cerebral arteries.

However, there are some limitations and disad-
vantages of CTA as an intracranial vascular imaging
technique. Patients undergoing CTA probably have
approximately a 0.04% risk of experiencing a severe
adverse reaction, and a 0.004% risk of experiencing a
very severe adverse reaction to the iodinated contrast
agent [63]. Patients who are treated with metformin
should discontinue therapy for 48 hours peri-procedur-
ally, and an iso-osmolar contrast agent needs to be
used in elderly diabetic patients with elevated serum
creatinine levels to minimise the risk of contrast-indu-
ced renal failure. Therefore, clinicians must follow the
guidelines for patient’ preparation laid down by the lo-
cal Radiology department.

CTA does not allow one to visualise sequential
vessel opacification over time, thus rendering investi-
gation of collateral intracranial blood supply more dif-

ficult than with catheter angiographic studies. This is
because filling of collateral vessels may be delayed, and
although patent, these collateral channels may not be
opacified with CTA. Therefore, one cannot exclude
the possibility that collateral channels exist, even if
they are not identified with intracranial CTA. Because
CT is very sensitive at detecting calcium, heavy calcifi-
cation of a stenosed intracranial artery may also im-
pede visualisation of the residual lumen of the vessel
and hinder grading of the severity of an intracranial
stenosis [32]. CTA may not always clearly visualise the
lumen of the intra-cavernous portion of the ICA be-
cause the degree of enhancement of the cavernous si-
nus may be similar to the enhancement of the adjacent
intra-cavernous carotid artery; this may obscure visual-
isation of the artery [32]. It may also be difficult to
isolate the petrosal intra-osseous segment of the in-
tracranial ICA from the surrounding bone using auto-
mated reconstruction techniques, and time-consuming
post-processing of the images from this region is re-
quired on an angiographic workstation [80].

One small prospective series reported that in-
tracranial CTA was reliable at identifying intracra-
nial ICA or MCA trunk occlusion that was subse-
quently confirmed on intra-arterial DSA [45].
However, a subsequent small retrospective study that
compared the sensitivity of intracranial CTA with I-
ADSA suggested that CTA may be a sensitive test
for identifying severe (70 to 99%) stenosis or occlu-
sion of the intracranial MCA or ACA, but not for
identifying severe stenosis of the intracranial ICA
[80]. Therefore, larger prospective studies are re-
quired to adequately assess the sensitivity and spe-
cificity of intracranial CTA in identifying intracra-
nial anterior circulation stenosis or occlusion in patients
with extracranial carotid artery stenosis.

Despite these technical limitations, CTA is likely
to play an increasingly important role in imaging the
intracranial circulation in patients with extracranial
ICA stenosis in future, especially in view of the
ready availability of this test.

Magnetic Resonance Angiography (MRA)

In carotid stenosis patients without a contrain-

dication to MRI, the combination of MRI and
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MRA allows the comprehensive evaluation of the
brain structure, perfusion, and vasculature. There are
three main MR techniques used to image the in-
tracranial vessels, and all of these techniques can also
visualise the extracranial vessels during the same
imaging session:

— Phase contrast MRA (PC-MRA)
— Time-of-flight MRA (ToF-MRA)
— Contrast enhanced MRA (CE-MRA)

Each technique has its own limitations and pro-
duces artefacts which the interpreting Radiologist
must be familiar with. Some are common to all tech-
niques, such as movement artefact, whereas others
are technique-specific. These are summarised below:

(1) PC-MRA

PC-MRA applies a magnetic field to create a phase
shift in protons within a predetermined range of
flow velocities [11]. The magnitude of the phase
shift is used to create an image, with high signal rep-
resenting flowing protons within the predetermined
velocity range. Background structures are then sup-
pressed to allow construction of a PC-MR angio-
gram [11]. PC-MRA may allow depiction of slow
flow within a large intracranial artery and flow with-
in smaller intracranial vessels.

One of the limitations of PC-MRA is that the
technique provides images with poor spatial resolu-
tion. Furthermore, PC-MRA only detects phase
shift caused by flow within a predetermined veloc-
ity range. If an extracranial or intracranial ICA
stenosis causes an alteration in flow velocity above
or below the predetermined velocity range, the dis-
tal intracranial vessel segment will not be detected
and visualised. Therefore, incorrect velocity encod-
ing at the beginning of the imaging protocol may
lead to the false impression that an intracranial ar-
tery is occluded, when in fact, flow may only be re-
duced within the patent vessel. The technique is
also limited by being insensitive to the direction of
flow, and although this may be useful when one is
imaging flow in a tortuous intracranial artery, ve-
nous blood flow may potentially obscure images of
the arterial anatomy. For these reasons, we do not

routinely use PC-MRA in the investigation of in-
tracranial arterial stenosis, and mainly reserve this
technique for the investigation of cerebral venous
sinus thrombosis.

(1) ToF-MRA

Time of flight (“in-flow”) MRA is a gradient-echo
short T1 sequence in which protons in flowing
blood that enter the magnetic imaging field generate
a strong signal, whereas protons in stationary back-
ground tissue are suppressed, thus generating a high
intensity signal within blood vessels [11]. With 2D
ToF MRA, the image is built up from thin slices
which have been sequentially acquired, whereas 3D
ToF MRA acquires the data for the whole imaging
slab at the same time. In comparison with 2D ToF
MRA, the 3D technique is less susceptible to degra-
dation by movement artefact, there is an improved
signal-to-noise ratio, and shorter radio-frequency
pulses can be used leading to better suppression of
signal from background structures, such as fat within
the orbit and dorsum sella. For these reasons, the 3D
ToF MRA technique is usually preferred to 2D ToF
MRA for visualisation of the intracranial arterial
circulation.

Current ToF-MRA techniques provide fami-
liar angiogram type images that can easily be re-
constructed and manipulated by the reporting Ra-
diologist. One can visualise the intracranial ICA,
the MCA, the ACA and their first branches only.
This is useful in identifying stenosis or occlusion
of the ICA, proximal MCA or ACA, but peri-
pheral branch occlusion will not be reliably identi-
fied with this technique (Fig. 8a). Although 3D
ToF-MRA still has relatively poor spatial resolu-
tion in comparison with I-ADSA, the new gene-
ration of 3 Tesla MRI scanners should signi-
ficantly improve the spatial resolution of the
acquired images compared with those obtained on
a 1.5 Tesla MRI scanner. Current demonstrations
suggest that at least one higher order of periph-
eral vessels will be visualised with 3 Tesla MR
imaging.

ToF-MRA has a number of methodological lim-

itations that one must be aware of:



A.D. Mackinnon et al.

193

ulated, MIP

Im17
Seq

w2129
L776

Fig. 8. a Intracranial ToF-MRA showing a proximal left
MCA stenosis (large white arrow) in a patient with a
left hemispheric MCA infarct of undetermined aetiol-
ogy. The minor irregularity of the left ophthalmic ar-
tery (arrowhead) suggests that an ICA embolus frag-
mented and partially occluded both vessels;
b Intracranial ToF MRA in a patient with a recent left
MCA territory intracranial haemorrhage. The haema-
toma appears hyperintense on this T1-weighted imag-
ing sequence (T1 shortening), thus obscuring ade-
quate visualisation of this distal branches of the left
MCA (long black arrow) compared with the normal
distal branches of the right MCA. One cannot exclude
either an aneurysm or a focal stenosis of the distal left
MCA with this technique at this stage after symptom
onset. This image also shows hyperintesnity from fat
within the petrous apex (arrowhead) and the orbits
(dashed arrow) which can easily be removed by post-
processing of the images.
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— ‘In plane flow saturation ToF MRA is most
sensitive at detecting flow perpendicular to the
plane of data acquisition, and the signal obtained
from blood flowing in vessels aligned at lesser
angles to the acquisition plane is less intense and
must not be erroneously interpreted as indicating
stenosis of that vessel. In addition, vessels which
run parallel to the plane of data acquisition may
not have detectable flow within them at all, thus
resulting in absent arterial segments which must
not be interpreted as being occluded. This most
commonly occurs in the MCA and its branches.

— ‘In slab saturation” ToF-IMRA data are acquired
in ‘slabs’ or ‘chunks’. When the flowing blood tra-
verses one of these slabs, the signal intensity from
the flowing blood at the periphery of the slab
temporarily decreases, resulting in an abrupt
change in signal intensity and an inhomogeneous
signal return from the artery being studied. This
may also give the false impression of a focal ste-
nosis in the vessel, and hence the importance of
studying the source images that are used to gene-
rate the ToF-MRA.

— ‘Susceptibility artefact” ToF-MRA is intrinsi-
cally vulnerable to inhomogeneity in the local mag-
netic environment. The interfaces between air and
soft tissue at the skull base are a frequent source
of this artefact, and one should not over-interpret
loss of signal in the ICA in this region as indica-
ting stenosis or occlusion.

— “T'1 shortening”: Tissue with intrinsically short
T1 signal will be seen on the acquired ToF MRA
images. Subcutaneous and orbital fat can easily be
removed by post processing techniques, but blood
products, e.g., within an intracerebral haematoma
or a haemorrhagic infarct, will remain on the re-
constructed image and may obscure precise visual-
isation of local vascular anatomy (Fig. 8b).

— Overestimation of stenosis severity: This has
been reported to occur especially in the intra-ca-
vernous portion of the intracranial ICA [32].

(111) CE-MRA
Gadolinium chelates produce signal change on T1-
weighted MRI sequences (T1 shortening) in pro-

portion to their concentration in blood. Unlike PC-
MRA or ToF-MRA, contrast enhanced intracranial
MRA simply depends on local intravascular T1
shortening caused by the presence of gadolinium
within a vessel, and does not rely on velocity-depen-
dent or inflow phase shifts. Therefore, movement
and flow artefacts are minimised, and even vessels
which run in the plane of imaging are well visual-
ised. For these reasons, CE-MRA is usually the in-
tracranial MR angiographic imaging modality of
choice to visualise the intracranial vessels when in-
tracranial arterial stenosis is suspected.

The timing from the injection of contrast to the
onset of image acquisition is critical to the success of
CE-MRA [11]. During the study, an initial small
‘timing bolus’ of 3 ml of gadolinium may be admini-
stered manually or via an automated pump, and the
time taken for the bolus to reach the intracranial cir-
culation is calculated. Alternatively, one can use an
automated ‘bolus detection’ and ‘scan triggering’
scheme to precisely begin image acquisition once the
bolus arrives in the arteries being studied [11]. Typi-
cally, a 40 ml bolus of gadolinium is injected into a
proximal forearm vein, followed by 40 ml of saline at
a rate of 3 ml/s. Image acquisition begins as the con-
trast arrives in the intracranial arterial circulation, so
that visualisation of intracerebral veins is avoided. A
3D volume ultrashort T1-weighted acquisition se-
quence is used, and the imaging parameters are set to
minimise the signal return from background tissues,
and to focus on the profoundly short T1 signal
change from the gadolinium bolus within the artery.
If one is imaging the intracranial circulation in a pa-
tient with extracranial ICA stenosis, it is important
to appreciate that CE-MRA has poorer spatial reso-
lution than I-ADSA, although the image quality is
often better that that seen with non-enhanced
MRA. However, if the image acquisition is not pre-
cisely timed to coincide with the arrival of the inject-
ed gadolinium bolus, then the arteries may be un-
der-filled or the images obscured by ‘venous phase
contamination’. Furthermore, CE-MRA is also sus-
ceptible to TT shortening effects, as outlined above.

Therefore, if the clinical history, or the results
of extracranial imaging studies suggest that in-
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tracranial vascular imaging could facilitate clinical
decision making in a patient with asymptomatic or
symptomatic extracranial ICA stenosis, the op-
tions are to screen the patient with I-ADSA, CTA
or MRA. Although I-ADSA is the gold standard
vascular imaging technique, MRA (especially CE-
MRA or ToF-MRA) or CTA are safer and allow
one to obtain information about brain structure
and vascular anatomy in one sitting. If further in-
formation is required that is likely to influence clin-
ical management, e.g. delineation of collateral ar-
terial blood supply in a patient with critical ICA
stenosis, or the exclusion of intracranial vasculopa-
thy involving smaller arterioles that one cannot vi-
sualise with current non-invasive arterial imaging
techniques, one should proceed to I-ADSA. The
imaging technique of choice is clearly determined
by local availability and local expertise, and it is
important to realise that certain CT and MRI sys-
tems provide better quality vascular imaging than
others. When the Neuroradiologist is informed
about the precise information that the clinician re-
quires from the test, he/she can decide which non-
invasive imaging test should be performed or
whether one should proceed directly to catheter
angiography. Advances in intracranial CTA and
MRA techniques in future are likely to reduce the
need for I-ADSA in many carotid stenosis pati-
ents in whom intracranial vascular imaging is nee-

ded.

Transcranial doppler ultrasound (TCD)

Development and applications of TCD
Transcranial Doppler Ultrasound (TCD) allows

non-invasive measurement of blood flow velocity in
the basal intracerebral vessels [57]. Although Doppler
ultrasound was first applied to patients in the 1960s,
Aaslid et al. first described successful insonation of
the middle cerebral artery in 1982 [2]. Since then,
TCD has been used for a number of different
purposes, including measurement of dynamic
cerebrovascular responses, intra- and peri-procedural

monitoring in patients with carotid stenosis, detec-
tion of intra-cranial stenosis, and detection of vaso-
spasm after subarachnoid haemorrhage [57]. More
recently, it has been appreciated that TCD can also
be used for cerebral emboli detection [81] and hence
the potential usefulness of TCD in investigating and
monitoring patients with carotid stenosis or occlusion.

TCD technique

To enable sufficient transmission of ultrasound waves
and successful insonation of the basal intracerebral
vessels through the skull bones, a low frequency trans-
ducer (usually 2 MHz) is used [57]. An aqueous gel
is applied to the transducer to improve ultrasound
transmission by maintaining an air-free contact be-
tween the transducer and the patient. TCD takes ad-
vantage of specific areas of the bony cranium that
tend to be relatively thin (acoustic windows) to inves-
tigate the intracranial vasculature (Fig. 9a—c). Arte-
rial localisation is achieved by the use of pulsed
Doppler that allows one to determine the depth of
the insonated vessel and the direction of blood flow
within the vessel. A typical TCD spectra obtained
from insonating the MCA is shown in Fig. 9d. One
may insonate the terminal ICA, MCA, ACA and
proximal PCA via a transtemporal window above the
zygomatic arch. (Fig 9b) [57]. However, TCD may
also be performed through a transorbital acoustic
window which allows insonation of the distal inter-
nal carotid artery and the ophthalmic artery, or via a
transforaminal approach to insonate the distal verte-
bral arteries and the basilar artery (Fig. 9¢) [57]. For
obvious reasons, the transtemporal approach is most
commonly preferred for investigating patients with
extracranial carotid stenosis or suspected anterior cir-
culation intracranial stenosis.

Advantages and limitations of conventional TCD

Conventional TCD has a number of advantages as a
method of evaluating patients with carotid stenosis
and occlusion. It is relatively cheap; it is non-invasive
and thus allows relatively prolonged monitoring and
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Fig. 9. a Photograph of skull illuminated from the inside. The relatively translucent area represents the transtemporal acoustic window,
an area of thin bone above the zygomatic arch (Reproduced with permission from Rune Aaslid, 2005:). b I Insonation of the MCA via the
transtemporal window. The transtemporal window can be divided into four distinct areas: Posterior (P), Middle (M), Anterior (A), and
Frontal (F) windows. In practice, the operator often commences insonation via the posterior window because this is the region which
usually affords best access to the MCA. Il Transducer angulations vary according to which transtemporal window is being utilized (adapt-
ed from Fujioka KA, Douville CM: Anatomy and freehand examination. In Transcranial Doppler (Newell DW, Aaslid R, eds.), pp. 9-32. New York;
Raven Press, 1992; ¢ The transtemporal (transducer probe), transorbital (thick white arrow) and transforaminal (via the foramen magnum,
dashed white arrow) windows are the three natural acoustic windows that allow penetration of the ultrasound beam into the cranium
and insonation of the major intracranial arteries. Most investigators use the transtemporal window for insonation of the anterior, middle,
and posterior cerebral arteries. Original drawing by Rune Aaslid (reproduced with permission). d Typical Doppler spectral waveform ob-
tained from insonation of the MCA using an ambulatory TCD device. Velocity (cm/s) is plotted on the y-axis, and time (s) on the x-axis.
The insonation depth is 50 mm and the direction of flow is towards the transducer.
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Fig. 9. (Continued)

repeated measurements. It also has high temporal
resolution making it an ideal tool to study rapid
changes in cerebral haemodynamics and to detect
cerebral emboli from a proximal source [57].

Its limitations include the reliance on a trained
technician to position the device and interpret the
data; and the poor spatial resolution of the technique
does not allow one to obtain clinically useful infor-
mation about the calibre of an intracranial vessel

[57]. The non-portability of conventional TCD lim-

its recording time to approximately one hour, which
is sufficient for performing cerebral haemody-
namic studies but a short time window to allow one
to assess cerebral embolisation. Recently, ambulatory
TCD has become available which allows prolonged
recordings of up to 8 hours [49], [48]. Another limi-
tation of TCD is the inability of the ultrasound
waves to pass across the temporal bone in 3-5% of pa-
tients [31]. With advancing age, especially in females,
hyperostosis of the temporal bone occurs [8], [50],
and this increases the percentage of patients who
have an inadequate acoustic window [38]. The inabil-
ity to obtain an adequate acoustic window is also
more common in black and Asian subjects.

Principles of cerebral haemodynamic
measurements using TCD

As stated earlier, some patients with severe carotid
stenosis or occlusion may have cerebral haemodynam-
ic compromise which may predispose to, or con-
tribute to, the pathogenesis of TIA or ischaemic
stroke. When collateral circulation is insufficient to
maintain cerebral blood flow, the low resistance in-
tracranial arterioles respond by vasodilating (cerebral
autoregulation), and their ability to vasodilate further
in response to an administered vasodilator is reduced.
Haemodynamically compromised brain regions can
be identified by the finding of increased oxygen ex-
traction on PET studies [16]. However, one can also
investigate for haemodynamic compromise by measu-
ring vasodilatory reserve or reactivity [68]. Increased
inspired carbon dioxide (CO,) in air, or acetazolamide
(a carbonic anhydrase inhibitor) are the most com-
monly used vasodilating stimuli [68]. SPECT studies
can be performed to measure cerebral blood flow
(CBF) before and after administration of a vasodila-
tor [9]. However, PET and SPECT studies are ex-
pensive, not necessarily widely available, and the pa-
tient is exposed to ionising radiation.

TCD is a simpler method of assessing cerebro-
vascular vasodilatory reserve or reactivity [67]. How-
ever, TCD measures blood flow velocity and not
absolute blood flow, and the technique is only valid
in estimating changes in cerebral blood flow if the
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vessel diameter does not change during the interven-
tion. It has been demonstrated by cerebral angiogra-
phy that there is very little or no change in the MCA
diameter after the administration of concentrations
of CO, that are used in TCD studies [36], and there-
fore, measurement of cerebrovascular reactivity with
TCD in response to CO, appears to be a valid tech-
nique. However, high doses of CO, occasionally
cause hypertension which may lead to an increase in
cerebral perfusion and a ‘passive’ increase in the re-
corded velocity in the MCA [19]. This may give the
erroneous impression that cerebral autoregulation is
preserved, when it fact it may be impaired [19] thus
emphasising the importance of monitoring blood
pressure during the procedure to control for this po-
tential confounder [57].

TCD technique of carbon dioxide reactivity

Blood flow velocity in the middle cerebral artery
(MCA) is monitored with TCD while the patient
breathes air, and then during the inhalation of a mix-
ture of 5-8% carbon dioxide and air [57]. Similar stud-
ies can be performed before and after the admini-
stration of acetazolamide. In normal subjects, there is
a marked increase in blood flow velocity of < 50%,
that is dependent on the concentration of CO, admin-
istered [58]. An increase in MCA velocity of < 20%
in response to inhalation of 8% CO, has been consid-
ered to represent exhausted cerebrovascular reactivity

[51].

CO, reactivity in patients with severe carotid
stenosis and occlusion

In keeping with PET and SPECT studies, a minority
of patients with severe carotid stenosis or carotid occlu-
sion, essentially those with poor collateral supply, have
markedly impaired CO, reactivity [67], which may im-
prove in some patients following carotid endarterec-
tomy [29]. Markus and Cullinane performed baseline
CO, reactivity studies in 48 patients with carotid occlu-
sion who had been asymptomatic for at least 3 months,
and 59 patients with 70-99% carotid stenosis who had
been clinically asymptomatic for at least 2 years [51].

The subjects were prospectively followed-up until they
experienced a TIA, stroke, died, or the study terminat-
ed. Exhausted ipsilateral MCA reactivity was a signifi-
cant predictor of an increased risk of ipsilateral TIA and
stroke during follow-up in the whole group, and also in
the carotid occlusion and asymptomatic carotid stenosis
subgroups independently. Similar to PET [25] and
SPECT [46] studies, the evaluation of cerebral haemo-
dynamic reserve using TCD may facilitate identifica-
tion of a sub-group of high risk patients with carotid
stenosis or occlusion who may benefit from revascular-
ization procedures, especially in centres without access
to PET or SPECT. However, randomized controlled
intervention trials are required to formally test this hy-
pothesis.

T'CD for the detection of intracranial
atherosclerotic stenoses

As stated earlier, intracranial atherosclerosis is
an important cause of TIA and stroke, and may
co-exist with extracranial carotid stenosis. How-
ever, the true prevalence of intracranial athero-
sclerotic stenosis of the ICA and its branches may
have been underestimated because of the traditio-
nal dependence on invasive vascular imaging tech-
niques to diagnose intracranial stenosis in the past,
and the fact that many patients with TTA or stroke
do not have intracranial vascular imaging perform-
ed at all.

Although TCD may be used to screen for in-
tracranial atherosclerotic stenosis, especially affecting
the middle cerebral artery, the test is neither 100%
sensitive [15] nor specific [69] at identifying intracra-
nial MCA stenosis when compared with cerebral an-
giography. In an acute atherothrombotic stroke in a
patient with known extracranial ICA stenosis, one
cannot determine whether an alteration in flow veloc-
ity in the ipsilateral intracranial ICA or MCA is sec-
ondary to the presence of an embolus in the vessel or a
fixed atherosclerotic stenosis. If the TCD recording
returns to normal on repeat testing after a suitable
time interval, one can conclude that the vessel was
temporarily occluded or narrowed by embolic material
that was subsequently either lysed or washed distally.
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With the availability of intracranial CTA,
MRA and DSA, we do not use TCD as an initial
screening test for intracranial atherosclerotic stenosis
of the ICA or its branches in adults. However, TCD
is a very useful non-invasive initial screening test for
distal intracranial non-atherosclerotic ICA or MCA
stenosis in children with sickle cell disease, because
the results of this test may predict stroke risk in this
patient population [79]. TCD may also be used for
ongoing monitoring of sickle cell disease patients
with intracranial stenosis who have been shown to
benefit from chronic transfusion therapy [3].

Intra-operative and peri-operative TCD
monitoring in patients with carotid stenosis

The high temporal resolution and non-invasive nat-
ure of TCD make it ideally suited to intraoperative
and perioperative monitoring of patients undergoing
carotid endarterectomy (CEA) or carotid endovascu-
lar therapy (angioplasty and stenting) [57]. During
carotid endarterectomy, if collateral blood supply is
inadequate, the ipsilateral MCA velocity may dramat-
ically fall during cross clamping of the extracranial
ICA [57] with the resultant risk of TIA or stroke sec-
ondary to haemodynamic compromise. These pa-
tients may then have a shunt inserted by the surgeon
before proceeding further with the operation. Simi-
larly, during carotid endovascular therapy, the MCA

Fig. 10. The typical appearance of an Embolic Signal
(vertical red line) within the Middle Cerebral Artery
Doppler spectral waveform.

velocity may fall during inflation of the angioplasty
balloon, or secondary to vasospasm induced by stim-
ulation of the vessel wall by a catheter tip, a carotid
stent, or a distal neuroprotective filter device. In
these patients, TCD may influence the clinical man-
agement of the patient. The Interventional Neuro-
radiologist may temporarily postpone further deploy-
ment of the stent until the MCA velocity returns
towards the baseline value, and any neuroprotective
filter would be removed as soon as possible. TCD
can also detect cerebral emboli during and after
CEA and carotid stenting (see below).

TCD for embolic signal detection

Because thromboembolism is believed to be the un-
derlying mechanism responsible for TIA or stroke in
most patients with extracranial ICA carotid stenosis,
the ability to detect emboli in patients with asymp-
tomatic and symptomatic ICA stenosis may allow
one to risk stratify patients who are being considered
tor CEA, and may improve our understanding
of the pathogenesis of TIA or stroke in individual
patients.

Ultrasound offers the unique ability to detect
emboli as they pass through the circulation [58].
Embolic signals secondary to ‘solid’ embolic mate-
rial, presumed to be composed of platelet-platelet
aggregates, thrombus or plaque fragments, were de-
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tected by TCD monitoring during carotid endarter-
ectomy in 1990 [81]. Over the last decade, TCD
has been used to detect and monitor asymptomatic
embolisation in patients with a variety of vascular
diseases including carotid stenosis [78]. intracranial
stenosis [17], valvular heart disease and atrial fibril-
lation [85], [13] recent myocardial infarction, and
during and immediately after both carotid endarter-
ectomy [81], [40], and angioplasty [53].

Embolic signals have a characteristic appear-
ance on the Doppler spectrum (Fig. 10), and stan-
dardised identification criteria were drawn up by the
Consensus Committee of the Ninth International
Cerebral Hemodynamic Symposium in 1995 [12].
Embolic signals appear as short duration (usually
< 300 ms), high intensity signals due to the fact
that more ultrasound is scattered and reflected by
the embolus than by the surrounding red blood cells
[57]. They are also predominantly unidirectional,
and accompanied by a characteristic “chirping
sound” on audio recording. In contrast, artefacts pro-
duced by transducer movement, eating, or talking, re-
sult in predominantly bidirectional signals which have
an intensity increase that is maximal at low velocities.

These asymptomatic embolic signals are consid-
erably more frequent than clinical embolic events
[52]. A one hour TCD recording of the ipsilateral

middle cerebral artery can detect embolic signals in

Fig. 11. A patient undergoing ambulatory TCD recor-
ding; the transducer is held in place by the frame of a
pair of spectacles and the Doppler unit is carried in a
jacket pocket that the patient wears for the duration of
the recording.

up to 28% of asymptomatic [60] and 50% of symp-
tomatic > 50% carotid stenosis patients [60], [56].
Embolic signals may be detected more frequently in
symptomatic than asymptomatic subjects [55], and
are more common in symptomatic patients in the
early compared with the late phase after symptom
onset [60], [56], [77]. They are also more common
in patients with plaque ulceration compared with
those without plaque ulceration on angiographic
[87] or histological examination [79].

There is increasing evidence that the presence
of embolic signals is an independent risk factor for
subsequent ipsilateral TIA and stroke in patients
with asymptomatic and symptomatic > 60% ICA
stenosis [60]. A recent prospective study of 200
consecutively recruited, recently symptomatic pa-
tients with > 50% ICA stenosis has demonstrated
that the presence of embolic signals independently
predicts short-term ipsilateral stroke risk [56].

Recently, advances in technology have reduced
the size of the TCD recording equipment and have
enabled prolonged ambulatory recordings for 5-
8 hours to be performed (Fig. 11) [48]. Ambulatory
TCD recordings may allow better estimation of the
‘true embolic load’ to be determined, with the iden-
tification of embolic signals in up to 75% of patients
with symptomatic = 50% ICA stenosis [48]. In a
small study of 15 patients with asymptomatic = 50%
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ICA stenosis, embolic signals were detected in 27% of
patients during a single 8-hour recording, and 47%
of patients after a second 8-hour recording [48].
Ambulatory TCD may also provide novel insights
into the pattern of embolisation from an extracranial
ICA stenosis, for example, the considerable temporal
variability in embolisation and the presence of clus-
tering of embolic signals [48].

The additional information obtained from
TCD regarding ongoing embolisation has the po-
tential to facilitate better risk stratification and ad-
vances in treatment of patients with extracranial
ICA stenosis. Although patients with TIA or non-
disabling stroke in the vascular territory supplied by
a severe (70-99%) symptomatic carotid stenosis
should ideally be operated on within 2 weeks, this is
not always possible in some countries because of lim-
ited resources. Additional information on active
embolisation might allow one to identify patients
with symptomatic severe ICA stenosis who are like-
ly to derive most benefit from hyperacute surgical
or endovascular treatment, or who may benefit from
more intensive antithrombotic therapy whilst await-
ing intervention. In addition, because the potential
benefit from carotid endarterectomy is lower in pa-
tients with moderate (50-69%) symptomatic ICA
stenosis [72], the presence of embolic signals may
identify a high risk subgroup who may benefit from
carotid endarterectomy within the first 2 weeks after
symptom onset. However, larger studies are required
to determine whether TCD is a reliable method of
predicting which patients are likely to benefit from
interventional or best medical treatment of carotid
stenosis.

The ongoing prospective multicentre, inter-
national Asymptomatic Carotid Emboli Study
(ACES) is assessing the frequency of embolic signals
in patients with asymptomatic carotid stenosis, and
this study will provide further information about
whether the presence of embolic signals predicts
stroke risk in these patients. These data may also fa-
cilitate selection of asymptomatic severe carotid ste-
nosis patients who may benefit from carotid endar-
tectomy for primary stroke prevention.

Because embolic signals detected on TCD are
considerably more frequent than clinical events, and

have been shown to be an independent predictor of
subsequent TIA and stroke, they have the potential
to be used as a surrogate marker to assess the effec-
tiveness of novel antithrombotic therapies. The Clo-
pidogrel and Aspirin for Reduction of Emboli in
Symptomatic Carotid Stenosis (CARESS) trial has
shown that short-term clopidogrel and aspirin com-
bination antiplatelet therapy was significantly more
effective than aspirin monotherapy at preventing
asymptomatic embolisation in patients with symptom-
atic > 50% carotid stenosis [54]. Larger prospective
studies are also required to determine whether a
reduction in the frequency of embolic signals follow-
ing alteration of antiplatelet therapy truly correlates
with a reduction in the subsequent risk of TIA
or stroke during follow-up.

Summary

Over the past 30 years, there have been marked ad-
vances in intracerebral imaging techniques which
have improved our understanding of the pathogene-
sis of TIA and stroke, and facilitated rapid confir-
mation of cerebral ischaemia or infarction in pa-
tients with atherosclerotic carotid stenosis. MRI can
help to confirm or refute the clinical impression that
an extracranial ICA stenosis caused the TIA or
stroke syndrome, and may influence clinical man-
agement decisions in the acute and subacute stages
after symptom onset. Intra-arterial catheter angiog-
raphy is still the “gold standard” test for imaging
the intracranial vessels, but it must be performed by
experienced radiologists who regularly audit their
practice because of the risks associated with this in-
vestigation in carotid stenosis patients who often
have widespread atherosclerosis. Non-invasive in-
tracranial vascular imaging techniques, including
MRA, CTA and TCD, allow visualisation of the
large intracranial arteries, and further technical ad-
vances in this field are likely to further reduce the
need for catheter angiography in future. Future non-
invasive imaging studies are likely to improve our
ability to risk stratify carotid stenosis patients to fa-
cilitate optimisation of medical, surgical, endovascu-
lar, or revascularisation therapy.
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Ischemic stroke results from a multitude of causes
but more than 30% are due to atherosclerosis of ar-
teries providing blood to the brain. More than 67%
of all atherosclerotic carotid lesions are located in
the extracranial cerebral circulation with 38% per-
cent of those being found in the region of the ca-
rotid bifurcation [9], [38]. Atheromatous plaques in
the bifurcation occur frequently as flow characteris-
tics of blood are altered at arterial branching points
causing turbulence and shear stress [74]. Less com-
mon locations are in the carotid siphon, at the origin
of the ophthalmic artery or in both locations (tan-
dem lesions).

Historical perspective

As early as in 1658 Wepfer described “corpra fi-
brosa” in the wall of arteries as well as intra- and ex-
tracranial carotid thrombosis as cause of ischemic
stroke [71]. After him Baillie in 1677 and Thomas
Willis mentioned calcified plaques in the arteries of
the neck causing cerebral infarction being also one
of the first to describe transient ischemic attack
(TIA), stroke in evolution, and completed infarction
[6], [73]. Despite these early observations that ex-
tracranial atherosclerosis is a major source for cere-
bral ischemic events, physicians surprisingly focused
more on intracranial disease as reason for stroke un-
til the 1950s. It was believed that stroke was not so
much due to artery to artery embolism from a neck
lesion, but due to intracranial artery disorders such
as vasospasm. Therefore early unsuccessful surgical
approaches for stroke prevention were limited to
stellate ganglion block, cervical sympathetectomy, li-

gation of the carotid artery bifurcation and intracra-
nial internal carotid artery ligations using metallic
clips. In 1905 Chiari revived the concept that occlu-
sive disease of the extracranial arteries can result in
stroke describing ulcerating plaque in the bifurca-
tion found during his pathological studies [18] and
then Hunt [41] noted that the extracranial portions
of the carotid arteries should be carefully examined
in patients with TIA and ischemic stroke. With the
development of cerebral angiography in 1927 by
Moniz [51], it became apparent that extracranial
occlusive disease was a major cause for ischemic
stroke. Thereafter correction had to await the devel-
opment of vascular surgery during World War II.
The modern concept of carotid endarterectomy
for stroke prevention started in the 1950s. C. Miller
Fisher in 1951 and then in 1954 published his land-
mark articles showing a clear relation of extracranial
carotid disease and stroke and predicting that one
day vascular surgery would be essential for preven-
tion of ischemic stroke [30], [29]. Based on his pub-
lication in 1951, Carrea et al. [17] performed the
first partial resection of an internal carotid stenosis
followed by a bypass from the external to the distal
internal carotid artery in 1951. The first successful
carotid endarterectomy was performed by DeBakey
in 1953 [21] and Strulley et al., performed the first
reconstruction of an occluded internal carotid artery
in 1953 [68]. This was followed by one of the most
important interventions in carotid surgery perform-
ed by Eastcott et al. in 1954 [24] who resected a
stenosed bifurcation and restored flow by end-to-
end anastomosis between the common carotid and
internal artery in a patient with a left hemispheric
transient ischemic attacks. This procedure was done
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under general anesthesia using hypothermia. These
accomplishments laid the groundwork for carotid
endarterectomy (CEA) as we know it today and
which is currently challenged by carotid artery sten-
ting.

Non-invasive visualization of the vascular anat-
omy of the brain became possible with the develop-
ment of head computed tomography (CT) by
Hounsfield and Cormack [40], [19] during the
1970s and magnetic resonance imaging (MRI)
during the 1980s by Manfield in Britain [46] and
Lauterbur in the U.S. [44] who were both awarded
the Nobel Prize in 2003.

The development of Neurosonology by Reid
and Spencer in 1972 [57] and Blue, McKinney and
Barnes in 1972 demonstrated its diagnostic validity
correlating carotid ultrasound B-mode images with
conventional arteriography [10]. Olinger in 1969,
[56] based on previous work by Herz and Bliss [39]
published one of the first reports on the visualization
of carotid arteries by B-mode ultrasound imaging
and Miyazaki and Kato [50] furthered transcranial
Doppler as a diagnostic tool for stroke patients by
recording changes in blood flow velocities through
the intact human skull. Advancement of CT- and
MR-angiography since the 1980s and their wide
availability add an accumulating body of essential
information important for the modern management
of patients with carotid stenosis.

Atherosclerosis

Despite intense research over the last 50 years the ini-
tial injury that results in the activation of the com-
plex cascade of atherosclerosis remains unknown.
Probably the initial step of atherothrombotic plaque
formation is a combination of genetic predisposition
and environmental factors which result in endothelial
dysfunction [66]. Chronic subtle endothelial injury
may be caused by increased intravascular pressure,
shear stress or turbulent blood flow leading to in-
creased endothelial permeability, leukocyte adhesion,
and accumulation of LDL cholesterol into the vessel
wall. Lipid accumulation stimulates the release of
cytokines, inhibits nitrous oxide production and stim-

ulates vascular smooth muscle cells that migrate
from the media to the intimal layer. There the vascu-
lar muscle cells proliferate and induce extracellular
matrix proteins including collagen and proteoglycans
which in turn stimulate platelet adhesion, activation
of platelets and macrophages mediating a chronic in-
flammatory response. Chronic smooth cell prolifera-
tion remodels the vascular wall with subsequent fur-
ther intra- and extra-cellular accumulation of lipids in
the vessel wall. Remodeling of the artery can lead to
compensatory expansion of the arterial wall with in-
crease in the wall volume by plaque formation. Typi-
cal plaques are characterized by an increased lipid
content consisting of a large necrotic core surroun-
ded by a thin protective fibrous cap which makes
them rupture releasing showers of arterial emboli.

Plaque accumulation can also cause negative re-
modeling, with little or no expansion of the arterial
wall, but steady progression of luminal stenosis.
Plaques are stable over relatively long periods of time,
but as they progress can lead to hemodynamic com-
promise secondary to diminished flow and perfusion
pressure resulting in cerebral infarction if, for exam-
ple, there is an uncompensated fall in systemic blood
pressure with subsequent reduction in cerebral perfu-
sion pressure. Advanced imaging techniques have
been developed to assess not only the degree of the
carotid stenosis and the cerebral vasomotor perfusion
reserve but also allowing analysis of plaque morpho-
logy and composition [20], [4], [16], [22].

Recurrence of cerebral ischemic events

Medical, endovascular and surgical interventions
aimed at atherothrombotic plaque stabilization or pla-
que removal play a significant role for stroke preven-
tion. The rationale for carotid endarterectomy is ba-
sed on the natural course of the disease and the
recurrence rate of ischemic events in patients with
previous TTA or cerebral infarction observed in large
epidemiological studies [65], [48], [72]. For patients
with an ischemic infarction, the risk of recurrence is
4-8% within the first month, 12-13% at one year
and 20-29% after 5 years. The cumulative five year
risk is about 9% annually. The risk of ischemic stroke
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following an initial TTA is 3-10% in the first month,
10-14% after one year and 25-40% in the next five
years which means that about one-third of all pa-
tients presenting with TIA or stroke will develop a
major cerebral infarction over the course of five years
following their initial event [64], [65], [13]. This risk
might even be higher in certain populations with tra-
ditional atherosclerotic risk factors such as hyperten-
sion, diabetes mellitus or coronary artery disease and
among patients with TTAs due to extracranial carotid
stenosis [61], [5]. Patients with large ulcerated pla-
ques in the internal carotid artery also have a higher
risk of stroke [53], [28].

The stroke risk of patients having had a TIA is
probably higher than reported as many of those pa-
tients do not seek medical attention after the first
TIA. In general the awareness of TIA as a medical
emergency in the general population is poor and
even in patients hospitalized for another cause,
stroke and TIA are frequently missed and treat-
ment is delayed due to seemingly benign and eva-
nescent phenomena such as pure sensory symp-
toms, dizziness, transitory ataxia or visual
changes.

Therefore it is imperative that candidates ap-
propriate for endarterectomy are identified early so
that screening for stroke risk and appropriate man-
agement is initiated. Auscultation of the carotid arter-
ies for bruits is important as the presence of bruits
warrants further diagnostic workup. Overall the de-
gree of stenosis does not correlate well with the
loudness of the murmur. The most ominous murmur
is soft, high pitched, and present throughout the
entire cardiac cycle. Murmurs originating from the
internal versus the external carotid artery are charac-
terized by their presence in both systole and diastole
and their increase in intensity or duration with com-
pression of the superficial temporal, facial or occipi-
tal arteries, during which blood is diverted from the
external to the internal carotid artery. Screening ap-
proaches use different imaging modalities alone or
in combination including conventional carotid du-
plex ultrasound, measurement of ankle-brachial in-
dices, or CT based measurement of coronary artery
calcium as measures for generalized atherosclerosis

[49], [55].

Decision regarding endarterectomy, stenting or
medical treatment including combinations thereof
requires judgment and experience to reach a correct
prognosis and degree of stenosis whether it is symp-
tomatic or asymptomatic and needs to address the
patient’s age, gender, co-morbidities, especially con-
comitant coronary artery disease or contralateral ca-
rotid artery disease, degree of stenosis identified by
reliable imaging and presence or absence of minor
stroke, TIA or leukoariosis and clinical silent stroke

present on brain MRI.

Neuroimaging studies for the diagnosis
of carotid stenosis

Atherosclerotic occlusive disease of the carotids can
be evaluated by the use of carotid duplex sonogra-
phy, MRA, CTA or angiography. Non-invasive stud-
ies play an essential role in the diagnosis. However,
all techniques require validation and quality control
within individual centers to guarantee high specifi-
city and sensitivity.

Carotid duplex examination for evaluation of
the major extracranial arteries is performed by real-
time B-mode studies and duplex and color flow
imaging and has the ability to detect and character-
ize atherothrombotic plaque, measure intimal me-
dia thickness (IMT) and to determine the degree of
vascular stenosis and collateral supply. IM'T measure-
ments, electron-beam  computed tomography
(EBCT,) magnetic resonance coronary angiography
and flow-mediated arterial dilation by ultrasound are
used to evaluate patients with subclinical athero-
sclerosis at risk for ischemic events early and to mon-
itor the effectiveness of medical interventions [8],
[59].

Carotid duplex studies in combination with
TCD provide information on flow dynamics, the
presence or absence of collateral circulation and its
effectiveness as well as an estimation of the cerebral
vascular reserve. Furthermore they help detect em-
boli which may originate from the heart, the aortic
arch, or the carotid itself. In the near future advan-
cement of this technology will allow the analysis of
plaque constituents and markers of inflammation in
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order to assess the risk of an embolic stroke [7].
Current carotid and TCD studies are supplementary
to MRA or CTA and are excellent tools when vali-
dated against cerebral angiography at the institution
where the studies are performed and when used un-
der strict guidelines provided by credentialing bodies
and technical quality control. However, ultrasound is
operator dependent and can overestimate the degree
of carotid stenosis if a contralateral high grade ste-
nosis or occlusion is present [15].

Cerebral angiography is now performed less fre-
quently because it does not give exact assessment of
plaque size and morphology which newer MRA and
CTA based techniques are capable of producing.
Cerebral angiography is associated with a combined
mortality and morbidity of 0.5-4% in patients with
atherosclerosis so that many medical centers today
perform CEA based on MRA, CTA or carotid du-
plex studies alone. MRA has some limitations due
to possible over-estimation of the degree of stenosis
and the production of flow artifacts which might re-
sult in misclassification of patients. CTA is advanta-
geous because it is not dependent on blood flow ve-
locity providing more precise assessment of high
grade stenosis but it requires intravenous contrast
which can have serious side effects.

In the near future the development of higher re-
solution MRI, new contrast materials and biomark-
ers for detecting chronic inflammatory changes in
patients with substantial atherosclerotic disease will
improve the assessment of patients at risk for ische-
mic events [62], [69], [12], [70]. However, at this
time the indication for CEA depends on the pa-
tient’s co-morbidity, life expectancy, gender, sym-
ptoms and the degree of carotid stenosis measured
by appropriate imaging studies. Precise measure-
ment of the degree of carotid stenosis is essential to
decide which patient benefits the most from CEA.

Measurement of stenosis

Several different methods have been used to assess
the degree of carotid stenosis using cerebral angio-
graphy. The major clinical trials for CEA in sympto-

matic carotid stenosis, the European Carotid Sur-
gery Trial [26] and the North American Symptomat-
ic Carotid Endarterectomy Trial [5] used different
reference points. ECST chose the area of the smal-
lest vessel lumen for measurement, whereas NAS-
CET measured the smallest lumen at the level of
stenosis comparing it with the carotid artery lumen
distal to the bulb, as previously described by Blais-
dell and colleagues [9]. A severe 7099 % stenosis
based on NASCET criteria corresponds to a 85—
99% stenosis in ECST and a moderate stenosis of
50-69% in NASCET corresponds to a 75-84% ste-
nosis in ECST. It is surprising that the two differed
given that the benefit of surgery correlates directly
with the degree of stenosis.

The American Asymptomatic Carotid Artery
Study [2] followed the NASCET method, measur-
ing the minimal residual lumen at the side of steno-
sis (MRL) and the distal lumen (DL) at which
the arterial walls became parallel on arteriogram,
calculating the degree of stenosis as 100 X
(1-(MRL/DL)) whereas the European Asymptoma-
tic Carotid Surgery Trial [3] used only B mode ca-

rotid ultrasound to estimate the degree of stenosis.

CEA for stroke prevention

Most patients with carotid artery disease are identi-
fied after they had a TIA or stroke. Less frequently
patients at risk for ischemic stroke from carotid ar-
tery disease are identified by screening examinations
during which a carotid bruit was noticed and had
prompted further investigation. In the United
States, more than 130,000 carotid endarterectomies
were performed in 1996 with an increase in number
in 2000. The proportion of patients operated who
have never had symptoms, but who have extracranial
carotid disease increased from 16% between 1990
and 1994 to 45% in the years between 1995 and
2000 [11]. Although the proportion of patients who
undergo CEA for asymptomatic lesions continues to
rise, the controversy continues regarding decision
whether these patients should undergo surgery, sten-
ting or should only be medically managed.
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At this point this decision of is mainly based on
the presence or absence of neurological symptoms.
However, in clinical practice this criterion seems some-
what arbitrary as many patients who appear to be
asymptomatic clinically have had clinical silent strok-
es on their imaging study within the watershed regi-
ons or the vascular territory of the affected carotid
artery [54], [14]. Inapparent ischemic events may be
due to the fact that some strokes are localized in
areas not causing any clinical symptoms, that TTAs
occur while the patient is asleep or that patients do
not report their transient symptoms. Symptoms of a
TIA are often vague and the diagnosis depends mere-
ly on the patient’s subjective history. Patients with
amaurosis fugax usually seek medical attention im-
mediately, whereas those with more diffuse transient
episodes such as sensory symptoms, ataxia, dizzi-
ness, or mild difficulties finding words may not seek
medical attention. Additionally in patients with a
previous history of migraine the differential diagno-
sis from complicated migraines, simple partial sei-
zures or pre-syncopal events is often impossible.

The amount of clinically silent infarctions is ap-
parently much higher than had been previously anti-
cipated when head CT or brain MRI are used to as-
sess patients with carotid stenosis. Even in clinically
asymptomatic patients with high grade carotid ste-
nosis cranial CT has shown that up to 15% of these
patients had ischemic strokes and MRI studies have
demonstrated that up to 20% had cerebral infarc-
tions in the affected internal carotid territory. A re-
latively high proportion of patients with silent brain
MRI lesions and asymptomatic carotid stenosis have
cognitive impairment [47] indicating that asymptom-
atic carotid disease is not as benign as often pre-
sumed. Furthermore, TCD studies have demonstrated
that asymptomatic patients frequently have
microemboli originating from the carotid arteries
when the ipsilateral middle cerebral artery is moni-
tored [45], [67] and that plaque composition is an
important predictor for distal embolization [63].
Further imaging studies using high resolution MRI,
advanced imaging software for data analysis and im-
proved contrast agents help to determine which pa-
tients are at highest risk for cerebral ischemic events.

In the future analysis of plaque morphology and
composition will be equally as important as the de-
gree of stenosis.

Symptomatic carotid stenosis

Guidelines are provided by the major medical asso-
ciations such as American Heart Association, how
to manage patients with symptomatic carotid steno-
sis based on two clinical trials [26], [5]. According
to the results of ESCT and NASCET patients
should undergo carotid endarterectomy if they have
symptomatic stenosis = 70 % as measured by the
ECST method or = 85% measured by the NAS-
CET method, if they have no significant co-morbid-
ities, a high risk for stroke and access to an experien-
ced surgical team with a low complication rate.
Higher peri-operative complication rates were ob-
served in both studies in patients with the cerebral
ischemic versus retinal ischemic events, in patients
presenting with crescendo TIA or stroke in evolu-
tion, in patients with symptomatic coronary artery
disease and in women. Goal is to reduce the risk of
postoperative ipsilateral ischemic stroke by CEA to
1% or less per year.

NASCET demonstrated an absolute risk reduc-
tion of 12.5% from CEA for patients with 70-99%
stenosis and only a 5% absolute risk reduction for
patients with a 50-69% stenosis. Similarly, ECST
showed an absolute risk reduction of 11.6% for 70—
99% stenosis and only a 4.6% absolute risk reduction
for patients with 50-69% stenosis. CEA in patients
with occlusion did not result in any significant bene-
fit, but higher surgical risk for major complication or
death. Subsequent meta-analysis pooling data from
ECST and NASCET [25] and using the degree of
stenosis as measured by the Blaisdell method showed
an absolute risk reduction of 15.9% over two
years, with number needed to treat of six patients to
see benefit of CEA, in those with 70-99% stenosis.
The absolute risk reduction was 4.6% over five years
with number needed to treat of 22 for those patients
with 50-69% stenosis. Interestingly, a high degree of
absolute risk reduction by CEA was additionally
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found for contralateral ischemic stroke over five
years in patients with a 70-99 % stenosis.

In a sub-analysis of symptomatic men older
than 75 years with diabetes mellitus, those with de-
gree of stenosis = 90% without occlusion, those
with large ulcerated plaques causing stenosis and
those with contralateral carotid occlusion showed a
benefit from CEA. Meta-analysis of ECST and
NASCET data also indicated that patients with
near occlusion showed an absolute risk reduction of
5.6% over two years, but conversely worse outcome
with negative risk reduction of —1.7% over five
years. However, the number of cases for long-term
follow-up was too few to allow a reliable long-term
assessment.

Asymptomatic carotid stenosis

Despite several multi-center trials and meta-analyses
of data collected in patients with asymptomatic ca-
rotid disease, how to best manage these patients con-
tinues to be controversial. Data are now available
from two large prospective multi-center trials, the
Asymptomatic  Carotid ~ Atherosclerosis ~ Study
(ACAS) and the European Asymptomatic Carotid
Surgery Trial (ACST). As previously observed in
symptomatic carotid artery disease, the risk for stroke
increased in both studies with increasing degree of
stenosis from about 1-2% annually in patients with a
50~75% asymptomatic stenosis to 6% per year with a
75-90% stenosis to more than 8% yearly in patients
with = 90% stenosis. ACAS enrolled 1,662 patients
with 60-99% stenosis with clinical follow-up of 2.7
years as the study was terminated early by the safety
monitoring board after significant differences be-
tween the surgical and the medical treatment arms
had been observed. Therefore data to the planned 5
year duration of the study had to be extrapolated
which was later often criticized as weakness of the
study. The absolute risk reduction for ipsilateral stroke
and perioperative death and stroke in all patients un-
dergoing surgery was 5.9% with number needed to
treat of 17 over 2.7 years. The absolute risk reduction
for men over five years was 8% with number needed
to treat of 12.5, whereas women only had an absolute

risk reduction of 1.4% over five years with number
needed to treat of 71. A comparable gender difference
regarding the potential benefit of CEA was also ob-
served in ACST. The reason for these differences re-
main obscure and may be related to the smaller vessel
caliber in women.

The ACST study enrolled 3,120 patients with ca-
rotid artery stenosis of = 60% diagnosed by carotid
duplex imaging. 1,284 patients had a carotid stenosis
of < 80%. The absolute risk reduction for all types of
stroke was 5.4% for patients undergoing CEA with
number needed to treat of 19 over a follow-up period
of nearly 3.4 years. The stroke risk for those patients
was reduced for ipsilateral as well as for contralateral
stroke following CEA. The absolute risk reduction for
men was 8.2% and 4.1% for women. Patients between
65 to 74 years had a similar rate of absolute risk reduc-
tion whereas patients older than 75 years seemed to
have a less significant absolute risk reduction of 3.3%.
ACST like ACAS, demonstrated that patients with
= 60% stenosis measured by the Blaisdell method
may benefit from carotid endarterectomy if the per-
ioperative surgical risk is minimal in order to achieve
an optimal risk/benefit ratio.

A major critique point of both studies was that
ACAS and ACST had much lower than average
mortality and morbidity rates for CEA and perioper-
ative complications because only selected surgeons
and patients were involved in these studies and that
this does not necessarily reflect the perioperative
risks observed in a community hospital. In ACAS
the operative mortality was low at 0.14% and the risk
of stroke and death was only 1.5%. In contrast it has
been reported that the risk of stroke and death can
be up to three times higher than in ACAS and the
operative mortality can be as much as 8% higher
than in ACAS in the community setting [5]. Many
therefore suggest a watch and wait approach in pa-
tients with asymptomatic carotid stenosis of less than
80% and to monitor the effects of optimal medical
management by regular assessment of plaque pro-
gression by carotid duplex studies every six to twelve
months. If atherosclerosis progresses despite best
medical therapy and risk factor modification, these
patients probably should undergo CEA if the peri-

operative risk is low.



K. Bettermann and J. F. Toole

215

Coronary artery disease and CEA

Atherosclerosis is a generalized disease affecting not
only the carotid arteries but often concomitantly the
coronary arteries, the abdominal aorta and the peripheral
arteries. This is especially true for the elderly, a popula-
tion segment which is rapidly growing. Many patients
who initially presented for carotid artery stenosis ac-
tually have significant morbidity or mortality due to di-
seases of other vascular beds mandating a more com-
prehensive evaluation by additional imaging studies. In
three months of admission for TIA or cerebral infarc-
tion the risk for myocardial infarction and cerebrovas-
cular death is 2 to 5% and about 30% within two years.
Asymptomatic coronary artery disease in this popula-
tion is high with about 20-40% and up to 25-60% of
patients with symptomatic and asymptomatic carotid
artery stenosis having inducible myocardial ischemia
[4].

Asymptomatic patients selected for CEA must
undergo a thorough preoperative cardiac evaluation
and if significant disease is found, patients should be
considered for percutaneous angioplasty and possibly
stenting prior to CEA. Whether these patients should
undergo carotid stenting, simultaneous CABG and
CEA or staged surgeries and which if either procedure
should be performed first is controversial [34], [58].

Carotid artery stenting

Indication for carotid stenting remains controversial,
until the completion of multi-center trials which com-
pare indications, efficacy and safety with conventional
carotid endarterectomy [27], [23] Moreover follow-up
studies will be necessary to assess stent durability. In
order to accomplish this it is important for interven-
tionalists to monitor efficacy, quality and complication
rates locally, nationally and internationally.

Imaging study for choice
of the interventional approach

Carotid Duplex, angiography, CTA and MRA help

to measure the degree of stenosis and characterize the

atheromatous lesion allowing choice of the most ap-
propriate interventional technique. Depending on the
composition and morphology of the plaque, the shape
of the interior wall, the extent and distribution of
atheromatous plaques and the remaining vascular lu-
men different techniques for CEA including conven-
tional open endarterectomy with or without patching
(vein or Dacron patch), selective endarterectomy, in-
version endarterectomy or angioplasty followed by
stenting are feasible. Atheromatous plaque in the ca-
rotid artery bifurcation are often associated with sig-
nificant ipsilateral stenosis in the siphon. Frequently,
the intracranial lesion is surgically inaccessible and
might require endovascular intervention. If the in-
tracranial stenosis exceeds the degree of the stenosis
in the proximal arterial segment, CEA should be
avoided because it does not improve flow through the
distal segment.

Timing of surgery

There is still some controversy regarding the timing of
carotid surgery following cerebral infarction. Data
from NASCET and ECST indicate that within one
month hemispheric TIA or ischemic infarction have a
high risk of recurrent ischemic events and may there-
fore benefit from early surgery. Therefore, many au-
thors now suggest that CEA be performed within two
weeks following the cerebral ischemic event [60]. In
the presence of a large cerebral infarction, however,
there is increased risk for hyperperfusion injury and
subsequent intracranial hemorrhage due to distur-
bance of the blood brain barrier and impairment of
vascular cerebral autoregulation. In these surgery
should be delayed for 4 to 6 weeks [36]. Timing of
surgery for patients with stroke in evolution or in
those with crescendo TIAs is controversial. A meta-
analysis of CEA studies published between 1980 and
2000 shows that the mortality rate and stroke risk is
about 20% when stroke in evolution or crescendo TIA
undergo immediate endarterectomy [42]. On the
other hand postponing CEA may place patients at
risk for recurrent cerebrovascular events. Neuroimaging
studies such as diffusion and perfusion weighted MRI,
acetazolamide SPECT or TCD studies assessing cere-
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bral vascular reactivity may help to identify those pa-
tients who would actually benefit from immediate

CEA.

Complications of CEA and the role
of neuroimaging

Most peri-operative complications are due to carotid
embolism or ischemia induced by cross clamping of
the artery. Other complications are due to a residual
flap at the CEA site, the development of post-oper-
ative thrombus and hyperperfusion syndrome, espe-
cially in the presence of a large infarction with a
dysfunctional blood-brain barrier and impaired cere-
bral autoregulation. Reperfusion injury causes cere-
bral edema and/or intracranial hemorrhage and oc-
curs in about 1%. Transcranial color coded
ultrasound using echo contrast agents, acetazol-
amide SPECT, PET or PW/DW weighted MRI or
spin labeling perfusion MR can be used to identify
early signs of hyperperfusion syndrome following
CEA [43], [1], [33] possibly allowing early inter-
vention such as strict blood pressure control, seizure
prophylaxis and temporary discontinuation of anti-
thrombotic therapy which is now routinely initiated
immediately following the intervention.

Restenosis

Despite complete plaque removal, restenosis occurs
in up to 8% of patients of which about 3% of pa-
tients become symptomatic requiring a second inter-
vention. Based on biopsy studies, recurrent arterial
lesions were shown to be often due to intimal
smooth muscle cell proliferation and not progression
of atherothrombic plaque. Restenosis usually occurs
within the first three to six months and is usually
due to intimal hyperplasia which can sometimes re-
gress spontaneously. Histologically, smooth muscle
cells and fibroblasts proliferate and start to deposit
collagen rich matrix tissue into the arterial wall. This
results in stenosis covered with a smooth surface
which typically does not lead to disturbed laminar
flow as occurs with irregular atherosclerotic plaque,

and the potential for embolic events is therefore rel-
atively low. Late restenosis occurs after two years
and these lesions have a higher thromboembolic po-
tential. Reported rates for restenosis were 10% after
two years and 17% after 10 years following CEA.
[31]. Women were shown to have a greater risk
which is possibly due to smaller vessel caliber size
and/or the different hormonal environment. It has
been therefore recommended that all women should
undergo patch angioplasty which can significantly
reduce the risk for restenosis in follow-up studies
[31], [52].

Classic risk factors for atherosclerosis should be
closely monitored and modified to diminish the risk
of recurrent stenosis. Imaging plays an essential role
for detecting restenosis and especially relatively in-
expensive and non-invasive imaging tools such as
ultrasound should be routinely used for monitoring

of CEA patients.

Perioperative ultrasound imaging

Over 2,000,000 CEAs have been performed world-
wide since 1954. Intraoperative monitoring using
carotid duplex and TCD studies are now more fre-
quently performed at many medical centers to mini-
mize the risk of poor surgical outcome. Real time B-
mode imaging performed intraoperatively to
evaluate the CEA site can detect residual flaps, su-
ture line stricture, plaque residuals or plaque dislodg-
ement as potential source for thrombotic vessel
occlusion or distal embolization. Doppler spectrum
analysis allows early detection of turbulent flow and
restenosis. In a pilot study performed by Gaunt et al.
[35] the perioperative stroke risk could be lowered
from 4% to 1% using intraoperative TCD monitor-
ing and angioscopy. TCD can detect embolization
occurring during the dissection phase of an unstable
plaque allowing the surgeon to modify the procedur-
al technique and can help in the decision if and
when to use a shunt. TCD monitoring also allows
constant volume flow measurements to maintain
perfusion rates at 15 cm per second which is
thought to be the approximate threshold to prevent
loss of neuronal electrical function. TCD monitor-
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ing allows assessment of intraoperative shunt func-
tion and identification of thrombus formation. Fol-
lowing endarterectomy TCD can be used to assess
the intracranial collateral flow and velocities.

Further post-surgical carotid duplex studies, in
our opinion, should be performed after two to six
weeks following endarterectomy to evaluate the
CEA site and to differentiate between recurrent and
residual stenosis. Long-term neuro-ultrasound stud-
ies should then be performed every six months for
one year and then annually for follow-up for the de-
velopment of restenosis. The role of the IMT mea-
surement to detect restenosis early is being currently
investigated. If restenosis develops, endovascular
angioplasty and stenting are the usually preferred in-
terventions to avoid complications from secondary
CEA such as permanent cranial nerve palsies, vascu-
lar damage or complications associated with wound

healing.

Carotid occlusion

Patients with occlusion are managed differently than
patients with high-grade stenosis as they do not ben-
efit from CEA. Neuroimaging plays a central role
to identify these patients. Carotid duplex is an excel-
lent method to identify patients with carotid steno-
sis; however it is limited in the presence of a string
sign as it cannot differentiate between severe steno-
sis and carotid occlusion. MRA is limited in this sit-
uation as time of flight imaging is flow velocity de-
pendent, thus leading to overestimation of the
degree of stenosis. MRA can show a flow void sug-
gesting total carotid occlusion when in fact vascular
flow is diminished. CTA might overcome these dif-
ficulties, but the gold standard remains cerebral angio-
graphy which also allows assessment of collateral
flow.

The procedural risk from CEA for occlusion is
especially high in patients with occlusion on one
side and high grade stenosis in the other side. In
unilateral occlusion occurring within one week, flow
can be reestablished in less than 20% of cases. The
risk is especially great in patients with large cerebral
infarction where mortality rates up to 50% have

been reported [32]. Patients with internal carotid ar-
tery occlusion might be candidates for EC/IC by-
pass which is currently under investigation [37]. To
identify patients who might benefit tests for cerebral
vascular perfusion reserve are performed using PET,
TCD with hyperventilation, acetazolamide adminis-
tration or CQO, inhalation or acetazolamide-SPECT
studies can also help identify patients with impaired
cerebral vascular perfusion reserve due to insufficient
collateral flow and impaired autoregulation who may
benefit from a bypass.

Neuroimaging also plays an essential role for
identifying patients with multiple vascular lesions.
Patients frequently have multiple vascular lesions
within vascular territorities leading to more difficult
decision making. Patients with bilateral carotid ste-
nosis have a higher risk of mortality and morbidity
because it increases with the number of surgeries nec-
essary. In patient with bilateral carotid stenosis it is
generally recommended to perform a carotid endar-
terectomy only on the symptomatic side and to close-
ly monitor the patient for disease progression of
the other with serial carotid duplex studies and
long-term follow-up. If both carotid arteries have a
high grade stenosis, usually the side with the greater
stenosis is reconstructed first, followed by the other
in four to six weeks. Simultaneous surgery of both
carotid arteries should be avoided due to the increased
risk of mortality and morbidity and higher com-
plication rates due to tissue swelling or potential bi-
lateral recurrent laryngeal nerve palsy causing airway
obstruction.

Conclusion

Neuroimaging plays an essential role in identifying
patients with significant carotid stenosis early and to
select those who will benefit most from surgery. Pa-
tients with symptomatic carotid stenosis = 70% by
ESCT or = 80% by NASCET criteria should un-
dergo CEA in the absence of significant comorbidi-
ties, if they are at high risk for stroke and have ac-
cess to an experienced surgical team with low
complication rates. Patients with asymptomatic ste-
nosis with a hemodynamic significant stenosis of
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= 60% who are otherwise at a high risk for stroke
should be considered for carotid endarterectomy, if
the surgical and perioperative mortality and morbid-
ity can be kept low at less than 3%. In the future
endovascular stents may replace carotid endarterect-
omy or may be an important “add-on modality” to
carotid endarterectomy. However, currently trial data
and long-term follow-up data are missing to assess if
carotid stenting results in comparable long-term ou-
tcomes for stroke prevention. Currently endovascu-
lar approaches are favored for recurrent stenosis, ca-
rotid stenosis associated with radiation injury or in
patients with high operative risk from multiple co-
morbidities especially in the elderly population.

Intraoperative and postsurgical monitoring with
ultrasound in patients undergoing stenting or CEA is
crucial to prevent complications and to identify those
who develop restenosis. In the future, new neuroimag-
ing approaches combined with the development of
new biomarkers of active inflammatory atherosclerot-
ic disease will become available. IMT measurements
with carotid duplex ultrasound as well as C'T measure-
ment of coronary artery calcium among other approa-
ches will help to identify those patients at high risk
for stroke. Evaluation of patients presenting with ca-
rotid bruit by ultrasound studies remains important.
Advances of nuclear imaging, the development of
new contrast materials and new MRI and CT based
imaging sequences and software applications will be
used to identify patients with unstable plaques. These
methods will allow us to detect rapidly advancing
atherosclerosis and will be essential to select who
should undergo CEA or stenting based on plaque
characterization and molecular imaging of vessel wall
metabolism. These new advances may hopefully allow
a paradigm shift from surgical and endovascular in-
terventions following a oftentimes devastating ische-
mic cerebral event to early screening and medical treat-
ment for primary stroke prevention.
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Introduction

Extracranial to intracranial (EC-IC) bypass surgery
can be applied to achieve revascularization of the
brain in patients in whom the normal pathway of
blood flow to the brain is obstructed. Patients who
may benefit from revascularization can be divided
into two main groups. The first group consists of
patients with a giant aneurysm of one of the cere-
bral arteries, which can not be clipped or coiled and
for whom temporary or permanent occlusion of the
artery is the only treatment option. The second
group comprises patients with recurrent transient
ischaemic attacks (TTAs) and stroke associated with
occlusion of the internal carotid artery (ICA) at
high risk of recurrent ischaemic stroke. The treat-
ment with EC-IC bypass is based on the notion
that in some patients with ICA occlusion ischaemic
stroke is caused by failure of blood flow towards the
brain rather than by embolism [36]. In such “haemo-
dynamically compromised” patients augmentation
of blood flow towards the symptomatic hemisphere
by means of an EC-IC bypass might theoretically
be beneficial.

In this chapter we will concentrate on imaging of
the EC-IC bypass in patients with symptomatic ICA
occlusion. First, clinical aspects will be discussed.
Subsequently, imaging of the EC-IC bypass will be
addressed. This will include imaging of the EC-IC
bypass with respect to patency and measurements of
flow through the bypass, imaging of the effect of the
EC-IC bypass on the flow state of the brain, and
imaging of the flow territory of the EC-IC bypass.
Finally, we will discuss future perspectives.

Clinical aspects of symptomatic
ICA occlusion

In patients with occlusion of the ICA symptoms
may vary widely in frequency, severity, and duration.
Symptoms may involve the eye or the brain. Also
the risk of recurrent stroke in patients with symptom-
atic ICA occlusion may vary widely. A meta-analysis
of 44 studies, comprising 3457 patients (including
2902 patients with extracranial ICA occlusion, 224
with intracranial ICA stenosis or occlusion, 293
with middle cerebral artery (MCA) stenosis or
occlusion patients and 38 patients in whom the lo-
cation of the lesion was unknown) showed that the
average risk of recurrent stroke is 5.5% (95% confi-
dence interval (CI), 5.1 to 6.0%) with a very large
range of 0 to 27% [35]. The annual risk of recurrent
ipsilateral stroke was 3.6% (95% CI, 3.1 to 4.2) and
the annual risk of vascular death 4.0% (95% CI, 3.5
to 4.5).

Patients who have had only retinal symptoms but
no symptoms of cerebral ischaemia are at relatively
low risk of stroke. In two separate studies, none of
such patients had an ischaemic stroke during a follow
up period of more than two years [16], [40]. In these
patients collateral pathways are probably sufficient to
sustain the blood flow to the brain. Furthermore, pa-
tients who only have suffered symptoms of cerebral
ischaemia before the occlusion of the ICA was found,
have a relatively low risk of ischaemic stroke in com-
parison with patients who continue to have TIAs in
the presence of a documented ICA occlusion [40]. In
such patients natural collateral pathways probably can
maintain sufficient cerebral blood flow.
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If symptoms continue also after the ICA occlu-
sion has been documented and despite antiplatelet
therapy, certain so-called haemodynamic features of
symptoms may further distinguish patients who are
at a relatively high risk of ischaemic stroke. Patients
with limb-shaking or with precipitation of symp-
toms by rising or exercise or by a documented low
blood pressure, have a five times higher risk of re-
current ischaemic stroke than patients without these
clinical characteristics (HR 5.0; 95% confidence in-
terval (CI) 1.4 to 17.2) [40]. However, the negative
predictive value of these specific haemodynamic fea-
tures of symptoms is low because they occur in only
about 14 to 20% of patients with symptomatic ICA
occlusion [37], [40].

Also the number and type of collateral pathways
that are present in patients with symptomatic ICA
occlusion may carry prognostic information. Lepto-
meningeal pathways that are visible on angiography
have been associated with a worse outcome in one
study [40] but not in another [16]. In yet another
study the number of collateral pathways was inversely
related to the risk of recurrent ischaemic stroke [84].

In the last two decades, studies have focused on
the measurement of the haemodynamic state of the
hemisphere at risk of ischaemic stroke. Several stud-
ies, using a variety of techniques including positron
emission tomography (PET) [53], magnetic reso-
nance angiography (MRA) [35], [55], electroen-
cephalography (EEG) [10], '**Xe computer tomo-
graphy (CT) [21], stable Xe CT [49], ultrasonic
Doppler [51] have shown that patients with a com-
promised cerebral blood supply or autoregulation
thereof, have a high risk of recurrent ischaemic
stroke, probably in the order of 9 to 18% per year
[16], [33], [84], [87], [89], [94]. Other studies could
not confirm these findings [40], [97].

Identification of patients who are at high risk of
recurrent stroke is most important when revasculariza-
tion surgery is considered as the risk of ischaemic
stroke with maximal non-surgical treatment should
be weighed against the risk of any revascularization
operation. Revascularization surgery may consist of
endarterectomy or angioplasty of a severe stenosis in
cerebropetal arteries that are important as collateral
pathway in patients with symptomatic ICA occlu-

sion, such as the contralateral ICA, the ipsilateral ex-
ternal carotid artery, or the vertebral arteries, or of
EC-IC bypass surgery. Only the EC-IC bypass oper-
ation has been studied in a randomized controlled
trial for it’s efficacy in the prevention of recurrent
stroke. In 1985, the results of the EC-IC Bypass
Study showed that the superficial temporal artery
(STA) to middle cerebral artery (MCA) bypass pro-
cedure was not more effective than medical treat-
ment alone in reducing stroke in the patient with
symptomatic ICA occlusion in general [1]. One of
the main points of critique on this trial has been that
measurements of cerebral haemodynamics were not
performed to select patients who might specifically
benefit from the operation.

As a result of the negative results of the EC-IC
Bypass Study the operation was largely abandoned
throughout the world [8]. However, in recent years in-
terest in the EC-IC bypass procedure has contin-
uously increased. This interest is not only fuelled by
the possibility to select patients at high risk of stroke
by haemodynamic measurements but also by develop-
ments in the techniques of EC-IC bypass surgery
which may improve safety as well as increase the flow
through the EC-IC bypass. Whether EC-IC bypass
surgery can prevent ischaemic stroke in a subgroup of
patients with symptomatic ICA occlusion who are at
high risk of recurrent ischaemic stroke because there is
clinical or technical evidence for a haemodynamically
compromised hemisphere on the side of the ICA
occlusion, is still unclear. Currently, two studies are
underway that address this important question; the

American Carotid Occlusion Study (COSS) [17] and
the Japanese EC-IC bypass trial (JET study) [50].

EC-IC bypass, the procedure

STA-MCA bypass

In 1967, the first EC-IC bypass in man was perform-
ed by the neurosurgeon Yasargil. Using the operat-
ing microscope he created an anastomosis between
the STA and a cortical branch of the MCA [96].
This procedure is still performed today. After a rela-
tively small temporolateral trephination the STA is
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Fig. 1. Schematic representation of a conventional superficial
temporal artery to middle cerebral artery anastomosis. After a
small craniotomy, the conventional STA-MCA anastomosis is
made by temporarily occluding a small cortical branch of the
MCA, arteriotomy of the MCA, and suturing of the proximal
stump of the STA to the MCA.

connected as an end-to-side anastomosis to one of
the cortical branches of the MCA. During the time
the surgeon needs to make the anastomosis, the
MCA branch is temporarily clipped. A schematic re-
presentation of the procedure is shown in Fig. 1.

Over the years surgeons have started to connect
the STA to larger third or even second generation
MCA branches under the assumption that by choos-
ing a branch with a larger diameter the EC-IC by-
pass could potentially be more effective for revascu-
larization of the brain. However, the necessity to
temporarily clip the recipient vessel exposes the pa-
tient to the risk of developing an ischaemic stroke
during the operation.

Excimer laser-assisted non-occlusive

anastomosis (ELANA)

Since the publication of the negative results of the

EC-IC bypass trial, one of us (CAFT) has develo-

ped a new technique, now known as the ELANA
that allows the construction of a bypass with a recip-
ient artery of a large calibre proximal in the vascu-
lar tree. With this technique it is not necessary to
temporarily clamp the recipient artery because the
distal anastomosis is made with an Excimer laser
[69], [81].

Figure 2 shows the schematic representation of
the ELANA.

In summary (see right inset of Fig. 2), a saphe-
nous vein graft is identified and harvested from the
leg after which it is cut in two parts. One part is
connected to the STA with a conventional end-to-
side technique. The second part is used for an
ELANA anastomosis on the recipient artery, either
the distal, intracranial ICA or the proximal MCA. A
platinum ring with a diameter of 2.8 or 3.0 mm is
stitched into the end of the graft. This ring with the
graft is then stitched onto the surface of the artery
at the anastomosis site. Subsequently, the Excimer
laser catheter is introduced into the free end of the
graft until the tip touches the wall of the artery with-
in the graft within the platinum ring. Vacuum suc-
tion is applied through the catheter in order to
firmly fixate the laser fibres to the vessel wall. After
the Excimer laser has been activated, a full thickness
disc of the recipient artery wall (“ap”) is cut out by
the tip of the Excimer laser catheter. When the cath-
eter is withdrawn, the flap is also withdrawn due
to the continued vacuum suction and the ELANA
anastomosis is complete. The final step then involves
the end-to-end connections of the two parts of the
grafts.

Figure 3 shows an example of an ELANA on
angiography in a 76-year old man who was operated
on because of recurrent left hemisphere TIAs.

Follow up studies of patients who underwent an
ELANA for the prevention of recurrent ischaemic
stroke in patients with symptomatic ICA occlusion
are still scarce [38], [39]. The ELANA appears to be
a promising type of EC-IC bypass for patients with
symptomatic ICA occlusion who are at high risk of
recurrent stroke as the amount of flow through an
ELANA is larger than through a STA-MCA bypass
(see also under ‘Flow measurements in the EC-IC
bypass’) [82]. As a result the haemodynamic effect
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Fig. 2. Schematic representation of high flow revascularization using the ELANA technique. The saphenous graftis cut in two parts. The upstream part is
connected using a conventional end-to-side anastomosis to the ECA or a branch of the ECA (left inset). The downstream part is connected to the intracra-
nial ICA using the ELANA technique (right inset). First a platinum ring is connected to the wall of the ICA (A). Then the graft is sutured to both
ring and wall (B). The Excimer laser is inserted into the open end of the graft (C) until the tip touches the wall of the ICA within the ring (D). When
the laser is activated (E), a small disc of arterial wall (“flap”) is excised. Upon withdrawal of the catheter (F), that flap is also removed due to con-
tinuing vacuum suction through the catheter. When the ELANA procedure is completed, the upstream part of the graft is connected to the
downstream part just outside the skull in an oblique end-to-end anastomosis to facilitate correct entrance of the graft into the skull.

of the ELANA on the blood flow to the hemisphere
at risk may also be larger than that of the STA-
MCA bypass, but direct comparisons of such mea-
sures are not yet available.

Imaging of the EC-IC bypass

Patency of an EC-IC bypass and the amount of flow
that will go through it are dependent on several fac-
tors, including collateral blood supply [24], choice of
and surgical handling of an interposed graft [4], [5],
[56], [66], the selection of the donor and recipient ar-
tery [59], [71], the suturing technique [19], [71], [72]
valvotomy [71] and the use of intraoperative heparin

[71], [72]. Also, intra- and postoperative surgical
complications may influence the patency [34], [71].
Graft occlusion is almost invariably due to thrombo-
sis as a result of the above mentioned causes [72].
Prolonged cerebral ischemia during the anastomosis
procedure may also be of influence [66], [71]. Where-
as in the early days of EC-IC bypass surgery mea-
surements were limited to postoperative assessment of
patency, currently multiple techniques are available to
the neurosurgeon to evaluate not only patency of a
bypass but also quantitatively measure the amount of
flow through the bypass during the operation. This
allows intra-operative recognition of a decrease in
flow (for example due to kinking of the EC-IC by-
pass) and allows revision prior to closure [82].
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Patency of the EC-1C bypass

In the EC-IC bypass trial in 1995 a patency rate of
96% was found with conventional angiography perfor-
med at a median time of 32 days after the operation
[1]. Other studies have shown equally high patency
rates on angiography [88]. Patency of an EC-IC by-
pass can also be demonstrated with non-invasive tech-
niques. Using postoperative Doppler ultrasound flow
velocity measurements patency rates between 93 and
97% have been found [6], [88], [92]. Postoperative
magnetic resonance angiography has evolved since the
early nineties and can now confirm patency using
quantitative flow measurements with 2D cine phase
contrast techniques [42], [43], [83]. Two other recent
studies used postoperative computed tomographic
angiography and found patency rates of 100% in a se-
ries of 11 patients in each study [75], [79].

Fig. 3. Angiogram of a 76-year-old right-handed man
who had recurrent attacks of expressive dysphasia,
right-sided hemiparesis and hypalgesia and transient
monocular blindness of the left eye, most of the time
occurring immediately after rising from a sitting or ly-
ing position. The attacks occurred one to six times a
day despite treatment with oral anticoagulants and
low-dose aspirin. Selective catheterization of the left
common carotid artery showed occlusion of the left
ICA (@) and filling of the left MCA via the ophthalmic
artery (b, arrow). Selective catheterization of the right
common carotid artery showed filling of the left an-
terior cerebral artery but not of the left MCA (c). The
angiography one month postoperatively demonstrat-
ed the patent ELANA (d, black arrows; white arrow
points to a clip artefact) between the STA and the dis-
tal, intracranial ICA. After the operation the patient
had no further TIAs. Reproduced from [38] by cour-
tesy of S. Karger AG, Basel.

Patency can also be evaluated during the opera-
tion, which makes immediate correction of an anas-
tomosis possible if necessary. Spetzler introduced in-
tra-operative electromagnetic flow measurements in
1976 for confirmation of bypass patency [67]. Lat-
er, intra-operative angiography has been demonstrat-
ed to show patency but also the location of a bypass
stenosis. One study claimed improvement of patency
from 90% to 98% using intra-operative angiography
[66]. Another study showed a patency rate of 100%
in 41 cases with the use of intra-operative angiogra-
phy [95]. Recently, indocyanine green (ICG) angi-
ography has been developed to verify patency of an
EC-IC bypass during the operation [91]. After in-
travenous administration of ICG, the operating field
is illuminated with infrared excitation light which vi-
sualizes the intravascular fluorescence and thus can
demonstrate patency of the bypass. In this way cath-
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Table 1. Effect of EC-IC Bypass on cerebral haemodynamics

Author Year Study design Technique Challenge Pts Controls CBF CVR  OFEF
(postop period)
De Weerd [10] 1982 P(10d-3m) 133Xe CT - 10 10* + np np
Meyer [49] 1982 P(1-3w) Stable Xe CT Cco, 33 13* + + np
and 33Xe CT
Karnik [30] 1992 P(2-6w) TCD ACZ 14 14*% nd + np
Yonas [98] 1985 R (nd) Stable Xe CT - 8 17% + np np
Tanahashit [74] 1985 P (28 m) 133%e CT — 38 22% — np np
Holzschuh [26] 1991 R(5.4y) 133Xe CT ACZ 18 29* - - np
Leblanc [48] 1987 R (3-6 m) PET Cco, 6 5% - nd -
Thomas [76] 1984 R(2-5vy) Xe SPECT - 5 6% + np np
Sunada [70] 1989 P (nd) 133Xe SPECT ACZ® 9 10%* - np np
Sasoh [61] 2003 R (6 w) PET Co, 25 10%* + + +
Samson [60] 1985 R (1-4 m) PET Cco, 11 15%* + nd -
Hartmann [22] 1987 R (4-8 w) 133Xe CT - 25 16%* + np np
Neff [55] 2004 R (2-3 m) MRA - 25 16** + np np
Anderson [2] 1992 R(1-7y) 133Xe SPECT Co, 13 20%* + + np
Yamashita [93] 1991 R(1m) Stable Xe CT ACZ 15 8** + + np
Di Piero [14] 1987 R(12m) 123|MP SPECT - 14 0 - np np
lwama [29] 1997 R (19-66 m) 123MP SPECT ACZ 44 0 — + np
Kume [44] 1998 R (2-4 w) 123MP SPECT ACZ 30 0 + + np
Kawaguchi [31] 1999 R(1m) 123MP SPECT ACZ 19 0 + + np
Schmiedek [63], [64] 1976 R(6.5m) 133Xe CT Co, 33 0 + + np
Laurent [47] 1982 R(3-8w) 133Xe CT - 35 0 + np np
Yonekura [99] 1982 RQ2y) 133Xe CT - 107 0 np np
Halsey [20] 1982 R (0-26 w) 1B3%e CT Co, 19 0 — + np
Vorstrup [86] 1985 R(>3m) 133Xe CT - 22 0 np np
Bishop [7] 1987 R(3m) 133Xe CT Co, 8 0 + np
Vorstrup [85] 1986 P (2-6 m) 133Xe SPECT ACZ 18 0 - + np
Piepgras [57] 1994 RQ2y) 133Xe SPECT ACZ 9 0 nd + np
Schmiedek [65] 1994 R (4-79 m) 133Xe SPECT ACZ 28 0 - + np
Ishikawa [28] 1995 R(1-3m) 133Xe SPECT ACZ 28 0 — + np
Grubb [18] 1979 R(2m) PET - 9 0 + np np
Powers [58] 1984 R (7d-4 w) PET - 17 0 + np +
Gibbs [15] 1987 R (1-6 m) PET - 12 0 np
Nagata [53] 1991 R (nd) PET - 7 0 + np +
Muraishi [52] 1993 R (nd) PET - 6 0 + np +
Kawamura [32] 1994 R(1-2m&1-5y) PET - 13 0 + np +
Takagi [73] 1997 R (3-5m) PET Cco, 12 0 + nd +
Kuwabara [45] 1998 R (nd) PET ACZ 7 0 - + +
Kobayashi [41] 1999 R (1.5m) PET Cco, 10 0 + nd +
Heilbrun [23] 1975 R(3m) Stable Xe CT - 16 0 + np np
Tsuda [80] 1984 R(1-2m) Stable Xe CT Cco, 10 0 + + np
Touho [77] 1990 R (nd) Stable Xe CT ACZ 16 0 — + np
Touho [78] 1990 P (nd) Stable Xe CT ACZ 27 0 + + np
Schick [62] 1996 R(5.6y) Tc SPECT ACZ,CO, 47 0 + np
Klijn [38] 2002 R (6 m) TCD Cco, 15 0 np + np
Hirai [25] 2005 P(2w) Xe SPECT ACZ 40 0 + + np

B prospective; R, retrospective; d, days; w, weeks; m, months; y, years; nd, not described; np, not performed; PET, positron emission tomography;
CT, computer tomography; Xe, xenon, SPECT, single photon emission computed tomography; MRA, magnetic resonance angiography; ACZ, ace-
tazolamide; CO,, carbondioxide; Tc, Technetium; IMP, N-isopropyl-I-123-p-iodoamphetamine; *medically treated patients; **healthy controls;
®only pre-operative ACZ-challenge; Tincluding the study of Meyer[49]; + indicates improvement; - indicates no improvement.
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eter angiography which requires a specialized team as
well as specific equipment in the operating room and
significantly prolongs surgery can be avoided.

Also, intra-operative Doppler ultrasound flow
velocity measurements can be used as a quick and
reliable way to assess changes in flow velocity both

in the cortical MCA branches as well as in the STA
[3], [51].

Flow measurements in the EC-1C bypass

Several techniques have been developed to quantitati-
vely measure flow through an EC-IC bypass. With
his intra-operative electromagnetic flow measurement
Spetzler measured a flow of 25 ml/min after STA-
MCA bypass and subsequent occlusion of the ICA as
treatment of a giant ICA aneurysm [67]. Later, the
use of intra-operative ultrasound volume flow mea-
surements has been published by several authors [54],
[82]. One of them used this technique to measure the
flow difference in the STA before and after a STA-
MCA bypass operation. During the operation the
flow in the STA increased from 13 to 46 ml/min [54].
In eight patients with symptomatic ICA occlusion
who underwent an ELANA we found a mean intra-
operative flow of 111 ml/min [82]. After a mean in-
terval of 26 days the average post-operative flow in
seven of these patients increased to 128 = 48 ml/min.
This increase in flow in the EC-IC bypass is most
likely the result of flow adaptation of the EC-IC
bypass. Flow adaptation may occur both in the short
term (during the procedure) [9], [82] and in the long
term (postoperatively) [82]. The flow through an
EC-IC bypass may also decrease over time and even-
tually the EC-IC bypass may occlude. If a patient re-
mains asymptomatic one could presume that the
collateral blood supply via the other pathways than
the EC-IC bypass has become sufficient to maintain
adequate blood flow in the previously symptomatic
hemisphere on the side of the ICA occlusion [62]. In
such patients the EC-IC bypass may still play a role
in the prevention of ischaemic stroke in the acute
phase when the patient first presented with TIAs or
mildly disabling ischaemic stroke and occlusion of the
ICA and had a compromised cerebral blood flow.
Horn recently described the angiographic classi-
fication of bypass filling as grade I (poor intracranial

opacification of selective external carotid artery injec-
tion), grade II (moderate opacification), or grade III
(extensive opacification) [27]. In this study, the
amount of flow through an EC-IC bypass as mea-
sured with MR-based volume flow techniques was
shown to correspond to the angiographic grade of
filling. Grade I (n = 6) was shown to correspond
to a flow of 39.2 = 9.8 ml/min, Grade II (n = 15)
to 73.6 * 16.7 ml/min, and Grade III (n = 20) to
97.2 * 26.6 ml/min.

Imaging the effect of EC-IC bypass

Measurements of haemodynamic compromise have
not only been used to predict the risk of stroke in
patients with symptomatic ICA occlusion [11] but
have also been applied to study the effect of EC-IC
bypass surgery on the flow state of the brain. A
comparative overview of brain perfusion imaging
techniques has recently outlined the characteristics
of the different techniques with their inherent ad-
vantages and disadvantages [90]. Classically, haemo-
dynamic impairment has been classified into two
stages [13]. In stage 1 there is autoregulatory vasodi-
latation. This was defined as an increase in cerebral
blood volume (CBV) or an increase in mean vascu-
lar transit time (equivalent to the CBV/CBF ratio),
with normal CBF, OEF, and oxygen metabolism
(CMRO,). In stage 2 autoregulation fails resulting
in reduced CBF and increased OEF with normal
oxygen metabolism. However, later studies have
shown that this model of two stages of haemodynam-
ic impairment may be too simple. Patients with an
increased OEF may have normal CBV and slight
decreases in CBF may lead to an increased OEF
[13]. Whereas stage 2 haemodynamic compromise
can only be measured by PET, stage 1 can also be
assessed by measurement of so-called cerebrovascu-
lar reactivity (CVR) by paired measurements of
CBF or blood flow velocity before and after a vaso-
dilatory stimulus such as acetazolamide, carbogen
inhalation, or breathholding.

Table 1 summarizes the results of 45 studies
that investigated changes in the haemodynamic state
of the brain after EC-IC bypass surgery in patients
with ICA occlusion. Case reports and series smaller
than the arbitrarily chosen number of five patients
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were not included. In none of the 45 studies patients
who underwent EC-IC bypass surgery were com-
pared with patients who were not operated on in a
randomized fashion. In the only randomised con-
trolled trial investigating EC-IC bypass surgery
haemodynamic measurements were not performed
[1]. In eight studies patients who underwent EC-IC
bypass surgery were compared with patients who
were not operated on [10], [26], [30], [48], [49],
[74], [76], [98]. In seven other studies operated pa-
tients were compared with haemodynamic measure-
ments in healthy controls [2], [22], [55], [60], [61],
[70], [93].

Of the 45 studies of haemodynamic measure-
ments before and after EC-IC bypass surgery, infor-

Slice 2

Slice 3

mation on pre- and post-operative measurements of
CVR was available in 23 studies. All but one study
[26] reported improvement in CVR after EC-IC by-
pass surgery. Some studies reported improvement in
vascular reactivity only in a specific subgroup of pa-
tients [28], [86], e.g., in patients with collateral blood
supply via leptomeningeal vessels and decreased reac-
tivity to ACZ [29]. Of the 23 studies that reported
measurements of CVR 20 studies also reported CBF
measurements before and after EC-IC bypass sur-
gery. In nine of these no improvement in CBF was
observed whereas CVR improved after EC-IC by-
pass [7], [20], [28], [29], [45], [62], [65], [77], [85].
Of a total of 42 of the 45 studies that reported on
CBE, improvement of CBF after EC-IC bypass was

Slice 4 Slice 5

Fig. 4. Average flow territory maps of the EC-IC bypass, contralateral ICA and posterior circulation for the seven patients. Flow territory
maps are projected to a standard Talarach brain. The maps of the top, middle and bottom row indicate the overlap of the flow territories
of respectively the EC-IC bypass, contralateral ICA and posterior circulation. The dark grey area indicates maximal overlap flow territory

present in all seven patients. BA, Basilar artery [24].
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observed in 25 studies. In seventeen studies no such
improvement was found. Of the 11 studies that con-
tained information of the effect of EC-IC bypass on
an increased OEF, eight reported a decrease in OEF
after surgery, whereas no amelioration of OEF was
found in three other studies [15], [48], [60].

Most postoperative haemodynamic assessments
were performed at a relatively short time after the
operation that is a few weeks to a few months. In
only very few studies long term effects were studied
[26], [29], [62], [65], [74], [99]. In three of these six
studies EC-IC bypass did not improve CBF or CVR
[26], [74], [99] in two studies CVR but not CBF im-
proved after the operation [62], [65] and in the re-
maining study CVR improved in a small subgroup
only [29]. One group first showed postoperative im-
provement of both CBE, but not CVR in 33 operated
patients one to three weeks after the operation [49].
After a mean long-term follow-up of 28 months of
this group of patients and five additional patients the
improvement in CBF was no longer found [74].

In conclusion, many studies using various tech-
niques have reported improvement of cerebral haemo-
dynamics after STA-MCA bypass, but comparisons
with similar patients who were not operated on are
lacking. Some studies have shown that improvement
in the haemodynamic state of the brain may only
occur in a subset of patients [28], [29], [86], may be
most prominent in those in whom those measures
were most disturbed before operation [47], [58],
[99] and improvement that was observed relatively
shortly after the EC-IC bypass procedure may not
last over time [14], [74], [99]. One study showed
that collateral circulation through the bypass devel-
oped well and cerebrovascular reactivity improved in
patients who had extensive leptomeningeal anastomo-
ses preoperatively in combination with a decreased
cerebrovascular reactivity [29]. When interpreting
the results of these studies, it is important to realize
that cerebral haemodynamic compromise in patients
with symptomatic ICA occlusion has also been ob-
served to improve spontaneously without revascular-
ization operation [12], [89], [97]. For these reasons
and despite the combined evidence suggesting that
in patients with symptomatic ICA occlusion a com-
promised flow state of the brain can be improved by

revascularization with an EC-IC bypass, definite
conclusions cannot be drawn.

Imaging the flow territory of the EC-IC bypass

Recently, our group demonstrated the feasibility of
selective arterial spin labelling magnetic resonance
imaging (ASL-MRI) for follow-up of patients after
EC-IC bypass of the ELANA type, providing in-
formation on the flow territory of the EC-IC by-
pass and on regional cerebral blood flow [24]. In
this study seven patients underwent an ELANA-
operation, four because of recurrent TIAs in the
presence of ICA occlusion and impaired TCD
CO,-reactivity and three other patients because of a
giant aneurysm of the ICA for which the ICA had
to be occluded.

The study showed that the average flow territory
of the EC-IC bypass in the seven patients was 15%
smaller than the flow territory of the contralateral
ICA (p-value, 0.018), whereas the mean CBF of the
hemisphere on the side of the EC-IC bypass was si-
milar to the CBF in healthy controls (on average 69.1
*+ 17.5 mI/min/100 g brain tissue in healthy controls
and 70.4 = 11.6 ml/min/100 g brain tissue in the
four patients with symptomatic ICA occlusion and
71.6 = 10.6 mI/min/100 g brain tissue in the three
patient operated because of a giant aneurysm). On
average the volume flow through the EC-IC bypass
was lower (169 * 58 ml/min) than the volume flow
through the contralateral ICA (254 = 88 ml/min; p-
value <0.05). This suggests that other collateral pa-
thways than the EC-IC bypass also contributed to
the blood supply of the hemisphere ipsilateral to the
ICA occlusion. Unfortunately, pre-operative CBF
measurements were not available. Fig. 4 shows the
average flow territory maps of the EC-IC bypass, of
the contralateral ICA and the basilar artery for all sev-
en patients.

The major advantage of ASL-MRI over the
imaging of an EC-IC bypass by angiography is that
there is no need to use contrast which makes the pro-
cedure completely non-invasive and without risk.
Another advantage is that apart from the information
on the flow territory of the EC-IC bypass, also quan-
titative CBF and volume flow measurements in the
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major cerebropetal arteries can be obtained with the
same study in one patient. In the future, assessment of
cerebrovascular reactivity with this technique may
provide even more information.

Future perspectives

Technical advances in EC-IC bypass surgery

The ELANA technique has been continuously im-
proved upon over the years and preliminary evidence
from further developments in the laboratory show that
it may be possible to further simplify the procedure
which will shorten the duration of the operation [68].

Clinical studies

Currently, a new randomized controlled trial is ongoing
in North-America, the carotid occlusion surgery study
(COSS) [17]. This study investigates whether the STA-
MCA anastomosis is better than best medical therapy
alone for prevention of recurrent ischaemic stroke in
patients with symptomatic ICA occlusion and stage
IT haemodynamic compromise as indicated by an in-
creased OEF in the hemisphere at risk. It is unclear
when the results of this trial can be expected as the in-
clusion rate has been far slower than expected.

The results of the Japanese EC-IC bypass trial
(JET study) are expected in the near future [50].

Further studies should clarify whether the
ELANA differs from the STA-MCA bypass in its
effect on the blood flow to the hemisphere at risk
and its ability to prevent recurrent ischaemic
stroke in patients with symptomatic ICA occlu-
sion. The fact that the ELANA technique has now
been adopted by neurosurgeons in Finland, Ger-
many, Italy, Russia, the UK and the USA will facil-
itate the collection of this valuable information
[46], [69].

Take home messages

The EC-IC bypass procedure is regaining interest as

possible treatment for prevention of ischaemic

stroke in patients with ICA occlusion and proven
haemodynamic compromise. Trials are currently un-
der way.

Development of the ELANA has allowed the
construction of an EC-IC bypass with a recipient
artery of large calibre proximal in the vascular tree.
The efficacy of this high flow ELANA for preven-
tion of ischaemic stroke in patients with ICA occlu-
sion remains to be determined.

Developments in imaging of the EC-IC bypass
have resulted in the possibility to non-invasively as-
sess the EC-IC bypass during the procedure, mea-
sure its effect on the flow state of the brain and
quantify its flow territory.
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Introduction

Though there have been many descriptions of the
preoperative evaluation of carotid stenosis and re-
sponsible plaques using digital subtraction angi-
ography (DSA), computed tomography (CT), mag-
netic resonance imaging (MRI), and the like, few
reports can be found concerning postoperative eval-
uation. For postoperative studies in cases of carotid
endarterectomy (CEA), the following factors should
be considered. First, for the depiction of amelio-
ration of carotid stenosis and the reduction or
diminishment of carotid plaques in comparison with
preoperative pictures, it is thought to be necessary to
delineate and evaluate the lesions correctly before
surgery. Second, for repeat examinations in an out-
patient clinic, diagnostic modalities should be less
invasive and non-discomforting as well as cost-ef-
tective for patients during postoperative follow-up.
Third, high performance and high-resolution imag-
ing should be used in order to depict and detect rest-
enosis of the carotid artery, which may occur within
several years postoperatively.

In this chapter, imaging after CEA with DSA,
3D-CTA, MRA, and duplex US is presented, discus-
sing advantages and disadvantages of the modalities in
focus with these points. We particularly stress the cur-
rent usefulness of 3D-CTA by multi-detector helical
CT (MDCT) with fine reconstruction and promising
tuture in MR angiography.

Digital subtraction angiography (DSA)

Conventional arterial angiography has been the gold
standard in evaluating the extent of carotid stenosis

(Fig. 3a), the presence of ulceration and collateral
flow to the affected cerebral hemisphere. However,
this approach is invasive, relatively expensive and dis-
comforting to patients. Complications with conven-
tional angiography using a catheter were reported to
arise with an incidence of 1.2% preoperatively and
2.7% in the whole perioperative course in a study of
asymptomatic carotid atherosclerosis [2], [3]. These
figures cannot be overlooked, considering that the
risk of stroke morbidity and mortality from CEA it-
self is 1.52% (11/724, ACAS). Some authors have ar-
gued that the stroke risk due to conventional angi-
ography in recently symptomatic patients is probably
only about 0.5%, because most studies classified all
strokes that occurred within 24 hours of angiography
as procedural complications [9], [28]. However, even
0.5% can be considered clinically meaningful, because
aspirin is routinely given after acute ischemic stroke to
save approximately 1% of patients [9]. Moreover, con-
ventional angiography provides poor information
preoperatively about the presence of calcification on
vessel walls and the composition of plaques.

Therefore, regarding postoperative evaluation,
except in special cases (e.g., where some factors
might make the use of alternate modalities impos-
sible), the routine use of conventional angiography
may not be appropriate as a first choice in follow-
up studies for patients after CEA, who are usually
free from symptoms.

3D-CT angiography

Three-dimensional computed tomography angio-
graphy (3D-CTA) has been developed and utilized

in the visualization of various cerebral lesions, especi-
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ally after the advent of multidetector helical CT
(MDCT) [16], [18]. Some authors have found it
very useful for the depiction of carotid lesions, with
advantages over selective angiography [8], [24], [26],
[31], MRA and ultrasound sonography (US) [7],
[29]. Patients are subjected to minimal discomfort
and remarkable spatial representation is possible. The
technique thus allows information to be rapidly ob-
tained about the vessel lumen, wall and surrounding
structures, with low radiation exposure and at relative-
ly little cost. Recently, neck-clipping operations for
ruptured aneurysms have been performed solely with
aid of 3D-CTA in many institutes [22].

If 3D-CTA is to be promoted as an alternative
to conventional angiography, it is necessary to con-
firm the match in information gained from the two
approaches. In fact, 3D-CTA allows better visual-
ization of structures, facilitating spatial comprehen-
sion by three-dimensional reconstruction. Cumming
et al. [8] compared images of 3D-CTA by single de-
tector helical CT with conventional images, and
found the degree of carotid artery stenosis to correlate
with that shown in conventional angiograms. Corti
et al. [7] demonstrated the utility of 3D-CTA as
a complementary diagnostic tool to duplex US.
Sameshima et al. [29] similarly described the benefits

Fig. 1. a Representative 3D-CTA volume rendering (VR)
image obtained by multi-detector helical (MD) CT re-
constructed with a high-performance workstation show-
ing a severe left carotid stenosis (arrowheads); b Re-
presentative VR image after CEA showing remarkable
improvement of stenosis (arrowheads).
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of 3D-CTA in combination with duplex US, MR
and conventional angiography. The authors of this
paper have employed a high-performance worksta-
tion to produce sophisticated reconstructed color
images [15] (Fig. 1).

In addition to the accuracy of images, advan-
tages of 3D-CTA as an alternative to conventional
angiography are that it is non-invasive and non-dis-
comforting for patients, and that examination is rap-
id and relatively low in cost. Recent 32 or 64-row
MDCT enables rapid scans to be made with low ra-
diation doses and less contrast medium at higher
spatial resolution and over a wider scanning area.

In our own postoperative evaluation, amelioration
of stenosis of carotid arteries (Figs. 1b, 3d, 4b) and
disappearance of calcifications on walls were clearly
and unambiguously depicted in 3D images.

It is still a matter of some controversy what
imaging technique is most suitable for depiction of
carotid stenosis in 3D-CTA. Maximal intensity
projection (MIP) displays an angiogram-like image,
and Sameshima et al. [29] described a high correla-
tion between the degrees of stenosis estimated by
MIP images done with 3D-CTA and conventional
angiography. Some investigators have reported that
MIP is also useful in the delineation of calcification
and ulceration on vessel walls [26], [31]. Corti et al.
[7] recently documented that curvilinear recon-
structed multiplanar reconstruction (MPR) images
allow vessel wall calcification to be ignored, render-
ing precise definition of the lumen. Hirai et al.
[13] applied cross-sectional MPR images perpendi-
cular to the longitudinal axis of the carotid artery
and showed the benefits of obtaining information
about luminal morphology. Tarjdn et al. [32] stres-
sed the importance of the calcification-removal pro-
cess in luminal evaluation and sufficient visualiza-
tion by Raysum (transparent pseudoradiograph) but
not MIP images. Leclerc et al. [20] reported that
MIP images enabled correct classification of most
stenoses but that mural calcification constitutes a
drawback, while the volume rendering (VR) tech-
nique may be useful when dense calcifications were
located around the residual lumen. A vessel phan-
tom study revealed that MIP, MPR, shaded surface
display (SSD), VR and axial views all accurately

display vessels and stenoses greater than 4 mm in
diameter, whereas with smaller diameters VR ten-
ded to be more accurate [4]. In our cases, VR im-
ages were useful for evaluating the degree of stenosis
and for the detection of calcification and ulceration.
However, in a severe stenotic case that showed dis-
continuities on VR images, MIP was useful in con-
firming continuity and estimating the degree of ste-
nosis. With both techniques, observation with
continuous rotation of images for 360° was of great
assistance in selecting the strongest stenotic image.
A case of inverted internal and external carotid ar-
tery misdiagnosed as common carotid artery steno-
sis by conventional angiography could thereby be
clarified. It is possible that even conventional an-
giography might have provided the correct diagno-
sis if examination had been performed from various
angles using additional contrast media and radia-
tion. In 3D-CTA, however, a mere 10-cm move-
ment of the computer mouse can facilitate a correct
diagnosis. MIP was useful in detecting calcification,
especially when it was located dorsally to the ca-
rotid bifurcation and when coloring resulted in an
appearance similar to that of enhanced vessels due
to the density of contrast media in the lumen. Eval-
uation of carotid stenosis by 3D-CTA should opti-
mally be achieved with complementary usage of
VR, MIP, MPR and axial images. Motion and me-
tallic artifacts are problems to be considered in app-
lying 3D-CTA instead of conventional angiogra-
phy. A dental apparatus may induce artifacts and
interfere with evaluation of carotid bifurcations, es-
pecially when the location is high. This can be over-
come, however, by tilting the head back in the su-
pine position during CT scanning.

A few concerns remain in using 3D-CTA based
CEA without selective angiography. The necessity of
using contrast media, as with conventional angiogra-
phy, is still a problem. Allergic reactions may occur
and injecting 90 ml of contrast media in 3—4 ml/sec
may be hazardous to patients at risk of heart or renal
failure. Though evaluation with alternative modali-
ties such as MRA is needed in such cases, most po-
stoperative examinations with 3DCTA seemed to
provide excellent information and be sufficient as the
sole follow up study.
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MR imaging and angiography

While MR angiography itself can be applied in the
assessment of carotid stenosis, there is a tendency for
overestimation, and good depiction of calcification is
not possible, though a recent study using 3D-FISP
(fast imaging with steady-state free precession)
showed better axial delineation of the content of
atheromatous plaques [6]. Three-D acquisitions have
much better resolution due to the small partition
thickness, while 2D acquisition is more sensitive to
slow flow [30]. Usually the white blood technique is
based on time of flight (TOF) or phase contrast
methods, while black-blood MR imaging techniques
[33], [35] depicting the character of the plaque
clearly with phase array carotid coils employs 2D fast
spin echo (FSE). Contrast-enhanced MR angiography
(CEMRA [11] or DSA-MRA [21]) may also aug-

ment the accuracy in the assessment of the degree of

carotid artery stenosis. Hathout et al. [12] reported
that increasing severity of stenosis as measured by
CEMRA corresponded to increasing severity at
DSA, while Nederkoorn et al. [23] demonstrated in
a systematic review of published studies that MRA
had more than 70% more discriminatory power com-
pared with duplex US in diagnosing severe stenosis.
Thus, techniques in MR angiography (both acquisi-
tion techniques and high magnetic field) are con-
stantly advancing, and considering its advantages in
enabling exploration without X-ray, it may surpass
CTA in the near future as an appropriate tool for post-
operative serial follow-up studies (Figs. 2b, ¢, 3b).

Duplex ultrasound sonography

Duplex US is a handy, non-invasive technique
ideal for a postoperative follow up study in outpa-

\J
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Fig. 2. a Representative VR image of a right carotid stenosis by MDCT demonstrating severe stenosis at carotid bifurcation (arrow);
b Maximal intensity projection (MIP) image of MRA showing stenosis (arrow); ¢ Postoperative MRA depicting amelioration of stenosis

(arrow).
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Fig. 3. a Representative conventional angiography of a right carotid bifurcation showing stenosis of the internal carotid artery (arrow);
b MIP image of MRA of the same case showing stenosis (arrow); ¢ VR image of 3D-CTA clearly showing internal carotid artery stenosis
(arrow); d VR image of 3D-CTA after CEA showing dilation of the stenotic portion (arrow); e Power color doppler duplex ultrasound (US)
showing apparent stenosis. CEA showing dilation of the stenotic portion (arrow); f Power color doppler duplex ultrasound (US) showing

apparent stenosis. CEA showing dilation of the stenotic portion.

tient clinics. No other modality can detect floating
thrombus or characterize plaque containing hem-
orrhage and ulceration in real time, and recent
color-coded duplex US has remarkably improved
the identification of vascular structures [30] (Fig.
3e, f). This ultrasound method, however, seems
technician- and machine-dependent, and its repre-
sentation has relatively low spatial resolution, espe-

cially in cases with short neck and high carotid bi-
furcation [7]. Duplex US also presents difficulties
in the precise depiction of vessels with calcified le-
sions, due to shadowing. Rothwell [28] documen-
ted the results of a metaanalysis and concluded
that duplex US could not substitute for convention-
al angiography as the sole modality for pre-CEA
imaging [27], [28], since 28% of the decisions
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about CEA based on duplex US alone were inap-
propriate. Nevertheless, in postoperative evaluation,
improvement of stenosis can be observed by duplex
US, at least in preoperatively well-depicted cases.
Naturally, complementary usage of duplex US with

other modalities would enhance the accuracy.
Nonent et al. [25] reported that the concordance
rate for the degree of carotid stenosis of duplex

US/CEMRA was significantly higher than that

with other combinations of noninvasive imaging

e

Fig. 4. a Preoperative VR image of right carotid stenosis showing severe stenosis at the bifurcation (arrow); b VR image of the same case
after CEA showing improvement of stenosis (arrow); ¢ VR image of carotid stenosis 10 months after CEA demonstrating re-stenosis (ar-
row); d Conventional angiography showing re-stenosis of internal carotid artery; e Conventional angiography depicting improvement of
re-stenosis of internal carotid artery with carotid artery stenting (arrowheads); f Duplex US image of carotid stenosis 10 months after CEA
showing re-stenosis; g Duplex US image of carotid artery after stenting showing amelioration of the re-stenosis (arrowheads).
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techniques, though they did not employ MDCT for
3DCTA.

Detection of restenosis
of carotid artery

Restenoses of carotid arteries after CEA are usually
divided into two groups; those experienced within a
few years after CEA due to myointimal hyperplasia
and others within several postsurgical years due to the
relapse of atherosclerotic plaques [19]. Reoperations
are reported to range from 1.8 to 8.9% of all CEA cas-
es [1], [10], [27]. Kogure et al. [17] reported that re-
stenosis occurred in 6.7% of 135 CEA cases, while
Yamada et al. [34] experienced 5 restenoses in 122
CEAs (4.1%). Restenoses are often observed at the
edges of original plaques, especially on the proximal
side of the common carotid artery, rather than at the
site of the initial stenosis. It is well known that reste-
noses are more often encountered with women [1].
Patients with slight to moderate restenoses tend to be
followed up with non-invasive imagings such as du-
plex US, MRA and 3DCTA in outpatient clinics, and
severe and symptomatic stenoses lead to surgical re-
intervention. In such cases, 3DCTA is also useful in
providing a clear and accurate view of carotid arteries,
either with VR or MIP images. As tissue adhesion
makes re-CEA difficult, with relatively high morbid-
ity, carotid angioplasty and stenting (CAS) is cur-
rently preferred and applied for the treatment of rest-
enosis (Fig. 4e,g). Since depiction after stenting is
also excellent with 3DCTA, it can be a powerful tool
for the evaluation of re-stenosis, regardless of surgical
options.

Conclusions (Take home messages)

Though DSA remains the gold standard in some facil-
ities in follow up studies after CEA, its use is declin-
ing due to the complications it presents and to the
development of other diagnostic modalities. Three-D
CTA with a high-performance workstation provides
detailed images with satisfactory information, though
it also presents the problems of X-ray exploration and

allergic reaction to contrast media. Duplex US is a
handy, non-invasive, real-time technique, but is limited
due to its operator dependency and low resolution. MR
angiography is promising, though it is still being devel-
oped at present. By providing greater accuracy both in
the assessment of the degree of stenoses and in the
characterization of plaque contents, and with the im-
portant advantage of being less invasive, since it is a
non-X-ray examination, MRA may well obtain pre-
eminence in the postoperative follow up study of ca-
rotid endarterectomy.
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Introduction

The effectiveness of carotid endarterectomy (CEA)
in the prevention of stroke in symptomatic and
asymptomatic patients with carotid stenosis has
been demonstrated by several randomized studies
(Ferguson et al. 1999; Halliday et al. 2004; MRC
European Carotid Surgery Trial 1991; ECACAS
1995). Carotid artery stenting (CAS) is an alterna-
tive technique that gives favorable results when as-
sociated with the use of brain protection devices
(BPD) (Cremonesi et al. 2003).

Recent randomized studies tend to demonstrate
the non-inferiority of carotid artery stenting (CAS)
compared to carotid endarterectomy for the treat-
ment of carotid stenosis [65]. Nevertheless, a review
of the randomized evidence does not support
changes in clinical practice, apart from recommend-
ing carotid endarterectomy as the treatment of
choice for suitable carotid artery stenosis [13].

Several ongoing randomized trials are now
comparing CEA with CAS in order to establish the
gold standard in the prevention of stroke and the re-
sults are expected to be published in 4 or 5 years
time [28].

Even though it is generally accepted that the
composition and the characteristics of the plaque
may influence the outcome of CEA and CAS, espe-
cially in the case of CAS in which the plaque is not
removed but remodeled, indications for either one of
the two procedures are mostly based (both in trial
and in clinical practice) on the percentage of steno-
sis and the presence or absence of pre-procedural
neurological symptoms, whereas the features of the
plaque are somehow disregarded if not ignored. The
reason for this is related to the fact that the percent-
age of stenosis, as well as the presence or absence of

symptoms is easy to identify and quantify, whereas
the plaque is usually defined as soft, lipidic, fibroli-
pidic, hemorrhagic, colliquated, ulcerated, pretty ho-
mogeneous, etc., which makes the parameter rather
undetermined and unreliable.

The advent of high-resolution B-mode scanners
and the use of a quantitative, computer-assisted in-
dex of echogenicity (such as gray scale median
[GSM]) introduced by our team, have greatly im-
proved the correlation between plaque characteriza-
tion and clinical features [7], [8]. Only after the in-
troduction of the image normalization did the GSM
become an objective index of the echogenicity of
carotid plaques [18], [50].

Several studies recently indicated that
echogenicity is related to the histological compo-
nents of carotid plaque [17], [26] and that carotid
plaque echolucency (low echogenicity) is associated
with the development of neurologic events [47],
[25], [39], [42] and with an increased number of
emboli following CEA and CAS [46], [57], [27].

Based on these assumptions, our group
demonstrated in the ICAROS study that carotid
plaque echolucency measured by GSM increases
the risk of stroke during CAS [6]. For the first
time an ultra-sonographic characteristic of the
plaque has been correlated to the clinical outcome
during CAS.

Two issues concerning ultrasound and CAS re-
main unsolved:

1. Are there echographic characteristics of the
carotid plaque that can be recognized before the
procedure and that modify the clinical outcome
after the procedure?

2. Is the duplex scanner accurate for the follow-up
of patients treated with carotid stenting?
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Clinical knowledge
Surveillance after CAS: Why?

The incidence of restenosis after CAS has been re-
cently reviewed [26]. The incidence of restenoses
within 2 years after CAS was 7.5% using a rest-
enosis threshold > 50% and 4% using a cut-off point
of 70%. The risk of recurrent stenosis after CAS
seems to be greater in the first year after the pro-
cedure and then decreases over time. Neointimal
proliferation prevailed up to 12 months after CAS
in a recent prospective duplex ultrasound study,
whereas no further relevant changes in the neoin-
tima were observed during the second year [62].

Surveillance after CAS: How?

The analysis of in-stent restenosis has been per-
formed using several approaches, including digital
subtraction angiography (DSA), computed tomog-
raphy angiography (CTA), magnetic resonance
angiography (MRA) and duplex ultra-sound.

DSA provides the most reliable analysis of
carotid stenosis, both in primitive and in restenotic
lesions but the effectiveness of this diagnostic tool is
limited by three factors:

* A peri-procedural risk of neurological complica-
tions. Patients in ACAS who underwent DSA be-
fore carotid endarterectomy were exposed to an
additional 1.2% risk of stroke [1].

* DSA is related to silent embolism, as demonstrated
by 23% of new lesions at diffusion-weighted mag-
netic resonance imaging after DSA, without any neu-
rological complication [4]. Due to relationship be-
tween silent embolism and late neurological sequelae,
DSA could be a cause of late cognitive dysfunction in
patients with a history of vasculopathy [60].

* The economical impact: a cost-effectiveness
analysis showed that arteriogram accounted for an
increase of 43% in total charges [21].

The presence of these issues and the availability
of new diagnostic tools pushed some Authors to
consider DSA as a low-efficacy diagnostic tool [32],
[11]. The debate is still open [15].

CTA is an emerging technique for the evalua-
tion of carotid arterial stenosis [35]. For detection of
a 70% to 99% stenosis, the sensitivity was 85% and
the specificity was 93%. For detection of an occlu-
sion, the sensitivity and specificity were 97% and
99%, respectively. Only a few papers have analyzed
the role of multi-slice CTA in the detection of post-
CAS restenosis [12], [38]. Further study is required
to confirm the accuracy of this emerging technique.

MRA has the potential to replace diagnostic
DSA, due to elevated sensitivity, specificity, positive
predictive value and negative predictive value in the
diagnosis of carotid stenosis [3], [22], [63]. Never-
theless, the effectiveness of MRA after CAS might
be limited by technical issues: stent-related artifacts
on contrast-enhanced MR angiography caused an ar-
tificial lumen narrowing and a reduction of the signal
intensity within the stent. Both of these effects were
identified in MR angiogram of nitinol stents and
stainless steel stents [58]. Several months after stent
implantation, visibility of the stent lumen was im-
proved and diagnostic reliability of contrast-enhanced
MR angiography was markedly increased. A probable
explanation for this phenomenon might be the for-
mation of a neointimal layer covering the stent struts
and thereby reducing stent-related artifacts [9].

Systolic and diastolic flow parameters in the in-
ternal carotid artery (ICA) and common carotid
artery (CCA) should be measured, as well as carotid
ratios. This hemodynamic evaluation of carotid steno-
sis based on velocity cut-off points, should be used to
calculate the degree of stenosis corresponding to the
NASCET angiographic criteria [44], [45], [23].

The placement of a stent alters the biomechan-
ical properties of the artery and reduces its compli-
ance, leading to elevated velocity. Robbin studied
the use of US in the follow-up of stented carotid ar-
teries and noted that US sensitivity in the detection
of intrastent stenosis is promising but further study
is required [49]. Similarly, Ringer reviewed their
experience with US immediately after carotid stent
placement, and concluded that strict US criteria for
restenosis after CAS are less reliable than change in
velocity over time. An immediate post-stenting
Doppler study should be obtained to serve as a ref-
erence value for future follow-up evaluation [48].
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Lal demonstrated that US velocity measurements
are elevated in many patients after stent placement
and that velocity criteria designed to evaluate dis-
ease in native unstented arteries should be revised
for application in these patients [36]. It has been
shown that PSV 150 cm/s or greater in combina-
tion with an ICA/CCA ratio 2.16 or greater pro-
vides optimal sensitivity (100%), specificity (97.6%),
PPV (75%), NPV (100%), and accuracy (97.7%) for
differentiating 0% to 19% and 20% or greater ICA
in-stent residual stenosis after CAS.

The US thresholds used to identify a restenosis
were different: 50%, 70% or 80%. The ultrasound
criteria to identify these thresholds were different:

* Modified University of Wisconsin criteria [19]:
peak systolic velocity (PSV) less than 130 cm/s,
0% to 39%; PSV 130 to 210 cm/s, 40% to 59%;
PSV 210 to 300 cm/s with end-diastolic velocity
less than 120 cm/s, 60% to 79%; PSV greater
than 300 cm/s and end- diastolic velocity greater
than 120 cm/s, or internal carotid to common
carotid artery systolic velocity ratio greater than
3.2,80% to 99% [37].

* PSV > 140 cm/s to define > 50% stenosis by
carotid ultrasound [33].

* A combination of PSVic, greater than 1.5 m/sec
and a PSVicy/PSVcy ratio greater than 2.5 to
identify an in-stent restenosis of 50% or greater
[52].

* PSV = 120 cm/s and PSV;c0/PSVca ratio = 1.5
for stenoses > 50%. Stenoses > 70% were diag-
nosed by PSV = 220 cm/s and PSVica/PSVca
ratio = 3.3 [5].

* PSV = 130 cm/s for stenoses > 50%. PSV = 210
cm/s and PSVica/PSVca ratio = 4.0 for stenoses
> 70% [43].

Morevoer, echographic examination allows to
perform a morphological analysis. The following
clinical case will shed light on this issue.

A 77-year-old asymptomatic man with a sub-oc-
clusive ulcerated plaque of the right internal carotid
artery underwent a stenting procedure under general
anesthesia in a neuro-radiologist center (Fig. 1a and b).

The procedure was completed without neuro-
logical complications and with a technical success,

as evidenced at the post-operative angiogram
(Fig. 1¢).

One month after the procedure an ultrasound ex-
amination was performed in our vascular lab. (Fig. 1d)
The peak systolic velocity (PSV) was in the normal
range, the ratio of the PSV of the ICA compared to
that of the CCA was nearly 1. No restenosis could be
demonstrated according to the velocitometric criteria.
A physician could be satisfied looking at this data.

The morphological analysis allowed us to iden-
tify some technical issues, neither visible at the post-
procedural angiogram nor using the velocity cut-off
points of the duplex scanner examination. The stent
diameter at the proximal end was lower than the di-
ameter of the common carotid artery, this undersizing
of the stent did not allow to cover the entire plaque.
The consequence is that the plaque, with its inflam-
matory burden, is still there, prone to embolization.

A similar case is represented in Fig. 2a and b. In
Fig. 3a—d it is clearly shown why carotid plaque
calcification has been considered a contraindication
to endovascular treatment. All these details could
not be recognized by conventional angiography.
Carotid ultrasound allows to see both inside (the
“angiography point of view”) and outside the vessel,
where the plaque is remodeled.

Negative and positive remodeling are important
predictors of clinical outcome after coronary stent-
ing [14], [51], [29]. Only ultrasound can accurately
quantify these parameters [10].

Surveillance after CAS: Who?

It has been demonstrated that patients with excessive
neointimal formation more frequently suffered major
adverse cardiovascular events (MACE, including my-
ocardial infarction, stroke and death) compared to
those with normal neointimal formation (61% vs.
16% at 24 months after CAS) [53]. Moreover, C-re-
active protein levels were associated both with
MACE as well as with excessive neointimal forma-
tion during follow-up. This might reflect a state of
exaggerated vascular reactivity in response to injury in
these patients. Vascular inflammation, which corre-
lated both with neointimal hyperplasia and cardiovas-
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Fig. 1. a Preoperative CT scan; b preoperative angiogram; ¢ postoperative angiogram; d ultrasound evaluation 2 months after the procedure.

cular events, potentially represents a common charac-
teristic among different vascular pathologies. Patients
with higher CRP levels need closer surveillance both
with respect to restenosis as well as late MACE.

A follow-up after carotid stent deployment is
required in order to identify patients with restenoses,
which are more liable to develop neurological and
cardiac complications.

Several predictors of restenosis have been iden-
tified. It has been demonstrated that older age,
female sex, diabetes, implantation of multiple stents
and post-procedural percent stenosis were associated
with increased incidence of restenosis [33], [62].

Patients with a 6-month restenosis had signifi-
cantly higher post-intervention serum levels of acute-
phase reactants compared with the levels in patients
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b

Fig. 2. Ultrasound evaluation 3 months after carotid stent deploy-
ment. Please note the non-perfect deployment of the stent in the
proximal edge.

without restenosis. 48-hour post-intervention CRP
level was independent clinical predictors of post-an-
gioplasty outcome [52]. Setacci et al. evidenced that
post-operative fever was a predictive factor for the
development of in-stent restenosis [56].

It has been recently demonstrated that the inci-
dence of carotid plaque echolucency is higher in pa-
tients with restenosis compared to those without
(93% vs. 32%) [55]. IL-6 and CRP concentrations
were negatively correlated with carotid plaque
echogenicity. Higher IL-6 levels, in addition to

CRP levels, appear to be associated with lower
echogenicity of carotid plaques, suggesting a link
between inflammation and echolucency [66].

Carotid plaque echolucency can be considered as
the ultrasonographic manifestation of the inflam-
matory state linked to atherosclerosis. Carotid
echolucency evaluation is very useful to understand
better the pathogenesis of restenosis, the inflam-
matory state of carotid plaque and the correlation
between the embolic potential of carotid atheroscle-
rosis, and the development of neurological complica-
tions [24], [39], [42].

Aspects to the future: GSM calculation

The GSM is a computer-assisted grading of the
echogenicity of carotid plaques. It is a measure of
the overall plaque echogenicity, which is a quantita-
tive index of the echoes registered from the plaque.

The following conditions are needed to ensure

the reliability of the GSM.

Duplex scanner setup

Every duplex scanner allows to collect images with
the characteristics required for the computer-as-
sisted analysis of echogenicity. For GSM calculation
there are no unsuitable duplex scanners. A 7 MHz
linear array single or multi-frequency transducer
should be used.

The dynamic range is the range in acoustic
power (in decibels) between the faintest and the
strongest signals that can be displayed on the screen.
The decrease of the dynamic range increases the ap-
parent contrast in the image. For GSM calculation
the maximum dynamic range should be used in order
to have the greatest possible display of gray scale val-
ues (greyer and flatter image). The frame rate, which
means the number of scanning that the probe does
producing the images, must be positioned at the
maximum level, ensuring good temporal resolution.

The persistence is the number of frames which
are mathematically added to produce each image.
Higher persistence tends to suppress noise, but it is
always done at the expense of time resolution, and it
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Fig. 3. Ultrasound evaluation 3 months after carotid stent deployment. Please note the non-perfect deployment of the stent due to a cal-

cified plaque.

may blur real targets. The persistence is displayed on
the screen device as a series of numbers from 1 to 5
and the right persistence would be 2 or 3 (medium
to low level).

A linear post-processing curve is used because
image normalization is achieved with linear scaling.

The overall gain should be increased until the
plaque can be easily recognized and noise appears
within the lumen. It should then be decreased to
obtain a lumen free of noise (black).

The time gain compensation (TGC) curve is
adjusted (gently sloping) with the aim of obtaining im-
ages where the far and near wall of the artery produce

the same echogenicity. At the level of the arterial lu-
men no gains of the TGC-curve must be done. This is
essential for normalization of carotid plaques with an-
terior and posterior components. The consequence of
this is that the ultrasound beam should be at 90° to the
arterial wall, with a horizontal adventitia.

Image recording

The patient should be in supine position. The
carotid vessels are analyzed using different longitu-
dinal views (anterolateral, lateral and posterolateral).
The minimum depth should be used, so that the
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plaque occupies a large part of the image. Excessive
magnification is not required.

In case of acoustic shadow the image can be an-
alyzed only if > 50% of the area depicts acoustic in-
formation. The GSM cannot be calculated in
plaques without any ultrasound information due to
acoustic shadowing. The bigger the section of
plaque that can be visualized, more accurate is the
information provided by GSM.

Before image recording, the following criteria
should be fulfilled:

1. Blood: a noiseless vessel lumen in the vicinity of
the plaque.

2. Adventitia: in the proximity of the plaque it
should be bright, thick and horizontal.

3. Plaque: well defined and with the maximum
thickness.

4. Anterior and posterior walls of the carotid artery
should be visible.

The following images (in longitudinal projec-
tions) should be recorded:

1. The B-mode (gray scale) image.

2. The color image: may help in the delineation of
the luminal margin of the plaque (especially with
hypoechoic dark plaques).

Attention should be paid in order to have B-
mode and color image in the same plane.

Digital storage media (magneto-optical disk
and compact disk) are preferred to analogical video
tape requiring video grabber card.

Image normalization and GSM calculation

GSM is calculated using Adobe Photoshop (5.0 or
higher). In Adobe Photoshop both the B-mode and
the color image should be open. In the B-mode im-
age the color information should be discarded: from
the “Image” menu, click on “Mode”, then
“Grayscale”. Using the “Lasso” tool, drag the pointer
to outline the plaque. Then, click on “Histogram” in
the “Image” menu. The “median” value shown in the
panel is the GSM.

Hypoechoic dark (echolucent) regions are
associated with a GSM that tended to approach
0, whereas hyperechoic bright (echogenic) regions

are associated with a GSM that tended to approach
255.

The GSM calculated in this manner in not
standardized and consequently the GSM is influ-
enced by duplex scanner settings. The lack of repro-
ducibility of non-standardized GSM has been
demonstrated by our group and by others: the GSM
cut-off point for the identification of carotid plaques
at increased risk of stroke was 50 in Milan and 32 in
London [17], [7].

Normalization (standardization) allows to com-
pare images from different scanners by different ul-
trasonographers. Thanks to normalization, GSM is
highly reproducible index of echogenicity [18], [50].

Image normalization is a gray scale transforma-
tion using linear scaling: gray scale values of all pixels
in image are adjusted according to 2 reference points,
blood and adventitia. Blood and adventitia were se-
lected (in stead of muscles, vertebrae, intima-media
complex, etc.) because they are easily and clearly rec-
ognizable in the vicinity of the plaque and constitute
the two distinct ends of gray scale (blood = dark, ad-
ventitia = bright). The process modifies the image
such that in the resultant image the GSM of the
blood is in the range of 0 to 5 and the GSM of the
adventitia in the range of 185-195.

Several steps are required for image normaliza-
tion.

Using the “Lasso” tool, drag the pointer to
select an area in the blood that should be free of
noise. To check this, in the “Image” menu click on
“Histogram”. The “median” value shown in the panel
is the GSM. The GSM of the selected area in the
blood should be 0. If not, the gain of duplex scanner
is not set properly (see above).

Similarly, using the “Lasso” tool, the brightest
part of the adventitia on the same arterial wall of the
plaque should be selected. It is important to note that:

* Image magnification should be performed before
adventitia outlining.

* The selected area should not be too small (area,
not a point!).

* The selected area should be horizontal.

The GSM of adventitia should then be
obtained using the “Histogram” function. Unlike the
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GSM of blood, every GSM value measured in the
adventitia is accepted.

To normalize the image, click on ‘Tmage’ menu
then ‘Adjustments’ and finally ‘Curves’. The straight
line shown in the panel represents the relationship
between the gray scale of the input (x-axis) image
and that of the output (y-axis). Each axis has a
black and a white edge: this is the gray scale, rang-
ing from 0 (completely black) to 255 (completely
white).

The aim of normalization is to modify the sub-
jectivity related to the echographic examination.
This purpose can be achieved using the brightest
(adventitia) and the faintest (blood) area of the
image: in particular conditions (the duplex scanner
settings described above) these areas are indepen-
dent of the type of duplex scanner and the ultra-
sonographer. Normalizing the image the faintest
point remains unchanged with a GSM value of 0
before and O after standardization (a proper gain
adjustment is essential for this purpose). On the
other hand, the GSM value of the brightest area
(adventitia) drives all the normalization process: the
adventitial GSM value measured before (input
value) is converted arbitrarily to a GSM value of
190 (output value). In the normalized image the
GSM value of blood and adventitia is 0 and 190
respectively, independent of the type of duplex
scanner and the ultrasonographer.

In Adobe Photoshop, the straight line shown in
the panel should be modified so that the new line
crosses a new point with the input value correspond-
ing to measured adventitial GSM value and the
output value corresponding to 190.

The image is now standardized (Fig. 4a before,
Fig. 4b after normalization). Using the “Lasso” tool
the plaque should be outlined. In the “Histogram”
panel the following measurements are obtained:

a. GSM, defined as the median of overall gray
shades of the pixels in the plaque

b. Total percentage of echolucent pixels, defined as
the percentage of pixels with GSM < 25 (PEP25).

The reproducibility of this method is high
[18], [50].

Fig. 4. a B-mode image before normalization; b B-mode image af-
ter normalization.

Clinical role of GSM before and during

carotid stenting

Our group has recently published the results of the
ICAROS study [6]. ICAROS was an international
multicenter registry, which collected 418 cases of
carotid stenting procedures from the 11 participat-
ing centers. An echographic evaluation of carotid
plaque with GSM measurement was made prepro-
cedurally.



G. M. Biasi et al.

255

Canale:Nero.

T

Media: 53,37 Livelia
Dev std: 29.70 Conteggio:
Mediana; 48 Percentusie
Piel: 15040 Livesio cache: 1

Fig. 5. GSM calculation.

The overall rate of neurological complications
was 6.7% (28/418), with transient ischemic attack
3.1% (13/418), minor strokes 2.2% (9/418) and major
stroke 1.4% (6/418), while no deaths were observed.

GSM value in complicated patients was signifi-
cantly lower than in uncomplicated ones, both in the
stroke (p < 0.005) and in the stroke plus TIA (p <
0.005) subset. A receiver operating characteristic
(ROC) curve was used to choose the best GSM cutoff
value: the most successful threshold value was 25. The
prevalence of a GSM value less than 25 (echolucent
plaques) is high, we found it in 155/418 (37%) pa-
tients. Eleven out of 155 patients with GSM = 25 had
a stroke (7.1%) compared to 4 out of 263 patients
with GSM > 25 (1.5%, p = 0.005). The event rates
increased to 12.9% and 3.0%, respectively, when both
stroke and TIA were counted (p = 0.002).

There were 5/219 (2.3%) strokes in protected
and 10/199 (5.0%) in unprotected procedures (p =
0.18). However, protection gave different results in
the GSM subgroups: in patients with GSM = 25
BPD tended to increase the risk of stroke (12.5% vs.
5.2%, p = 0.15), whereas it had a protective value in
the echogenic subgroup (0% vs. 4.8%, p = 0.01).
Carotid plaque echolucency, as measured by
GSMd25, can identify a subset of patients in which
the effectiveness of BPD is lower. The overall neu-
rological complication rate was higher in primitive

lesions than that in restenosis (5.2% vs. 2.2%, p =
ns). This difference was observed also in GSM > 25
patients (4.0% vs. 0%, p < 0.05), but not in GSM = 25
patients (6.6% vs. 7.8%, p = ns).

The stroke rate was 2.8% for asymptomatic and
5.3% symptomatic patients (p = ns), with similar
trend in GSM subsets. The neurological complication
rate was 1.5% (3/202) in < 85% carotid stenosis rate
subset and 5.6% (12/216) in ?85% (p < 0.05). The
neurological complication rate was significantly
higher in patients with positive cerebral CT than in
those with negative CT (7.7% vs. 2.4%, p < 0.05).

A multivariate regression analysis revealed that
GSM (OR = 7.11, p = 0.0019) and degree of
stenosis (OR = 5.76, p = 0.010) are significant in-
dependent predictors of stroke alone, while preproce-
dural symptomatology (OR = 2.92, p = 0.061) and
preprocedural brain CT (OR = 2.54, p = 0.099) are
borderline significant. Similar results were found in
the analysis of stroke plus TIA as endpoints.

Carotid restenosis, with a GSM value higher
than 25, can be safely treated. Restenoses with GSM
= 25 should be considered at higher risk of brain
embolization: the appropriate type of procedure and
brain protection should be chosen.

The clinical impact of GSM relies on the ability
to identify a wide number of patients at higher risk
of stroke during CAS and to distinguish subsets of
patients (with restenosis or with protected proce-
dure) in which the rate of neurological complica-
tions is different from the overall population.

Computer-assisted  echogenicity  evaluation
through image normalization and measurement of
GSM is a simple method to identify preprocedurally
high risk carotid plaques, in which endovascular
treatment could be burdened with a higher risk.
GSM is one of the parameters that should be
mandatory for indication to treatment in order to
quantify the individual risk related to the specific
procedure. A low GSM value is not an absolute con-
traindication to CAS, but an index related to a
higher risk for the procedure.

Echographic evaluation of carotid plaque
through GSM should therefore always be included
in the planning of any clinical trial on the endovas-
cular treatment of carotid lesions.
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Clinical role of GSM after carotid stenting

What late events can be predicted with the preoper-
ative evaluation of carotid plaque echolucency

through GSM?

1. Restenosis. It has been recently demonstrated that
the incidence of carotid plaque echolucency is
higher in patients with restenosis compared to those
without (93% vs. 32%) [55].Carotid plaque echolu-
cency, as measured by GSM < 25, allows to identify
patients in which the risk of restenosis is higher.

2. Major adverse cardiovascular events, including
myocardial infarction and stroke. Patients with
restenosis more frequently suffered major adverse
cardiovascular events (MACE, including my-
ocardial infarction, stroke and death) compared
to those with normal neointimal formation (61%
vs. 16% at 24 months after CAS) [53]. Carotid
plaque echolucency, as measured by GSM < 25,
allows to identify patients in which the risk of
late cardiac and neurological events is higher.

3. Neurological dysfunction and dementia. Carotid
artery stenting is associated with new areas of
cerebral ischemia, as detected by using Diffusion-
Weighted MR Imaging (DW-MRI) [41], [31],
[34]. Around 40% of early DW-MRI lesions are
definite brain infarction on follow-up MRI [64].
The presence of silent brain infarcts increased the
risk of dementia and 3-year mortality [60], [40].
The use of brain protection devices reduce the
rate of stroke and death during CAS, but they do
not protect from silent cerebral ischemia: neuro-
protected CAS is associated with DW-MRI le-
sions in significant rate, ranging from 19% to
43%. [30], [54], [59], [20] Neurological dysfunc-
tion and dementia should be included as new
endpoints in studies concerning the endovascular
treatment of carotid lesions.

The reduction of dementia and silent brain in-
farcts requires a decrease of embolic load to the brain.
This purpose can be achieved using 3 strategies: a
correct technique of CAS, the use of brain protection
devices and the selection of carotid plaques with a
lower embolic load. It has been demonstrated that
echolucent plaques generated a higher number of

embolic particles following CAS [46]. Morevoer, low
GSM value plaques generated a higher number of
embolic particles following CAS [27].

In conclusion, carotid plaque echolucency, as
measured by GSM < 25, allows to identify pa-
tients in which the embolic load to the brain is

higher [6].

Take home message

* Duplex ultrasound can reliably quantify carotid
restenosis after CAS.

* Carotid restenosis is not a frequent event, but...

* ...it is associated with an increased incidence of
cardiovascular events (death, stroke and myocar-
dial infarction) following CAS.

* Surveillance after CAS is mandatory for sec-
ondary prevention.

* Primary prevention of restenosis should rely on
the identification of predictors of intimal hyper-
plasia.

* Preoperative carotid plaque echolucency is a pre-
dictor of carotid restenosis.

* The Gray Scale Median (GSM) is a computer-as-
sisted quantitative objective index of echolucency.

* The GSM can identify patients at increased risk
of stroke during carotid stenting.

* The GSM can identify patients at increased risk
of restenosis after carotid stenting.

* The GSM can identify patients at increased risk
of late cardiac and neurological events after
carotid stenting.

* The GSM is a simple, low-cost, effective brain
protection device, reducing cardiovascular events
before, during and after the procedure.
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In recent years, the clinical impact has emphasized
the need for a more detailed analysis of atheroscle-
rotic plaques in carotid artery stenosis. Information
beyond the resulting degree of narrowing of the
vessel lumen on angiography seems to be desirable.
Epidemiologic studies have shown that a large
proportion of persons who have sudden ischemic
events have no prior ischemic symptoms [43]. More
importantly, it has been found that acute coronary
syndromes often result from plaque rupture at sites
with no or only modest luminal narrowing on
angiography [64]; similar observations can be found
in the coronary system [26]. Vascular remodelling
has often occurred at such sites, which consists of
atherosclerosis-associated morphologic and biologic
changes of the vessel wall without significant stenosis
[27]. Thus there is considerable demand for diagnos-
tic procedures that specifically identify rupture-
prone, vulnerable plaques as the most frequent cause
of sudden ischemic events [44], [45], also in the
cerebrovascular system. To reach this goal, our patho-
physiological understanding of cerebrovascular sys-
tem has to be significantly improved.

Hemodynamic aspects

The mean arterial pressure or perfusion pressure in
brain arteries is not routinely measured to identify
the presence of hemodynamic impairment. Instead,
we rely on physiological imaging studies to identify
or infer the presence of normal compensatory mech-
anisms to reduced cerebral perfusion pressure [16].
When the mean arterial pressure in a cortical artery
decreases, two compensatory responses may occur
[17]. By means of these two responses, normal oxy-

gen metabolism and brain function are preserved.
The first is autoregulatory vasodilatation of the
small distal arterioles. This serves to reduce vascular
resistance and maintain cerebral blood flow (and the
delivery of oxygen and glucose) at near normal rates
[18]. The second response occurs when cerebral
blood flow decreases. To maintain normal oxygen
metabolism and normal neurologic function, neu-
rons may increase the fraction of oxygen extracted
from the blood (oxygen extraction fraction) [33].
The average baseline oxygen extraction fraction is
approximately 30% and can increase to 80%. These
two mechanisms may occur simultaneously [17]:
cerebral blood flow decreases slightly through the
autoregulatory range, leading to slight but measur-
able increases in oxygen extraction fraction [65].
When autoregulatory capacity is finally exceeded,
blood flow decreases more rapidly and oxygen
extraction fraction increases dramatically [40].
Different physiological imaging tests assess dif-
ferent compensatory mechanisms [16]. Paired flow
studies compare a baseline measurement of cerebral
blood flow or blood velocity with a second measure-
ment after a vasodilatory stimulus. The existence of
preexisting autoregulatory vasodilatation is inferred if
cerebral blood flow or blood velocity does not increase
normally. A second category of studies is also in-
tended to identify autoregulatory vasodilatation.
These studies involve measurements of mean transit
time directly or by calculation from the ratio of
independent measurements of cerebral blood flow
and blood volume. The method used in the current
study falls into this category. Mean transit time is
equal to the ratio of cerebral blood volume over blood
flow by the central volume theorem. Mean transit
time increases with autoregulatory vasodilatation
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[24]. Cerebral blood volume also increases, but this
response may be variable for a number of reasons, as
described below. The final category of studies uses di-
rect measurements of oxygen extraction fraction.

The relative importance of hemodynamic and
embolic mechanisms represents an important point
for symptomatic patients with severe carotid steno-
sis, because the benefit with revascularization is so
dramatic, regardless of the mechanism [51]. Deter-
mination of hemodynamic status may have great
potential for two other patient populations,
however: patients with complete carotid occlusion
and those with asymptomatic carotid stenosis.
Hemodynamic impairment, as identified by some
but not all physiological imaging methods, has been
proved to be a powerful and independent risk factor
for stroke in patients with symptomatic carotid oc-
clusion. A multicenter, randomized clinical trial of
surgical revascularization (external to internal
carotid artery bypass) for patients with symptomatic
carotid occlusion and increased oxygen extraction
fraction is underway (Carotid Occlusion Surgery
Study, National Institutes of Health, National Insti-
tute of Neurological Disorders and Stroke, NS39526).
Although bypass surgery for occlusive cerebrovascu-
lar disease is still controversial, a recent large retro-
spective study suggests both an improvement of
symptoms and signs and a risk-reduction for future
cerebrovascular events after surgery [41].

The prevalence of hemodynamic impairment
in patients with asymptomatic carotid occlusive dis-
ease seems low [58], [66]. This low prevalence may
account in part for the low risk of ischemic stroke
with medical treatment and, consequently, the mar-
ginal benefit with revascularization. The absolute
annual risk reduction for carotid endarterectomy
reported in the “Asymptomatic Carotid Athero-
sclerosis Study” was 1% (ACAS 1995). The pres-
ence of hemodynamic impairment may be a power-
tul predictor of subsequent ischemic stroke in this
population [66]. This is one area of research with
enormous clinical implications: if a subgroup of
asymptomatic patients who are at high risk because
of hemodynamic factors could be identified, it
would be possible to target surgical or endovascular
treatment at those most likely to benefit.

Measurements of relative cerebral blood volume
showed little change between middle cerebral artery
and other regions at baseline or between baseline
and follow-up studies despite the large changes in
first moment transit time [17]. First, the relation-
ship between cerebral blood volume and autoregula-
tory vasodilatation is not linear or direct. The auto-
regulatory changes occur at the level of small
penetrating arterioles. These vessels represent a
small fraction of total cerebral blood volume. The
largest component of cerebral blood volume is
venous, and the degree to which autoregulatory
vasodilatation leads to increased cerebral blood
volume may be variable. Second, there may be phys-
iological variability between patients in the relation-
ship between cerebral blood volume and auto-
regulatory vasodilatation. Data regarding cerebral
blood volume changes through the autoregulatory
range and beyond in animal studies have been
variable: some have shown a dramatic increase, others
a slight increase, and others no increase [84], [28],
[76]. Human studies indicate that individual variabil-
ity seems to occur [17]. Third, it may be difficult to
accurately measure changes in cerebral blood volume
due to autoregulatory vasodilatation. Normal cerebral
blood volume is approximately 4%. A 25% increase in
cerebral blood volume would increase this to 5%,
which would be a 1% change in an imaging voxel.
This may be difficult to accurately identify. Finally,
different imaging methods may be more or less sensi-
tive to these small changes. If the largest changes in
cerebral blood volume are seen in pial veins, tech-
niques that are more sensitive to parenchymal vessels
would be less sensitive to these changes.

Atherosclerosis

Hemodynamic forces play an active role in vascular
pathologies, particularly in relation to the localiza-
tion of atherosclerotic lesions. It has been estab-
lished that low shear stress combined with cyclic
reversal of flow direction (oscillatory shear stress)
affects the endothelial cells and may lead to an
initiation of plaque development. Atherosclerosis

starts with subendothelial lipid deposition [82]. The
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initial response to lipid deposition is intimal thick-
ening [68]. This is an adaptive response, associated
with mild vascular smooth muscle cell proliferation.
Persistence of subendothelial lipid leads to expres-
sion of inflammatory markers on surface endothelial
cells, which attracts monocytes and macrophages to
the site [20], [54]. To provide oxygen for the inflam-
matory cells, the lesion develops locally increased
vasa vasorum [2], [85], [32]. These lesions are re-
ferred to as intimal xanthomas or fatty streaks [69],
[79]. They subsequently develop pathologic intimal
thickening characterized by an extracellular lipid
pool without a necrotic core, with a proteoglycan-
rich extracellular matrix. Such lesions may lead to
acute ischemic syndromes associated with plaque
erosion, or stabilize into thin fibrous cap atheromas
[68], [79]. During stabilization, the necrotic core is
covered by a combination of a collagen and smooth
muscle cell-rich cap. However, in the presence of
large numbers of inflammatory cells, there is leakage
of enzymes, such as matrix metalloproteinases,
which digest the collagen and weaken the fibrous
cap [26]. These circumstances lead to a thin fibrous
cap atheroma, which is often a harbinger of plaque
rupture and acute ischemic syndromes. Subclinically
eroded or ruptured plaques may heal to reenter at
any of the later stages of the atherosclerotic vascular
pathology (see Table 1).

Macrophages found in atheroma are derived from
circulating monocytes. Monocytes are attracted to
sites of inflammation by local expression of integrin
receptors and specific cell attractant peptides such as

Table 1. Conventional pathologic and imaging markers of plaque
vulnerability (adapted from [50])

Carotid artery intima/media thickness
Erosion

Ulceration

Thrombus

Intraplaque hemorrhage

Calcification

Status of fibrous cap

Status of lipidic core

Degree of plague inflammation
Microembolic signals on transcranial Doppler

monocyte-chemoattractant peptide 1. After the initial
endothelial injury and expression of short-lasting inte-
grin molecules, monocyte adherence is brought about
by chemotactic peptides and adhesion molecules [49],
[12], [52]. The multifactorial attachment of the
monocytes to the endothelium commits monocytes to
pass through the interendothelial cell junctions medi-
ated by cadherins. Arrival of the monocytes in the
subendothelium is associated with neoexpression of
scavenger receptors that allow ingestion of modified
low-density lipoprotein (LDL) cholesterol and subse-
quent transformation into foam cells [35], [34], [71].
Expression of novel receptors on the monocytes
during transgression can be targeted with the help of
appropriately radiolabeled natural ligands and repre-
sents a great hope to visualize atherosclerotic lesion in
the carotid artery.

Molecular imaging

Conventional imaging technologies are based on
anatomical, physiological, or metabolic heterogeneity
to provide image contrast. Conversely, the emerging
field of molecular imaging uses targeted and “activat-
able” imaging agents to exploit specific molecular
targets, pathways, or cellular processes to generate im-
age contrast [10], [80], [31]. The underpinning hy-
pothesis of this approach is that most disease
processes have a molecular basis that can be exploited
to do the following: (i) detect disease earlier; (ii) strat-
ify disease subsets (e.g., active versus inactive); (iii)
objectively monitor novel therapies by imaging molec-
ular biomarkers; and (iv) prognosticate disease.
Molecular imaging is a multidisciplinary field that
aims to provide disease-specific molecular informa-
tion through diagnostic imaging studies. The primary
advantage of magnetic resonance imaging (MRI) as a
molecular imaging system is its ability to provide soft
tissue and functional information by exploring proton
density, perfusion, diffusion, and biochemical con-
trasts. This feature allows coregistration of molecular
information with anatomical information within a
single imaging mode.

The molecular imaging has introduced and
tested a variety of approaches for specific targeting
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of molecular features of unstable plaques such as
macrophage infiltration [53], proliferating smooth
muscle cells [48], matrix metalloproteinase activa-
tion [63] apoptosis of macrophages and smooth
muscle cells [36], [37], oxidative stress [77], and
proangiogenetic factors [62]. Many of these targets
are linked with inflammation, which is known to be
a key biologic feature of active atherosclerotic
plaques that are prone to rupturing [44], [45].

Inflammation itself can be targeted by molecu-
lar imaging by use of fluorine 18 deoxyglucose
(FDG). The advantage of this approach is that it is
based on a tracer that is well established for clinical
imaging of tumors and stroke and there widely avail-
able. As a consequence, and in contrast to most of
the other above-mentioned approaches, FDG’s ap-
plication in human beings is facilitated. Several stud-
ies have reported FDG uptake in atherosclerotic le-
sions-for example, in patients with carotid stenosis
[60] or in the systemic vasculature of cancer patients
[73]. But will FDG imaging of atherosclerotic le-
sions ever reach clinical relevance? Several challenges
are associated with the identification of tracer accu-
mulation in the vessel wall: First, the small size of
the target area requires imaging systems with suffi-
ciently high spatial resolution and detection sensitiv-
ity. The size and volume of most atherosclerotic le-
sions are below the spatial resolution of currently
available clinical nuclear imaging systems, but devel-
opments in detector technology are ongoing and will
help to further increase the resolution of positron
emission tomography (PET) and single photon
emission computed tomography (SPECT) systems
in the future. However, as is the case for other trac-
ers, issues related to biodistribution and blood clear-
ance need to be addressed to achieve sufficiently
high target-to-background ratios for stable imaging
of plaque inflammation.

It is of note that Tawakol et al. [74] were able
to visualize specific FDG uptake in aortic lesions of
rabbits using a standard clinical PET scanner.
Structures below the spatial resolution of a scanner
can be visualized if the target-to-background ratio
for the object and sensitivity of the scanner are
sufficiently high. Low background activity is an
advantage for detection of the target but often

makes localization difficult because of lack of visu-
alization of surrounding structures. Tawakol et al.
have addressed this issue in a subgroup of their ani-
mals by using separately obtained morphologic
computed tomography (CT) data for software
fusion with PET data. Clearly, the availability of
hybrid PET-CT and SPECT-CT systems will
greatly facilitate morphologic localization of biologic
tracer accumulation in the future.

The key question for biologic imaging of athero-
sclerotic lesions is whether a sufficiently low detec-
tion threshold for accumulation of plaque-targeted
tracers can be obtained, as well as whether the imag-
ing signal will be robust and reproducible. FDG
seems to be one tracer candidate, but other molecu-
lar-targeted probes will need to be evaluated and
compared. Only after these methodology-related
questions have been addressed can clinical trials be
initiated to answer the question of whether detec-
tion of plaque activity is truly related to vulnerability
and to patient outcome and to establish a clinical
role for molecular imaging of atherosclerosis.

Since the receptors for chemo-attractants or
adhesion molecules are expressed exclusively by the le-
sional monocytes, radiolabeled ligands and antibodies
to these receptors have been used for the non-invasive
detection of atherosclerotic lesions [11]. ¥'I- and
#mTc-labeled monocyte chemoattractan protein-1
(MCP-1) has been shown to selectively accumulate in
lipid-rich, macrophage-rich regions of an experimen-
tal atherosclerosis model in rabbits [32], [69]. The
quantitative MCP-1 uptake was directly proportional
to the prevalence of immunohistochemically character-
ized macrophages in the atherosclerotic lesions;
MCP-1 uptake was not related to the prevalence of
smooth muscle cells. Further, 99mTc-labeled MCP-1
uptake is high enough to be detected by external
gamma camera imaging. On the other hand, the ad-
hesion molecules have been targeted with antibodies
directed against intracellular adhesion molecule
(ICAM) or vascular cell adhesion molecular (VCAM)
in murine experimental models of heart and skin
transplantation, respectively, which offer a proof of
principle that inflammation imaging is possible [79],
[26]. Similarly, HLA-DR targeting could also be ap-
plied to plaque imaging, having previously been used
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in the imaging of murine cardiac allograft rejection
[49]. HLA-DR is abundantly expressed by the le-
sional macrophages in vulnerable plaques and plaques
undergoing rupture.

After migration to the subendothelial neointi-
mal layer, monocytes develop scavenger receptors in-
cluding (30) types A I and II, CD36, CD68, and Fc
RII [52]. These receptors can be imaged with radio-
labeled LDL cholesterol imaging in patients with
angiographically confirmed carotid vessel disease
[35]. Carotid artery lesions were accurately recog-
nized in patients injected with 1%I- or "Tc-labeled
LDL; no LDL uptake was observed in the vertebral
arteries or the carotid arteries of control subjects.
The concentration of *I-LLDL in the areas of focal
accumulation was up to three times higher than in
the surrounding vessel. Other components of the
LDL cholesterol complex, such as cholesteryl esters
and apolipoprotein B, have also been targeted, but
only in experimental atherosclerotic models [34],
[71]. Expression of immunoglobulin receptor (Fc
RII), which also mediates lipid ingestion, has been
targeted with some success by radiolabeled non-
specific immunoglobulin G, in both experimental
and clinical settings [46]. Imaging of the peripheral
arterial lesions in four patients demonstrated focal
uptake of 111In-immunoglobulin in 9 of 12 angio-
graphically documented lesions.

Two related processes contribute to rupture of the
fibrous cap: (i) release of metalloproteinases (MMP) in
the fibrous cap (most likely by injured macrophages)
and (ii) collective death of the macrophages in the cap
(most likely due to local hostile conditions, leading to
release of the intracellular contents of these cells).
Both processes have been targeted by molecular imag-
ing. Davies et al. have used a ""'In-labeled broad-spec-
trum MMP inhibitor to image experimental athero-
sclerotic lesions in rabbits [11]; this inhibitor avidly
binds to MMP-1-3, 7-9, and 13. By non-invasive
gamma imaging, the atherosclerotic lesions were
visualized best at 3 hours. Preliminary observations
suggest that in vivo quantitation of MMP in athero-
sclerotic plaques is feasible, and correlates with their
pathologic distribution in the plaque. The uptake be-
comes markedly attenuated after dietary modifica-
tion and statin therapy, which leads to abrogation of

MMP activity and histomorphologic stabilization of
the atherosclerotic lesions.

The hostile environment in the plaque results in
apoptosis of macrophages and smooth muscle cells
in the lesion. Oxidized LDL is particularly toxic to
these cells [70]. MMP release is associated with
death of macrophages at the plaque rupture site.
Apoptosis can occur in 50% of macrophages at the
site of rupture, while stable plaques have negligible
apoptosis of macrophages in the cap [8]. Since
apoptosis may contribute to plaque vulnerability, it
has been tested the ability of **™T'c-labeled annexin-
V to detect atherosclerosis in vivo in a rabbit model
[3], [37]. The atherosclerosis could be clearly identi-
fied in these animals 2 h after intravenous adminis-
tration. In normal vessels there was no localization
of radiotracer in the vessel wall. The accumulation of
annexin-V in atherosclerotic lesions was approxi-
mately nine-fold greater than in the corresponding
region. Sections from atherosclerotic animals
demonstrated a positive correlation between the
overall macrophage burden of the plaque and uptake
of radiolabeled tracer; there was no association with
the smooth muscle cell burden. Also, the lesional
prevalence of apoptosis (of macrophages) was di-
rectly proportional to annexin-V uptake.

Efforts to identify vulnerable atherosclerotic
plaques by molecular imaging need to be supported.
By facing the methodological challenges related to
plaque imaging, nuclear neuroscience will expand
beyond its present boundaries. If camera technology
is refined for the purpose of plaque detection, if un-
derstanding of available tracers is improved, and if
novel tracers and targets are introduced, the entire
field of cerebrovascular imaging will benefit.

Ultrasonic contrast agents have been introduced
to improve image resolution and specificity, for
example, acoustic liposomes conjugated with mono-
clonal antibodies or gas-filled phospholipid microbub-
bles. Using this approach, it has been possible to
image a range of targets similar to those described
tor MRI. Specifically, ICAM-1, vascular cell adhe-
sion molecule 1, P-selectin, fibrin, and integrins
have all been imaged with targeted ultrasound
probes [9]. Optical techniques offer an interesting
approach to functional imaging. Fluorescent probes
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can be introduced in a quiescent or “quenched” state
pending activation (e.g., by enzymatic clivage), at
which point fluorescence can increase many hun-
dred-fold. Optical techniques offer excellent spatial
and temporal resolution but at the expense of tissue
penetration compared, for example, with MRI or
positron-emission tomography. In spite of these dif-
ficulties, it is possible to image small structures in
3D using multiphoton microscopy. Multiple probes
can form part of the same experiment. For example,
thrombus formation has been imaged in real time, in
vivo using fluorescently labeled antibodies to fibrin,
anti-tissue factor (TF), and CD41 (platelet specific).
Imaging using near-infrared fluorescent agents has
been adaptated to protease imaging. After site-spe-
cific cleavage by proteolytic enzymes, the probe be-
comes brightly fluorescent. This technique identified
the activity of the macrophage-associated protease
cathepsin B in the atherosclerotic plaques of
apolipoprotein-E-deficient mice [21].

A vision of the future

Understanding the pathogenesis and biological be-
havior of atherosclerotic vascular disease has shifted
the focus of clinical care from the degree of luminal
encroachment by the lesion to the likelihood of
progression of the lesion. Although percent stenosis
has traditionally been the parameter for treating
cerebrovascular artery disease, it does not predict the
clinical outcomes such as likelihood of development
of acute ischemic syndromes [78], [47]. Luminal
obstruction remains important as an explanation of
the symptomatic presentation of the disease. Confir-
mation of the site and extent of cerebrovascular nar-
rowing in these patients will be done by computed
tomography (CT) and magnetic resonance imaging,
eliminating the need for diagnostic selective cere-
brovascular angiography. On the other hand, the
prognosis of an atheroma (independent of whether
the lesion causes narrowing) is determined by the
histopathology of the lesion [78]. Plaques likely to
cause a coronary event have a large necrotic core,
containing numerous inflammatory cells [12]. The
inflamed necrotic core is covered by a rather attenu-

ated fibrous cap, which is also infiltrated with in-
flammatory cells [38]. When the integrity of this
thin inflamed cap is lost, an acute event often occurs
[22]. Although techniques such as angioscopy [42],
[75], intravascular ultrasonography [29], [57], opti-
cal coherence tomography [6], [83], ultrasound elas-
tography [14], [15], and magnetic resonance imag-
ing [67], [61], [81] have been employed to identify
these inflamed lesions, they have had limited suc-
cess. Two techniques that have been successful at
identifying the inflammatory components are ther-
mal probes and appropriate nuclear probes [72],
[46]. The characterization of vulnerable plaques is
particularly important when there is a heightened
systemic inflammatory state, such as in patients with
diabetes or hyperlipidemia and in chronic smokers.
The evidence of systemic inflammation is closely as-
sociated with worse outcomes in atherosclerotic dis-
ease and has often been identified by peripheral
markers of inflammation, including C-reactive pro-
tein, myeloperoxidase, glutathione peroxidase-1, and
activated circulating leukocytes [4], [5], [55].

A substantial number of the population suffers
from symptomatic or otherwise diagnosed cerebrovas-
cular artery disease [1]. These patients represent the
tip of the iceberg. A larger number harbor less severe,
asymptomatic disease that may present first with an
acute coronary event, including sudden death. In two-
thirds of the symptomatic patients, thrombotic occlu-
sion of the vessel wall results from rupture of the
plaque [7]. Since inflammation plays a pivotal role in
plaque rupture, diagnostic targeting strategies
should focus on identifying plaque inflammation

(see Table 2).

Conclusion

Atherosclerosis is a diffuse and multisystem, chronic
inflammatory disorder involving the vascular, meta-
bolic, and immune systems. The traditional risk as-
sessment relies on clinical, biological, and conven-
tional imaging tools. However, these tools fall short
in predicting near-future events, particularly in indi-
vidual clinical practice. At the beginning of the third

millennium, it is essential to reconsider the assess-
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Table 2. Clinical imaging of the high-risk or vulnerable plaque (adapted from [23]). IVUS: Intravascular ultrasound, OCT: optical coherence

tomography, US: ultrasound, UFCT: ultrafast computerized tomography, MRI: magnetic resonance imaging, TEE: transesophageal

echocardiography

Luminal Percentage Wall Lipid Fibrous Thrombus Calcium
Stenosis
X-ray angiography + ? ?
IVUS* - ? - ? -
Angioscopy - -
Thermography/OCT'/Raman
spectroscopy/NIR ? ? ? ? ?
us¥ + +
UFCT 7+ +
Nuclear scintigraphy -
MRI 7+ 7+ 7+ 7+ 7+ 7+

*|VUS in carotid arteries is theoretically feasible.

T Optical coherence tomography (OCT) is able to image the vessel in very high resolution.

*#TEE may identify some of the plaque components in the aorta.

ment of vulnerable carotid artery plaques in light of
new imaging tools in order to optimize therapeutic
management. Accordingly, a new stratification for
atherothrombotic risk may involve, in the future, the
combination of systemic markers, high-resolution
MRI, and molecular imaging that targets the in-
flammatory and thrombotic components of athero-
sclerotic plaque.

Take home message

— Atherosclerotis of the carotid artery represents a
diffuse, chronic inflammatory disorder that in-
volves the vascular, metabolic and immune system
and leads to plaque vulnerability.

— 'Traditional imaging tools fall short in predicting
near-future events in patients with vulnerable
carotid artery plaque.

— Multi-modal assessment of plaques vulnerability
involving the combination of systematic markers,
new imaging methods that target inflammatory
and thrombotic components, and the potential of
emerging therapies may lead to a new stratifica-
tion system for atherothrombotic risk and to a
better preservation of atherosclerotic stroke.
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