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Foreword

Transient ischemic attacks (TIA) may be transient, but the threat that they
signal is not. Increasingly we realize that about one-fifth of patients with
TIA will suffer a stroke within 3 months, about half occurring in the first
week! Thus it becomes imperative that both the public and physicians
become familiar with the symptoms and what needs to be done about
them. Physicians have a one stop means of doing so, through this volume.

First they will learn about the epidemiology and pathophysiology of
TIAs and will become familiar with the diverse cerebral and ocular syn-
dromes. Then they will appreciate the advantages and limitations of differ-
ent diagnostic modalities. Brain imaging occupies a deservedly prominent
place, beside the less used but uniquely and selective, helpful single photon
emission computer tomography (SPECT) and positron emission tomo-
graphy (PET). Cerebrovascular ultrasonography, cardiac diagnostic and
coagulation studies are evaluated with equanimous objectivity.

Subsequently the reader becomes acquainted with the indications 
and controversies surrounding the use of antiplatelet agents. The role of
anticoagulants is well justified, while heparin and related compounds are 
put into proper perspective, given the continuing triumph of hope over
evidence. Diabetes treatment while essential, does not have the obvious
beneficial effects of antihypertensive therapy. Other medical therapies are
also discussed, as well as thrombolysis for TIA and mild stroke.

Next the indications for surgery in stroke prevention and the role of
angioplasty and stenting are weighed. Cost effectiveness issues merit a
whole chapter and the book ends with a flourish of clinical vignettes.

Throughout, editors and authors strive to base their conclusions on 
evidence where it exists, and on pragmatism and common sense where it
does not. At a time of rising awareness of the peril and opportunities for
prevention posed by TIAs, this is a most timely book.

Vladimir Hachinski, MD, FRCPC, DSc
Professor of Neurology

Department of Clinical Neurological Sciences
Western University

London, Ontario, Canada
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Preface

This book was born from the synthesis of the rapidly proliferating field of
cerebrovascular disease research, excitement about effective new imaging
and therapeutic strategies, and the need to timely educate clinicians about
the changing playing field for a common, serious, and expensive syndrome
atransient ischemic attacks (TIA). TIAs can now stand on their own as an
important and, at times, unique aspect of symptomatic cerebrovascular
disease, distinct enough to warrant a textbook in its own right. With new
information on a worrisome and serious natural history, growing know-
ledge of risk factors and their management, sophisticated neuroimaging
techniques, and a broadening armamentarium of therapeutic approaches,
the clinician is now faced with multiple levels of decision making. Does
one admit the patient with a recent TIA to the hospital? What are the 
optimal imaging and diagnostic strategies? Which antiplatelet agent to
use? What is the role for surgery and interventional techniques? How do 
I optimally control associated risk factors? This book serves to provide 
the most current information to help guide clinicians through the best
decisions to care for their patients, using evidence-based recommenda-
tions when available and expert opinion when no good data exist.

Having initiated (SRL with Dr. Lawrence Brass of Yale University),
directed, and taught (SRL and SC) the course on TIAs at the annual
American Academy of Neurology meeting for the past several years, it has
become clear that clinicians are keen on the latest synthesized data and
approaches to the problem of transient cerebral ischemia. They require
cutting edge analyses, and express concerns over the lack of consensus in
several important areas. Diagnosis and management of TIAs continues to
perplex even the most seasoned clinicians. Further impetus for providing
this book includes response to the issues raised over the years at the 
TIA course, our own clinical and research experience (and those of our
colleagues who have generously contributed their expertise to this team
effort), the need to handle the TIA patient differently in some regards from
the patients with a severe neurological deficit having a similar underlying
pathophysiologic mechanism, and the need to bring TIA to its own place in
the field of cerebrovascular disease.

This book is intended to be a one-volume, highly readable source of cur-
rent, accurate information for the clinician and clinical stroke researcher,
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xi

that can readily answer questions that arise, provide guidance in patient
care, and establish quickly what we do and do not know in the field. 
We have chosen esteemed colleagues from the field to address all of the
important topics that serve as chapters. They have each helped create a
perspective that will provide the clinician important and useful informa-
tion in a readily available format. Our wish is that patients will directly
benefit from the knowledge imparted such that they will never suffer from
the consequences of a disabling stroke.

Steven R. Levine, MD

New York City, New York

Seemant Chaturvedi, MD

Detroit, Michigan
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The Epidemiology of Transient
Ischemic Attacks
Matthew L. Flaherty, Robert D. Brown, Jr

Introduction

A transient ischemic attack (TIA) can be defined as a sudden focal loss 
of neurological function with complete recovery within 24 h, caused by
inadequate perfusion in the partial or complete distribution of the carotid
or vertebrobasilar arteries [1]. TIAs may involve either the brain or the
retina. Transient monocular blindness (TMB) caused by retinal ischemia
has also historically been known as amaurosis fugax and the terms are
often used synonymously [2]. Nonspecific neurological complaints such
as dizziness, isolated vertigo, presyncope, syncope, or confusion should
not be considered TIAs without other substantiating evidence.

The maximal duration of symptoms caused by a TIA has been arbitrarily
set at 24 h, although most last less than 30 min [3]. Deficits caused by
cerebral ischemia lasting more than 24 h but less than 3 weeks are some-
times called a reversible ischemic neurological deficit (RIND), but con-
temporary cross-sectional brain imaging studies have shown these to 
represent minor strokes and this terminology is now infrequently used.
Computed tomography (CT) studies and particularly diffusion weighted
(DWI) magnetic resonance imaging (MRI) have also shown that many
symptoms clinically suggestive of TIA are actually minor ischemic strokes
(or cerebral infarctions). Although some data suggest that TIAs of longer
duration are more likely to correspond to infarction on imaging, other
investigators have been unable to distinguish clinically TIAs with and
without infarction [4–7].

The question thus arises whether TIAs should continue to be defined
clinically or only in conjunction with neuroimaging studies which fail to
show infarction. CT scanning, though easily obtainable, lacks sensitivity
and specificity for both the presence and timing of infarction. Diffusion
weighted MRI would be more useful. Imaging all TIA patients with MRI

CHAPTER  1
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would be cumbersome, expensive, and logistically impossible in many
clinical situations. Therefore, the compelling reason to redefine TIAs based
upon MRI findings would be prognostic differences between TIAs (more
strictly defined) and minor ischemic strokes.

An analogous question concerns the practical usefulness of distinguish-
ing clinically between minor ischemic stroke and TIA. Several community
and hospital-based studies suggest that the stroke risk of patients with
clinically diagnosed TIA is comparable to those with RIND or minor stroke,
especially if patients with amaurosis fugax are excluded [8–10]. Treatment
trials often include TIA and minor ischemic stroke patients under this
assumption, and terms such as ‘reversible ischemic attacks’ have been pro-
posed to cover both categories, although the traditional categories of TIA
and minor stroke have also been defended as useful in both differential
diagnosis and case–control studies [2]. A very small number of minor
strokes and symptoms suggesting TIA are caused by intracerebral hemor-
rhage. These small hemorrhages are readily identified by CT imaging,
which is important given that they differ in etiology, prevention, and 
optimal management.

TIA incidence, prevalence, and risk factors

The incidence of TIA is defined as the proportion of a population experi-
encing a first TIA in a given period of time (usually a year). The point
prevalence of TIA is the number of people in a defined population, at a
given point in time, who have ever experienced a TIA. In each instance
individuals who have suffered a stroke are usually excluded. Both
definitions may also be modified in rather complex ways which can vary
between studies and (presumably) influence outcome. For example, in-
cidence studies may ‘count’ TIAs which occur prior to a study period and
bring the patient to a physician, while ignoring prior TIAs which did not
prompt medical evaluation [11]. Many studies do not explicitly define the
inclusion criteria used.

Several factors make TIA incidence and prevalence studies challenging.
The symptoms of TIAs, being transient by definition, may not prompt an
affected individual to seek medical attention. The diagnosis of a TIA is
strictly clinical, and historical details may become blurred with time. There
are also many nonspecific symptoms common in the elderly (such as 
dizziness, vertigo, syncope, confusion, and gait disturbance) which may 
be mistaken for a TIA. Hospital dismissal summaries and medical records
used to identify stroke (and by reasonable inference TIA) are liable to 
error [12]. Finally, interobserver reliability in the diagnosis of TIA, even
amongst neurologists, has proven less than ideal [13,14].

With these limitations, a number of studies of varying design have
reported the incidence and prevalence of TIAs. In theory the best approach
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would utilize a population-based, observational study of individuals with
easy access to medical care and a demographic mix allowing conclusions
to be drawn about groups of different age, race, gender, and socioeconomic
status. No single study satisfies all of these criteria.

Incidence

In Rochester, Minnesota, the Rochester Epidemiology Project Medical
Records Linkage System allows retrospective identification of nearly all
cases of stroke and TIA that occur in a defined population. The most recent
study of TIA epidemiology in Rochester produced a crude TIA incidence
rate of 68 per 100 000 persons per year for the years 1985–1989 after age
and sex adjustment to the 1980 US white population [15]. As expected, age-
specific rates showed increasing incidence with increasing age to a max-
imum of 584 events per 100 000 persons 75–84 years old, after which age
the rate declined slightly. This ‘incidence decline’ in the ‘oldest old’ has been
noted in other studies and may be explained by several issues. While the
incidence may truly decline in those people who have survived to age 85
and beyond, other explanations include lack of complete case ascertainment
in the oldest members of the population, in this relatively small  population
[11,16,17]. While the age-adjusted incidence rate for TIA in Rochester
was slightly higher for men than for women (76 vs. 62 per 100 000), the
difference was not statistically significant. This is in accordance with other
studies which show roughly equivalent rates between sexes, although
women tend to be older at the time of the incident event [11,16,17].

TIA incidence data from Rochester for 1985–1989 are summarized in
Table 1.1. Comparison of data from the Rochester linkage system for the
years 1955–1969 with the more recent data reveals some discrepancy,
with crude age and sex-adjusted incidence rates rising from 33 per 
100 000 to 68 per 100 000 [18,19]. The lower incidence rates in the earlier
study have been attributed to methodological issues in case ascertain-
ment. This is supported by a cohort study from 1960 to 1972 (without 
such methodological issues) that produced incidence rates comparable to
the recent data [20].

Crude age and sex-adjusted incidence rates from other population-based
studies cluster around those of the earlier Rochester report [11,21–25]
(Table 1.2). While actual differences in TIA incidence are possible, this
would seem an unlikely explanation, especially as stroke incidence in
Rochester is not significantly higher than at other sites (discussed under
epidemiology of cerebral infarction). Differences in population type,
methods of case ascertainment, and incomplete case ascertainment 
would be more plausible.

A breakdown of TIA incidence by arterial distribution in the Rochester
population is shown in Table 1.3 [15]. The high percentage of carotid 
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territory events is similar to TIA distribution in Russia and western
Europe; a small Japanese study with only 18 total events found a more
even balance between anterior and posterior circulations [11,22,24,25].

Rates of amaurosis fugax have not been commonly reported in 
TIA studies. The age and sex-adjusted incidence of amaurosis fugax in
Rochester from 1985 to 1989 was 13/100 000, accounting for 18% of TIAs
[15]. A prospective Danish study found an incidence of 7/100 000, but
estimated the ‘true’ incidence to be 14/100 000 based upon poor case
ascertainment in the elderly [26]. In Oxfordshire, England, and Umbria,
Italy, amaurosis fugax accounted for 17% and 5.3% of all TIAs, respec-
tively [11,17]. In Segovia, Spain, only one of 103 TIAs recorded was 
isolated amaurosis fugax [16].

While nonspecific transient neurological symptoms such as dizziness
and visual disturbance seem ubiquitous in the elderly population, one
study found the prevalence of ‘transient neurological attacks’ (TNAs) to 
be similar to that of typical TIA in older persons (1.6%) [27]. ‘Atypical
TIAs’ have been found to carry a lower risk of future stroke and a higher
risk of future cardiac events compared with ‘typical’ TIAs [28].

Although there is limited longitudinal data regarding TIA incidence, and
comparisons between studies suffer from differences in case ascertain-
ment and statistical methods, data from Rochester and other sites suggests
that the TIA incidence rates have been stable over time [15,25,29]. This
contrasts with an apparent decline in the incidence of stroke from the
1950s through the mid early 1980s, with the subsequent end of the decline
in the 1980s and early 1990s (see epidemiology of cerebral infarction).

Table 1.1 Average annual age- and sex-specific incidence rates* of transient ischemic
attack in Rochester, Minnesota, 1985–1989

Men Women Total

Age group Rate No. Rate No. Rate No.

45–54 54 8 57 9 56 17

55–64 128 14 96 12 111 26

65–74 323 24 277 30 296 54

75–84 687 26 539 47 584 73

≥ 85 498 6 467 20 474 26

All† 76 62 68

*Per 100 000 population.
†Rates are age-adjusted or age- and sex-adjusted to 1980 US white population.
Adapted from: Brown RD et al. Incidence of transient ischemic attack in Rochester,
Minnesota, 1985–1989. Stroke 1998; 29: 2109–13, with permission.
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Prevalence

Studies of TIA prevalence are more difficult and probably more inaccurate
than those of TIA incidence [30]. Estimates of prevalence have varied
widely but tend to run between 1% and 6% of different populations. As
expected, prevalence has been shown to increase with age. Graphic repres-
entation of some estimated prevalence rates by age group can be seen in
Fig. 1.1 [27,31–37].

Risk factors

A risk factor for a disease is defined as a characteristic of an individual or a
population which indicates that the individual (or population) has an
increased risk of disease compared with individuals (or populations) with-
out that characteristic [30]. This implies, but does not establish, that the
risk factor plays a causal role in the development of the disease (as the risk
factor and disease may both be linked to a separate underlying cause).
Knowledge of risk factors can help physicians predict a person’s chance of
developing disease and lead to risk factor modification.

Risk factors for TIA have been less well defined than those for stroke or
ischemic cardiac disease for several reasons. A TIA is less disabling (by
definition) than stroke or cardiac events; TIAs are less common than these
entities, thereby hindering cohort studies; and TIAs are often elusive 
and difficult to classify for reasons discussed previously. Finally, it can be
argued that risk factors for TIA are only important insofar as TIA itself is a
risk factor for ischemic stroke, an important cause of disability and death.

Table 1.3 Average annual incidence rates of transient ischemic attack subtypes in
Rochester, MN, 1985–1989

Men* Women* Total†

Subtype Rate No. Rate No. Rate No. % of total

Carotid distribution (excluding AF) 41 45 37 75 38 120 59

Amaurosis fugax 12 13 14 24 13 37 18

All carotid 53 58 51 99 52 157 78

Vertebrobasilar distribution 20 22 10 21 14 40 20

Uncertain location – 2 – 3 – 5 2

*Age-adjusted to 1980 US white population.
†Age- and sex-adjusted to 1980 US white population.
From Brown RD et al. Incidence of transient ischemic attack in Rochester, Minnesota,
1985–1989. Stroke 1998; 29: 2109–13, with permission.
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Fig. 1.1 Prevalence of transient ischemic attacks (TIA) in selected population-based
studies among (a) men and (b) women. Reprinted with permission, from Bots ML et al.
Transient neurological attacks in the general population. Stroke 1997; 28: 768–73.
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However, while it may be true that TIAs alone are of little concern, by
studying TIA risk factors one may be able to identify causal mechanisms
which are preferentially found in the TIA population but diluted in a
larger study of stroke. It is currently unknown whether the mechanisms
causing TIA (cardioembolism, large vessel atherosclerosis, small vessel 
disease, etc.) mirror the mechanisms causing ischemic stroke in type or
distribution. If these mechanisms and their associated risk factors differ,
treatment and prevention strategies might differ for TIA patients, ischemic
stroke patients without TIA, and the general population at risk of stroke.

Studies have not consistently identified differing risk factors between
cerebral infarction and TIA. Atrial fibrillation was more common in stroke
than TIA patients in some hospital-based studies, but this difference has
not been documented in population-based studies and so it is possible that
this reflects referral bias [9,38]. A population-based case–control study in
Rochester found that the odds ratios for TIA risk factors such as ischemic
heart disease, hypertension, atrial fibrillation, diabetes, and cigarette smok-
ing were similar to those produced in an earlier study of ischemic stroke;
lipid status, homocysteine levels, and alcohol intake could not be assessed
[39,40]. In the Oxfordshire Community Stroke Project (OCSP) the only
significant difference in risk factors for TIA and minor ischemic stroke was
higher cholesterol levels in the TIA group [9]. Higher cholesterol levels
were also found among TIA patients in a hospital-based referral study
[41]. The role of cholesterol in stroke and TIA is complex, but one can
speculate that higher cholesterol levels predispose patients to carotid
atherosclerosis, and that carotid stenosis is a proportionately more com-
mon cause of TIA than ischemic stroke. Large vessel atherothrombotic
stroke is more commonly preceded by TIA than cardioembolic or lacunar
stroke, supporting this contention (see Table 1.4).

Table 1.4 Frequency of transient ischemic attacks prior to various stroke types

Embolic Lacunar
Atherothrombotic cerebral cerebral Intracerebral Subarachnoid 
cerebral infarct infarct infarct hemorrhage hemorrhage

Series (%) (%) (%) (%) (%)

Harvard Stroke 50 23 11 8 7
Registry

Stroke Data Bank 20 13 13 3 1

Lausanne Stroke 29 30 14 6
Registry

Adapted from Feinberg WM et al. Guidelines for management of transient ischemic
attacks: from the Ad Hoc Committee on Guidelines for the Management of Transient
Ischemic Attacks. Circulation 1994; 89: 2950–65, with permission.
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Given the limited data about risk factors for TIA per se, it is reasonable to
examine risk factors for ischemic stroke, where much more information is
available. Well-established nonmodifiable risk factors for ischemic stroke
include increasing age, male sex, positive family history, and race (blacks
and Hispanics vs. whites in the USA) [42–44]. The increased incidence of
stroke among blacks is due, in part, to a higher stroke burden in younger
persons [45]. While some of this difference can be attributed to other risk
factors such as hypertension and diabetes, a substantial proportion remains
unexplained [46]. The incidence of stroke (particularly intracerebral hem-
orrhage) is higher in Asians than whites, but this may be more related to
environmental and lifestyle factors than race.

Well-established modifiable risk factors for ischemic stroke include dias-
tolic and systolic hypertension, cardiovascular disease, diabetes, cigarette
smoking, significant carotid atherosclerosis, and (likely) hyperhomocys-
teinemia. TIA as a risk factor for stroke will be discussed in the section on
prognosis. Within the realm of cardiovascular disease, atrial fibrillation,
infective endocarditis, mitral stenosis, congestive heart failure, left ventr-
icular hypertrophy and recent large myocardial infarction are established
risks [47,48]. Much recent attention has been paid to less well-defined
cardiovascular risks such as patent foramen ovale (PFO), atrial septal
aneurysm, spontaneous echocardiographic contrast, valvular strands, mitral
valve prolapse, and aortic atherosclerotic debris, but their role in stroke
(and TIA) is controversial. For instance, in the case of PFO, case–control
studies have shown a higher incidence of PFO in patients with stroke 
than in controls, and in patients with cryptogenic stroke than in patients
with stroke of known cause [49–51]. However, control patients have not
been randomly selected and evaluation may not be as aggressive for
intracardiac shunts during their studies. Emerging evidence suggests 
that PFO may not be more common in stroke patients than the general
population [52,53]. Other less well-defined stroke risk factors include oral
contraceptive use, excessive ethanol consumption, illicit drug use, phys-
ical inactivity, obesity, hyperinsulinism, migraine, and hematological
abnormalities such as antiphospholipid antibodies, elevated fibrinogen
levels, and genetic defects in coagulation cascades [47].

The status of elevated total serum cholesterol as a risk factor for ischemic
stroke is not clear. While elevated serum cholesterol plays a definite 
role in coronary artery disease (CAD), it has not been consistently linked
to ischemic stroke in epidemiological studies [54,55]. Meta-analyses of
cholesterol reduction with older agents failed to show any benefit upon
stroke; conversely, in studies designed primarily for coronary artery 
disease, the newer ‘statin’ drugs have reduced rates of ischemic stroke
[56–58]. The difference may be due to relative potency in cholesterol
reduction [59]. Alternatively, there may be other class-specific causal
mechanisms involved, such as stabilization of plaque components or



antiplatelet action [48]. As with other preventative measures for stroke,
the benefit of statin agents is modest, with an absolute risk reduction of 
< 1% per year in secondary prevention trials for CAD [59]. Low total
serum cholesterol has actually been linked with increased risk of intrac-
erebral hemorrhage [60]. Prospective studies of statins in secondary stroke
prevention are underway.

Prognosis following TIA

The prognosis following TIA is an issue of vital importance to patients,
their families, and the physicians providing their care. Such information
helps determine the rate and scope of diagnostic evaluation for TIA
patients, the mode and aggressiveness of their treatment, and the import-
ance of TIA in the realm of public health. The value that patients assign 
to prognostic information on a personal level, even without treatment
implications, should not be underestimated.

Like studies of TIA incidence, studies of prognosis after TIA would ide-
ally be large, prospective, and population based. Such population groups
will necessarily include patients receiving a variety of medical and surgical
therapies, and thus will not provide true natural history data, which at 
this time would be impossible and unethical to obtain. Definitions again
are important, because patients may be included or excluded from con-
sideration based upon the nature of their symptoms, the methods of their
treatment, prior history of TIA, prior history of stroke, or imaging abnorm-
alities [61]. Statistical methods must be sound. In many studies stroke
occurrence following TIA is expressed as subsequent strokes divided by
the original number of enrolled patients. By ignoring non-stroke deaths
(and thus patients no longer at risk of stroke), these studies will under-
estimate stroke risk. Occurrence of stroke and survival should therefore 
be determined with actuarial methods [62]. Adequate and reliable follow-
up is essential.

A summary of prognosis following TIA is given in Table 1.5.

Community-based studies

Data on prognosis after TIA comes from the OCSP, which has reported on
a population-based cohort of 184 patients with incident TIAs who were
observed prospectively for a mean of 3.7 years [63]. Only one patient was
lost to follow-up. At some point during follow-up, treatment included
aspirin in 105 patients, warfarin in 15 patients, and carotid endarterec-
tomy in six patients.

In this study the probabilities of stroke, death, and myocardial infarction
were elevated compared with the general population. Risk of death at 
5 years was 31.3%, with an annual risk of 6.3% and an overall risk ratio of
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1.4. Cardiac disease and sudden death accounted for 35% of fatalities,
while stroke accounted for 31%. Stroke was more common than expected
in the population, with a 5-year probability of 29.3% and a mean risk of
5.9% per year. Importantly, the danger of stroke was most notable in the
first year, with risks of 4.4%, 8.8%, and 11.6% at 1, 6, and 12 months, res-
pectively. The risk ratios for stroke compared with the general population
were 13.4 over the first 12 months and 7.0 over 7 years. The risk of myo-
cardial infarction was somewhat lower at 12.1% over 5 years, while the
combined annual risk of death, stroke, or myocardial infarction was 8.4%.

In Rochester, outcome data from a large, retrospective, population-
based study of incident TIAs [62] demonstrate findings in close agreement
with those from Oxfordshire. The risk of death at 5 years was 34%, pro-
ducing a risk ratio of 1.5. Cardiac deaths were again more common than
stroke deaths (41% vs. 31%). Risk of stroke at 5 years (given survival) was
28%, with a mean yearly risk of 5.6%. The probability of stroke at 1, 6,
and 12 months in Rochester was 7%, 10%, and 13%, respectively. This
resulted in risk ratios of 101, 25, and 16 compared with the general pop-
ulation, again emphasizing the importance of the first months following
TIA. The slightly lower early stroke risk in Oxfordshire may be a method-
ological artifact, as incident TIAs in their study were not necessarily first-
ever TIAs, and there was an average 3-day interval between the index 
TIA and enrollment.

Other population-based studies have published prognostic data which
are limited by smaller numbers or short follow-up period [17,22,34,64].

Hospital-based studies

Hospital-based TIA studies necessarily suffer from referral bias and thus
are less generalizable than population-based studies. Hospital-referred
patients tend to be younger and therefore less likely to suffer from atrial
fibrillation and other comorbidities. They are often entered into studies
longer after qualifying TIAs, thus selecting out patients who suffer strokes
in the interim [65]. In contrast to the population-based studies discussed
above, TIAs are not necessarily incident events, and prior stroke may be
allowed. However, the information provided by hospital-based studies
about selected groups can be quite useful.

Among prospective hospital-based studies with greater than 100 patients,
annual risk of death over 5 years has ranged from 3.5% to 4.5% [66–68].
Illustrating the importance of methodology, the study by Heyman et al.,
which reported a low mortality, did not include TIA patients with symp-
toms attributable to cardiogenic emboli or ‘nonatherosclerotic etiology’ 
or those who had EC-IC bypass. Two studies including patients with RIND
found annual mortality rates of 2.2% and 5.9%, with no statistically sig-
nificant difference between TIA and RIND patients in the former [10,69].
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Risk of stroke in the two large prospective TIA studies reporting data
was 3.4–4.5% annually (with the caveats previously noted) [66,68]. As 
in the population-based studies, the greatest risk of stroke came shortly
after TIA. In the group reported by Heyman, a good deal of the initial risk
was iatrogenic secondary to invasive diagnostic and treatment modalities.
Annual stroke risks in the studies combining TIA and RIND discussed
above have been calculated at 2.2% and 5.6% [61].

A large, retrospective, emergency department (ED)-based cohort study
of TIA by Johnston and colleagues has evaluated risk of stroke and other
adverse events following TIA, and potential predictors of stroke [70].
Among 1707 patients with TIA diagnosed in an ED of one of 16 California
hospitals in a single health maintenance organization (HMO), crude (non-
actuarial) stroke risk over 90 days was 10.5%, with half of strokes occurring
in the first 2 days. Two hundred and sixteen patients (12.7%) experienced
recurrent TIA, 44 (2.6%) were hospitalized for cardiovascular events
(congestive heart failure most commonly) and 45 patients (2.6%) died.
More deaths were due to stroke (n = 20) than cardiovascular events (n = 9).
Adverse events, including stroke, recurrent TIA, cardiovascular hospital-
ization, or death, occurred in 25.1% of patients, with more than half of
adverse events occurring in the first 4 days. Review of cases with question-
able diagnoses identified 96 patients felt not to have had TIA but rather
syncope, migraine, neuropathy, etc. Three had a stroke in the subsequent
90 days. Their exclusion from the larger group did not produce a different
overall stroke risk. Among 182 patients lacking documentation of symp-
tom resolution within 24 h of presentation, 19 (10.4%) suffered a stroke
during follow-up. The number of iatrogenic strokes was not disclosed,
although follow-up was terminated if endarterectomy was performed.
Factors noted at the occurrence of TIA which predicted an increased risk of
subsequent stroke included: age > 60 years [odds ratio (OR) 1.8], diabetes
mellitus (OR 2.0), symptom duration > 10 min (OR 2.3), and weakness
(OR 1.9), or speech impairment (OR 1.5) as a symptom of the TIA.

These stroke risk data do not markedly differ from those noted in large
population-based studies. In Rochester the 1- and 6-month stroke risks
after TIA were 7% and 10%, given survival. The figures were somewhat
lower in Oxfordshire for reasons described. While the use of HMO ED
patients presents some selection bias, it is probably less than for hospital
referrals. The fact that prior stroke was not an exclusion criterion might
reduce direct comparison with population-based studies, but is useful in
its own right. Most importantly, this study has shown that the early risk of
stroke following TIA is considerable. The conclusion that TIA patients
often have cardiac conditions is also well known, but easily overlooked by
neurologists and internists focusing upon the patient’s presenting neuro-
logical symptoms. TIA is not a benign condition even in comparison with
significant cardiovascular disease. In a case–control study comparing 
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280 TIA patients with 399 cardiac patients undergoing catheterization, 
the TIA patients were more likely to suffer from stroke or myocardial
infarction within 3 years. The hazard ratio for death for TIA patients 
was 1.3 after adjustment for age, race, sex, and ‘major cardiovascular risk 
factors’. Only the difference in all-cause mortality failed to reach statist-
ical significance [71].

Whether this enhanced knowledge about timing of stroke risk and car-
diovascular comorbidity in TIA patients can be translated into improved
outcome through expedited medical or surgical management or screening
is unknown. Future prospective clinical trials would be helpful in this regard.

Treatment trials

The exclusion criteria in TIA treatment trials are usually more strict than
hospital referral studies, and necessarily more strict than population-based
studies. In addition to restrictions set upon age and medical comorbidities,
time lag is again important, with many patients passing through the 
window of highest risk before enrollment and randomization. The goal of
treatment trials is comparison of treatment groups rather than general
prognosis. Data are thus often presented as odds ratios and not actuarial
survival or stroke rates. All of this limits the range of TIA patients to whom
the resultant natural history data can be applied. However, the prospect-
ive, blinded, meticulous methodology of most treatment trials provides
high quality information of great value to clinicians managing TIA pati-
ents of similar etiology.

Antiplatelet trials
Among antiplatelet studies, two of the largest trials using placebo were
conducted in Europe. Each included patients with TIA or minor ischemic
stroke.

In the United Kingdom transient ischaemic attack (UK-TIA) aspirin
trial, 2435 patients were randomized to aspirin 300 mg once daily, aspirin
600 mg twice daily, or placebo [72,73]. Patients were over 40, had suf-
fered their stroke or TIA within 3 months of randomization, had not 
previously experienced a disabling stroke, had not suffered a myocardial
infarction within 3 months, and were not ‘likely to experience adverse
effects from aspirin’. Patients with cardioembolic mechanisms were
included if they were not anticoagulated. Patients who ‘might have dif-
ficulty with follow up, might comply poorly, or had severe intercurrent
nonvascular disease’ were excluded. In the European Stroke Prevention
Study (ESPS) (I), 2500 patients were treated with aspirin plus dipyri-
damole or placebo and followed for 2 years [74,75]. Inclusion and exclu-
sion criteria were similar to the UK-TIA aspirin trial but less explicit.
Dropout rates in both trials were substantial. Among placebo patients, 
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average annual rates of nonfatal stroke following TIA have been calcu-
lated at 4.3% (UK-TIA) and 6.1% (ESPS) [61]. In the UK-TIA trial, 25.9%
of placebo patients suffered a major stroke, myocardial infarction, or death
within 7 years. For placebo patients in the ESPS, the incidence of stroke or
death over 2 years was 22.6%.

An overview of randomized trials has been published by the Anti-
platelet Trialists’ Collaboration [76]. Among patients with prior stroke 
or TIA who were followed for an average of 3 years, recurrent nonfatal
stroke occurred in 600 of 5870 (10.2%) controls vs. 479 of 5837 (8.2%)
patients treated with antiplatelets (nonactuarial). Using data from the
Antiplatelet Trialists Collaboration consisting of placebo-treated patients
in 12 trials, average annual rates of nonfatal stroke, nonfatal myocardial
infarction, and stroke, myocardial infarction or vascular death have been
calculated at 5.4%, 2.1%, and 8.7%, respectively [61].

Carotid stenosis
The risk of stroke following TIA ipsilateral to carotid stenosis has been in-
vestigated by the North American Symptomatic Carotid Endarterectomy
Trial (NASCET). In the NASCET patients who had suffered a hemispheric
(cerebral) or retinal TIA or nondisabling stroke within 120 days and 
had 30–99% stenosis of the ipsilateral carotid artery were randomized 
to antiplatelet treatment (usually 1300 mg/day of aspirin) or antiplatelet
therapy plus carotid endarterectomy [77]. Among 331 medically treated
patients with stenoses of 70–99%, the 24-month risks of ipsilateral stroke,
any stroke, and any stroke or death were 26.0%, 27.6%, and 32.3%, res-
pectively, all considerably higher than among surgically treated patients.
Increasing severity of stenosis also correlated with increasing risk until the
point of ‘near occlusion’, at which risk declined somewhat [78]. Medic-
ally treated patients with moderate stenoses (50–69%) enrolled within
180 days of their index event had 5-year rates of ipsilateral stroke and 
any stroke or death of 22.2% and 43.3%. Those with stenosis of < 50%
had corresponding rates of 18.7% and 37.0%. Surgery provided a modest
benefit for 50–69% stenosis but no benefit for < 50% stenosis [79].

A corresponding European trial of carotid endarterectomy has con-
firmed a benefit for surgery in patients with symptomatic high-grade
carotid stenosis [80]. There was a lower stroke risk in the medically treated
group than in NASCET (21.9% risk of any stroke over 3 years), but direct
comparisons between studies are limited by methodological differences,
including the measurement of stenosis.

The benefit from carotid endarterectomy for high-grade stenosis in the
NASCET has proven durable. However, while untreated carotid stenosis
continues to pose a risk to patients over time, especially compared with
the general population, its effect becomes much less dramatic after 2–3
years [81].
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Atrial fibrillation
The rate of adverse events following TIA or minor stroke in patients with
nonrheumatic atrial fibrillation has been assessed in the European Atrial
Fibrillation Trial (EAFT) [82]. In this study, patients with atrial fibrilla-
tion and TIA or minor stroke in the previous 3 months were randomized
to open-label anticoagulation or double-blind treatment with aspirin or
placebo. Patients with paroxysmal atrial fibrillation documented up to 
24 months previously were included, while patients with other potential
sources of cardiac emboli were excluded. Patients considered ineligible for
anticoagulation due to uncontrolled hypertension, alcoholism, expected
poor compliance, or other factors were randomized to aspirin or placebo
and tracked as a separate group.

Among all placebo patients, the annual incidence of stroke during a
mean follow-up of 2.3 years was 12% (vs. 10% in the aspirin group and
4% in the anticoagulated patients), considerably higher than for controls
in primary prevention studies of atrial fibrillation [83,84]. The risk is also
greater than that for undifferentiated TIA patients in population-based
studies, although results are not directly comparable due to treatment
effects in the latter group. Annual incidence of death in the EAFT did not
differ between groups. Importantly, benefit in the prevention of primary
events (primarily stroke) in the anticoagulant group persisted throughout
the study and was not limited to the first few months.

Prognostic indicators

Amaurosis fugax compared with hemispheric TIA

Amaurosis fugax or TMB has traditionally been considered a more benign
form of TIA than hemispheric TIA (cerebral ischemia). There is little 
population-based evidence on the topic. In the OCSP, the risk of death
and/or subsequent stroke was lower in TIA patients than in those with
minor ischemic strokes, but when amaurosis fugax patients were removed
(32 of 184 TIAs), the difference became nonsignificant, suggesting a better
prognosis for retinal symptoms [9]. Most referral-based studies have found
stroke risk (often including retinal infarct) following amaurosis fugax to be
lower than that following hemispheric TIA, with rates ranging from 2 to
4% annually in different populations [85–88]. Amaurosis fugax patients
with high-grade (> 70%) ipsilateral carotid stenosis fare better than pati-
ents with hemispheric TIAs, although the outcome in this setting is still
not benign. Among patients with > 70% carotid stenosis and first-ever TIA
in the NASCET, 2-year ipsilateral stroke risks in medically treated amauro-
sis fugax and hemispheric TIA patients were 16.5% and 43.5%, respect-
ively. In both groups over half of the risk came in the first 2 months. As
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seen in the larger NASCET analysis, stroke risk increased with increasing
degree of carotid stenosis [89,90].

Among those with > 50% ipsilateral carotid stenosis managed medic-
ally, the 3-year risk of ipsilateral stroke was 10% in those presenting with
amaurosis fugax compared with 20.3% in those with hemispheric TIA.
With < 50% carotid stenosis, comparable 3-year risks were 4.1% in those
with amaurosis fugax, and 10.3% in hemispheric TIA [90]. Patients who
present with transient or permanent visual loss and have retinal emboli on
fundoscopic examination appear to be at higher risk of stroke and death
than the general amaurosis fugax population [91].

Embolic vs. thrombotic mechanism

TIA has been found to be one of several risk factors which increase the
chance of stroke in patients with atrial fibrillation [92,93]. Patients 
with atrial fibrillation and a recent TIA or minor stroke have a relatively
high long-term rate of subsequent stroke. How this applies to other poten-
tial cardioembolic sources of TIA is less clear. A study of patients with
‘lacunar TIA syndromes’ producing isolated motor or sensory symptoms
involving two of three body divisions (arm/face/leg) concluded out-
comes are better than for ‘nonlacunar’ TIAs [94]. Population-based, re-
trospective data comparing ischemic stroke subtypes have shown that a 
large vessel atherosclerotic mechanism predicts highest short (but not
long) term stroke risk, while cardioembolic cerebral infarction is associated 
with the highest long-term death rates [95]. Similar data for TIA subtypes
are sparse.

Anterior vs. posterior circulation

The probability of stroke following anterior vs. posterior circulation TIA
did not differ in a population-based series from Rochester [62,96]. Other
referral-based studies suggesting lower risk following vertebrobasilar 
TIAs are not comparable [62,96].

Imaging abnormalities

Several studies have considered whether evidence of infarction on a CT
scan obtained during the evaluation of TIA holds any prognostic sign-
ificance. Between 10 and 30% of such scans have been found to have an
area of ischemia appropriate for the TIA symptoms [97]. While a hospital-
based study has found shorter survival in TIA patients with infarct on CT
(after controlling for stroke history and other covariates), other studies,
including the OCSP, found no significant differences in recurrent stroke



Chapter 1

20

rate or mortality [97–99]. In the NASCET, patients with 70–99% carotid
stenosis and CT evidence of cerebral infarction ipsilateral to their TIA were
more likely to have higher degrees of stenosis, plaque ulceration, longer
duration of symptoms, and hypertension than patients without infarction.
After controlling for patient characteristics, ischemic lesions on CT were
not associated with increased ipsilateral stroke risk [100]. An investigation
of TIA patients using MRI showed that nearly half had abnormalities on
diffusion imaging. Of those with diffusion abnormalities and follow-up
imaging, half of those failed to show a corresponding infarct, suggesting 
a component of reversibility [4]. Another study utilizing MRI found that
TIA patients with acute infarcts on MRI have a higher frequency of iden-
tifiable vascular or cardiac causes for their symptoms [5]. Whether MRI
evidence of acute stroke in clinically defined TIA patients translates into
higher risk of recurrent stroke is unknown.

Other prognostic factors after TIA

Other characteristics of TIA patients which have potential prognostic
significance have been evaluated. Among large population-based studies,
only hypertension and age have been found to be predictive of future
stroke among TIA patients (OCSP investigators used univariate regression
after controlling for age). Age and ‘cardiac disease’ predicted shorter sur-
vival in Rochester, while age alone was significant in the OCSP [61,62,
101]. Another Rochester population-based study of 330 patients with TIA
during 1955–1979 evaluated several potential clinical and demographic
factors predicting survival, and an increased risk of future stroke. Several
interactions were noted to be significant predictors of survival after TIA,
including: (i) age at TIA and gender (with younger women having the best
survival), (ii) systolic blood pressure and congestive heart failuare (worst
survival in those with low systolic BP and congestive heart failure), and
(iii) calendar year of onset and diabetes mellitus (worse survival in those
with diabetes, early in the period of study). Age was the only significant
predictor of stroke after TIA [102].

The results of multiple regression analyses in hospital-based studies and
treatment trials have been summarized [61]. The populations, goals and
methods of these various studies are heterogeneous but age, vascular dis-
ease (particularly heart disease), and hypertension are frequently found to
be modest predictors of stroke or death. Diabetes and male sex are less
consistently prognostic. In the study of TIA by Johnston and colleagues,
age, diabetes, long duration of symptoms, weakness with TIA, and speech
impairment (dysarthria or aphasia) with TIA were independent risk 
factors for stroke [70]. Several prediction models have been reported, 
but these have not found widespread clinical use [61,103–105].
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Trends in prognosis

Data from both a community and a hospital-based source suggest that the
risk of death following TIA declined from the 1950s and 1960s to the 1970s
and 1980s [101,106]. What accounted for this improvement (improved
prevention, improved cardiac care, improved stroke care, socioeconomic
changes among the elderly, etc.) and whether the trend continues is 
unknown. A thorough discussion of the methodological issues com-
plicating predicting outcome following TIA is also available [107].

Epidemiology of cerebral infarction

Because TIA is so closely intertwined with ischemic stroke, a short discus-
sion of the epidemiology of cerebral infarction is merited.

Incidence and prevalence

The annual incidence of first-ever ischemic stroke in the USA ranges 
from 127 per 100 000 whites to 246 per 100 000 blacks [42,45]. Ischemic
stroke incidence rates among 45–84-year-olds in a variety of Western 
populations have been tabulated. With the exception of outliers in 
France and Russia, the rates are comparable, ranging from 262 to 349 per
100 000 [108]. Stroke incidence is substantially higher than TIA inci-
dence. Some data suggest ischemic stroke incidence declined from the
1940s to around 1980 (unlike TIA incidence), after which time it increased
slightly [42]. Other studies have not confirmed this finding [109].
Ischemic stroke incidence increases with age and is higher in men than in
women.

The prevalence of stroke has varied significantly in different studies
[110]. The most recently calculated prevalence rates of ischemic stroke in
Rochester were 759 and 917 per 100 000 men and women, respectively
[42]. It has been conservatively estimated that approximately 730 000
first-ever and recurrent strokes occur in the USA annually [45].

Ischemic stroke subtypes can be more easily defined than TIA subtypes.
In the Rochester population-based studies, incident ischemic strokes from
1985 to 1989 were broken down by mechanism: large vessel cervical 
or intracranial atherosclerosis with > 50% stenosis, 16%; cardioembolic,
29%; lacunar, 16%; uncertain cause, 36%; and other, 3% [111]. In the
black population large vessel stenosis may be a less important cause of
stroke, although it has been suggested that blacks are at a higher risk of
intracranial stenosis [112].

Only about 10% of strokes are preceded by TIA, although higher values
are often seen in hospital-based settings with the potential for referral bias
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[101,113,114]. The relationship between ischemic stroke subtype and
TIAs is not uniform, with TIA more likely to proceed atherothrombotic
infarcts than cardioembolic or lacunar infarcts [115] (Table 1.5).

Mortality and recurrence following cerebral infarction

In Rochester, risk of recurrent stroke following first ischemic stroke was
2%, 4%, 12%, and 29% at 1 week, 1 month, 1 year and 5 years, respect-
ively [116]. The initial risk is somewhat lower than found after TIA, but
comparable by 1 year. The 1- and 5-year recurrence rates were very 
similar in Oxfordshire [117]. Risk of stroke recurrence following first
ischemic stroke did not change in Rochester from 1950 through 1979
[101]. The reason why very short-term stroke risk appears to be higher
following TIA than cerebral infarction is uncertain.

Survival is slightly worse following first ischemic stroke than following
incident TIA. Mortality rates at 1 week, 1 month, 1 year, and 5 years were
7%, 14%, 27%, and 53% in Rochester. In Oxfordshire, death rates were
10%, 23% and 52% at 1 month, 1 year and 5 years [118]. Survival 
following ischemic stroke improved over most of the twentieth century,
but this trend may have ended [48,109,116,119].

Conclusions

Although transient ischemic attacks precede only 10% of ischemic
strokes, they are an important indicator of risk for stroke, cardiovascular
disease, and death. The current clinical definition of TIA is the basis of
extensive epidemiological and clinical investigation and is still useful,
although the boundaries between TIA and minor ischemic stroke have
blurred with modern neuroimaging. Such distinctions can often be set
aside in practical and research settings.

Methodological issues make the study of TIA epidemiology challenging,
but its incidence appears to have remained constant through recent
decades and falls between 31 and 68 per 100 000 persons. TIA incidence 
is markedly dependent on age. It is roughly equivalent between sexes,
although age at occurrence is somewhat younger in men. The incidence 
of amaurosis fugax is approximately 13 per 100 000. TIA is quite common,
as suggested by TIA prevalence of 1–6%.

Risk factors for TIA have not been as well defined as those for stroke. It is
unknown whether the mechanisms causing TIAs mirror those causing
ischemic strokes in subtype or distribution, but TIAs are more likely to
occur before large-vessel atherosclerotic cerebral infarcts than lacunar 
or cardioembolic infarcts. In population-based studies, risk factors for 
TIA and stroke have been similar, with the exception of higher serum
cholesterol in TIAs.
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The prognosis following TIA is best determined from population-based
studies. Among all incident TIA patients (receiving a variety of diagnostic
and therapeutic regimens), average annual risk of death is 6–7%, with more
deaths caused by cardiac disease than by stroke. Average annual rate of stroke
is 5–6% over 5 years. Importantly, the risk is not uniform over time, with
the greatest threat coming in the first days to months following TIA. Among
TIA mechanisms, untreated atrial fibrillation and symptomatic high-grade
carotid stenosis produce high risk of stroke. Fortunately, these conditions
are often treatable. Amaurosis fugax has a better prognosis than hemi-
spheric TIA, but when caused by high-grade carotid stenosis the prognosis
is still far from benign. There is no apparent difference in prognosis be-
tween anterior and posterior circulation TIAs. CT evidence of ischemic
infarction found during evaluation of TIA does not clearly change prog-
nosis. This and other evidence suggest TIA and minor ischemic stroke are
similar prognostically, especially if cases of amaurosis fugax are excluded.
Prediction models to help stratify risk following minor stroke or TIA may
be useful in clarifying those at highest risk of subsequent stroke.

The determination of easy and reliable methods to discriminate low-
and high-risk TIA patients and the clarification of emerging TIA risk 
factors are important future goals in cerebrovascular epidemiology.
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Pathophysiology of Brain
Ischemia
Jin-Moo Lee, Abdullah M. Nassief, Chung Y. Hsu

Introduction

The human brain is exquisitely susceptible to ischemia. Despite its relatively
small size (less than 3% of total body weight) the brain receives up to 25% of
cardiac output in order to meet its enormous metabolic demands. The brain
has little energy reserves, and relies heavily on an uninterrupted supply of
oxygen and glucose [1]. If blood flow to the brain is interrupted or critic-
ally reduced, compensatory mechanisms of limited capacity are available to
preserve homeostasis and viability of brain tissue [2,3]. The assumption that
neurological deficits manifest during an ischemic event are synonymous
with irreversible brain damage fostered a generally passive and nihilistic
attitude towards the management of cerebral ischemia [4]. Neurons and
their supportive structures can remain viable under ischemic conditions
for longer than had been historically believed [5,6]. Research over the past
three decades has resulted in an unprecedented expansion of our knowledge
of molecular and cellular processes that accompany or facilitate ischemic
brain injury and has paved the way for the identification of biochemical
cascades that advance ischemic neurons from dysfunction to death [7,8].

This chapter will begin with a discussion of hemodynamic changes in
relation to the pathophysiological consequences in the ischemic brain,
then examine our current knowledge of the cellular and biochemical
mechanisms that underlie ischemia-induced neuronal dysfunction and
brain injury following transient ischemic attack (TIA).

Pathophysiological thresholds of ischemia

Regulation of cerebral blood flow

Brain ischemia has been classically defined as cerebral blood flow (CBF) re-
duction of sufficient degree to result in symptomatic disruption of normal
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function [1–3]. Under physiological conditions, cerebral arterioles dilatate
or constrict to maintain stable CBF despite variations in cerebral perfusion
pressures (CPP, the pressure gradient between mean systemic arterial blood
pressure and the intracranial pressure). This autoregulatory mechanism
maintains an average basal CBF of approximately 50 mL/min per 100 g
brain tissue in healthy subjects within a certain range of mean arterial
pressure (approximately 60–150 mmHg) [9]. CBF can also be influenced
by a number of factors such as systemic arterial oxygen content, blood car-
bon dioxide tension, pH, and hematocrit [10,11]. Regional CBF fluctuates
in response to changing metabolic demands dictated by local neuronal
activity. The coupling of regional CBF and oxygen metabolism is the prin-
ciple underlying the application of positron emission tomography (PET)
and functional magnetic resonance imaging (MRI) for mapping brain
activity [12]. Factors that may regulate regional CBF in response to neu-
ronal activity include nitric oxide (NO), prostaglandins, adenosine, vasoact-
ive peptides, neurotransmitters [13–16], and energy metabolites [10].

Compensatory mechanisms in response to reduced CBF

In the face of reduced CBF due to thrombotic or embolic events, or 
systemic hypotension, autoregulatory vasodilatation is the first-line de-
fense mechanism to restore and maintain optimal CBF. Compensatory
vasodilatation may also occur in adjacent vascular beds, contributing 
to increased collateral blood flow to the ischemic region. Once maximal
vasodilatation is reached and fails to meet metabolic demand, a second
line of defense is recruited: the efficiency in extracting oxygen from blood
is increased. Under physiological conditions, the fraction of arterial blood
oxygen extracted by the brain tissue (oxygen extraction fraction, OEF) 
is relatively low (in the range of 30–40%); however, beyond maximal
vasodilatation, OEF may reach as high as 90% before metabolic derange-
ment ensues [17–19]. Thus, vascular response to abrupt reductions in CBF
can be depicted to evolve at three levels of perfusion decrement (Fig. 2.1).
The first level (normal range) is maintained by autoregulation and may be
sufficient to meet the metabolic demands of a functioning brain if the CBF
reduction is mild and transient. In the second level (oligemia), metabolic
demand is met by increasing OEF beyond maximal compensatory vaso-
dilatation, a more precarious condition at the brink of decompensation if
CBF is not restored. The third level (ischemia) is metabolic derangement
beyond maximal increase in OEF, leading to neuronal dysfunctional and
possibly irreversible ischemic injury (see below). Based on a somewhat
simplistic scheme of these three levels of perfusion decrement, it can be
predicted that a transient and mild reduction in CBF may not necessarily
result in cerebral infarction, but rather in temporary loss of neuronal func-
tion, as seen in patients with TIAs.
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Penumbra

Distal to the occlusion of a cerebral artery, the ischemic region does not
sustain the same magnitude of flow reduction uniformly. The heterogene-
ity in blood flow within the affected vascular territory is due to variable
degrees of regional neuronal activity, vascular reactivity, collateral flow
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Fig. 2.1 Brain tissue response to reductions in cerebral blood flow (CBF) can be
depicted to evolve at three levels of perfusion decrement. The normal range of CBF
(approximately 50–55 ml/100 g per min) is maintained by autoregulation. With
further decreases in CBF, oxygen extraction fraction (OEF) increases to maintain
normal cerebral metabolic rate of oxygen consumption (CMRO2) (oligemia), which
may be sufficient to meet the metabolic demands of a functioning brain. In this range
of declining CBF, energy requirements are increasingly dependent on gylcolysis, and
protein synthesis decreases. Ischemia, the third level, is defined by CBF below which
neurological deficits arise (approximately 20 ml/100 g per min), and coincides with
the threshold of ‘electrical failure’, where the electroencephalogram flattens, evoked
potentials are attenuated, and intracellular energy stores are depleted. Neurons
experiencing this range of CBF may remain viable for a short period of time
(penumbra), as long as they remain above the second ischemic threshold defined by
‘ionic failure’. This CBF threshold at approximately 10 ml/100 g per min occurs at the
point when normal ion gradients are reversed (anoxic depolarization), as reflected by
increases in [K+]e and movement of Ca2+ into cells, and defines the ischemic core.
(Adapted with permission, from Astrup J, Symon L, Branston NM, Lassen NA. Cortical
evoked potential and extracellular K+ and H+ at critical levels of brain ischemia. Stroke
1977; 8: 51–57.) ‘Flow gradients’ within a hypothetical ischemic stroke are shown on
the left panel, depicting normal flow, oligemia, ischemic penumbra and core,
corresponding to the shades of gray shown on the right.
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and OEF increase. Based on neurophysiological and pathological conse-
quences of ischemic insults, two ischemic thresholds have been proposed
to define the boundaries of the ‘ischemic penumbra’ [4,20]. The first
threshold (electrical failure) refers to a level of ischemia resulting in the
loss of the ability of neurons to maintain normal neurophysiological activ-
ity. The second and more severe ischemic threshold (membrane failure)
entails the loss of neuronal ion homeostasis (Fig. 2.1). Neurons in the
penumbra are thought to ‘suffer functional but not structural injury’ [20],
but remain viable for only hours or days. This is in contrast to the ‘ischemic
core’ which sustains a more severe degree of perfusion deficit, resulting in
both electrical and membrane failure, and irreversible neuronal death
within minutes to hours of ischemic insults. Timely restoration of blood
flow in the ischemic zone may salvage tissue in the penumbra. The avail-
ability of advanced neuroimaging methods promises to provide noninva-
sive methods to delineate the penumbra [21–23], and are discussed in
detail in other chapters in this volume (computed tomography and MRI,
Chapter 5; PET/SPECT, Chapter 6). In patients experiencing TIA, the entire
ischemic region may be considered penumbra; full recovery without 
residual brain injury may occur if reperfusion takes place within minutes
to hours.

In the subsequent sections, ischemia-induced cellular events leading to
functional changes in neuronal activity and cell death will be reviewed
with attention towards ischemic thresholds.

Cellular events following vascular decompensation

Brain injury caused by cerebral ischemia is accompanied by a multitude of
cellular events that may underlie the fundamental mechanisms of neu-
ronal death. While neuronal death can occur in the setting of transient
ischemia, many of the cellular events that have been linked to neuronal
death have also been proposed to enhance brain tolerance against subse-
quent lethal ischemia. The cellular events leading to ischemic neuronal
death are therefore reviewed in detail here because of their relevance to
the possible development of ischemic tolerance after transient ischemic
attacks [24,25].

Metabolic derangement

The human brain, under normal conditions, extracts and metabolizes five
times more oxygen (165 mmol/100 g per min) than glucose (30 mmol/
100 g per min), indicating that the vast majority of the energy required for
the brain’s work is derived from oxidative metabolism [1,17]. This oxygen
to glucose consumption ratio of approximately 5.5 indicates a relat-
ively low basal production of lactate via anaerobic glycolysis. When OEF
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reaches maximum under ischemic conditions, cerebral metabolic rate 
of oxygen consumption (CMRO2) falls [18]. If ischemia is mild, cerebral
electrical function may be maintained despite elevation in brain lactate
and hydrogen ion concentrations due to increases in anaerobic glycolysis
[1,4,20,26]. At this stage, despite the capacity of tissue to temporarily
maintain normal or near normal adenosine triphosphate (ATP) levels,
energy production is compromised as reflected by declining tissue phos-
phocreatinine and elevated inorganic phosphate levels [27]. Indeed,
metabolic acidosis, reflected by an early reduction in intracellular and
interstitial pH, starts at a time when ATP levels are still relatively high 
[28]. The interstitial pH begins to decrease within 15 s after the onset of
ischemia, with the intracellular pH declining to 6.5–6.8 [29,30]. Protein
translation in general may be suppressed, but the products of specific gene
families appear in abundance (especially the ‘immediate-early genes’; 
see section on Post-ischemic gene expression, p. 50) [31,32]. When OEF
reaches its maximum, brain tissue has little energy reserve to maintain
neuronal function and is destined to develop electrical and membrane fail-
ure. Furthermore, these tissues are vulnerable to the secondary cellular
events including massive release of excitatory neurotransmitters and elec-
trical spreading depression (see below) (Fig. 2.2).

Electrical and membrane failure

Electrical failure
Cerebral blood flow reductions to 18–25 ml/100 g per min, below 40% of
normal resting hemispheral CBF, result in slowing of the electroen-
cephalogram, attenuation of the evoked potentials [33,34], and decline of
the generation of synaptic potentials by individual cortical neurons [35].
The emergence of neurological deficit corresponds to this stage [36]. It is
crucial to emphasize that tissue ATP levels may be normal or only slightly
depressed at this stage of functional failure [27]. The exact mechanism(s)
of this potentially reversible phemomenon is unknown but may reflect
the susceptibility of certain neurotransmitter systems to even moderate
hypoxia-ischemia and reductions in tissue pH [37]. The common occur-
rence of reversible neurological deficit in TIA emphasizes the paramount
importance of duration as well as degree of ischemia in producing perman-
ent tissue damage.

Membrane failure

Release of excitatory neurotransmitters and glial swelling
CBF levels needed to produce electrical failure, < 20 ml/100 g per min,
parallel the experimentally determined CBF levels needed to produce
massive release of excitatory amino acids (EAAs), glutamate and aspartate,
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into the extracellular fluid (ECF) [38]. The CBF flow threshold for EAA
release overlaps with the CBF threshold for early tissue edema formation
(approximately = 20 ml/100 g per min). If reduction of CBF is maintained
below these levels for approximately 30 min or more, astrocytes will
swell, due to their uptake of osmotically active lactate and EAAs from the
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Fig. 2.2 Molecular mechanisms of ischemic neuronal injury. Decreases in cerebral
blood flow (CBF) result in depletion of intracellular adenosine triphosphate (ATP),
pump failure, activation of voltage-gated Ca2+ channels (VGCCs), with resultant
increases in [Na+]i and [Ca2+]i (hypoxic depolarization). Large quantities of excitatory
amino acids (EAAs) are released, activating ligand-gated Ca2+ channels (LGCCs) in
postsynaptic neurons, and allowing influx of Ca2+ through both LGCCs and VGCCs.
Elevated [Ca2+]i is accompanied by activation of lipases, endonucleases, proteases, and
formation of reactive oxygen species (ROS), resulting in the demise of the cell.
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ECF [39–41]. There is emerging realization that EAA release, and early
edema (associated with moderate ischemia) can occur in tissue in which
neither severe energy failure, gross disturbance of cellular ion homeo-
stasis, nor sustained disruption of blood–brain barrier integrity have devel-
oped [3,39,40,42].

Calcium influx
The intracellular free Ca2+ concentration [Ca2+]i in neurons is much
lower than the extracellular concentration. There are many factors that
control the net [Ca2+]i., including Ca2+ influx through voltage-gated
Ca2+ channels (VGCCs) and ligand-gated Ca2+ channels (LGCCs), seques-
tration in storage organelles such as mitochondria and endoplasmic retic-
ulum, buffering by Ca2+-binding proteins, and active Ca2+ extrusion [43].
The expulsion of Ca2+ occurs via a high-affinity Ca2+-activated ATPase
and a low-affinity Na+/Ca2+ exchanger, driven by the plasma membrane
Na+ gradient. Ca2+ influx and the disturbance of Ca2+ homeostasis
are important steps in initiating ischemic cell death. During moderate
ischemia, neurons exposed to supraphysiological concentrations of EAAs
admit Ca2+, probably through the LGCCs. There is strong indirect in vitro
evidence suggesting that Ca2+ entry through the N-methyl-D-aspartate
(NMDA) receptor-associated channels occurs at a magnitude of mem-
brane depolarization substantially less than that required for Ca2+ entry
through VGCCs. This supports the contention that there is a rank order for
different routes of Ca2+ entry in the pathogenesis of ischemic injury.

Sodium influx
Following a mild elevation of [Ca2+]i, the Na+aCa2+ exchanger uses the
electrochemical gradient for Na+ to exchange extracellular Na+ for intra-
cellular Ca2+. If cellular energy reserves are sufficient to extrude Ca2+,
[Ca2+]i will remain stable and there may be no dire consequences of
LGCC-mediated Ca2+ entry. However, excessive entry of Ca2+ through
LGCCs can be devastating if neurons lack the energy reserves necessary 
to contain elevated [Ca2+]i [44] and remedy ionic derangement (see next
section). It is likely that an increase in conductance through ligand-
operated sodium (Na+) channels by EAAs contributes to excitotoxicity
[43,45]. Events associated with increased sodium influx in membrane 
failure and severe disturbance of ionic homeostasis are detailed below.

Potassium efflux
As CBF reaches levels < 10–12 ml/100 g per min (approximately 20–30% of
normal), deterioration of transmembrane ionic gradients ensues, defining
the stage of ionic failure. If this level of blood flow is sustained for longer
than 1 h, tissue death will occur [12]. ATP is completely degraded as a
result of severe substrate depletion and the negative feedback of hydrogen
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ions at the phosphofructokinase step of glycolysis [19]. Electrophysiolog-
ical recording from the ECF space detects striking elevations in the con-
centration of potassium ions (K+), marked declines in Ca2+, indicating
Ca2+ entry into cells, and ‘anoxic depolarization’ [42,46]. Severe ischemia
result in anoxic depolarization or rapid depolarization (–20 mV) of all
neurons. The process of this anoxic depolarization is poorly understood; it
may be the result of reduced intracellular ATP, with consequential inhibi-
tion of Na+/K+ ATPase activity and subsequent K+ efflux. These ionic
shifts represent multifactorial changes in membrane permeability and the
progressive failure of multiple energy-dependent membrane pumps and
transport systems (e.g. Na+-K+-ATPase, Ca2+ ATPase, and the Na+-Ca2+
antiporter) that normally preserve the large electrochemical gradients
crucial for membrane polarization [47] (see Fig. 2.2).

Maintaining the cell’s resting membrane potential in a hyperpolarized
state requires functional K+ channels. The initial increase in extracellular
K+ ([K+]e) following ischemia is due to the activation of ATP-sensitive K+

channels. In an attempt to compensate, astrocytes buffer this increase in
[K+]e by converting to anaerobic glycolysis and swelling, but the attempt
by astrocytes to compensate is usually doomed to failure. Increase in [K+]e
in severely ischemic brain regions may aggravate ischemic injury through
several mechanisms. First, high [K+]e creates an electrophysiological
change that results in the depolarization of neighboring neurons and 
may provide an important trigger for electrical spreading depression. This
spreading wave of depression has been implicated in the extension of 
tissue injury beyond the region of severe ischemia, due to its ability to 
promote Ca2+ entry into vulnerable ischemic neuronal populations [48].
An ancillary action of rising [K+]e is further release of neurotransmitters,
especially EAAs. Second, increased [K+]e may diffuse toward the cerebral
microvasculature and stimulate the activity of Na+-K+-ATPase along the
abluminal surface of endothelial cells, resulting in movement of intravas-
cular Na+ and water into the ECF space. This may occur at a level of tissue
oxygenation that alters parenchymal Na+-K+-ATPase activity, resulting in
a net transfer of Na+ and water from the vasculature into neurons and 
glia in order to maintain intracellular osmolarity. To promote electrical
neutrality, passive entry of Cl– and water occurs, resulting in ‘cytotoxic’
swelling [49]. Additionally, during ischemia gamma-aminobutyric acid
(GABA) release occurs, further increasing Cl– influx [50]. Finally, extremely
elevated [K+]e may promote vasoconstriction, compromising residual blood
flow to already severely ischemic regions [51].

There is evidence that Ca2+ entry into neurons via VGCC begins abruptly
and massively when [K+]e rises to approximately 10–15 mmol [42]. Other
mechanisms to increase [Ca2+]i include second messenger-mediated
mobilization of Ca2+ from many high-capacity intracellular sites (e.g.
phosphatidyl inositol activation), reversal of Na+aCa2+ exchanger under
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conditions of cellular Na+ overload, and passage of ions through non-
specific ‘leak’ conductances that may develop across severely damaged
cellular membranes. The resting membrane permeability is very low, and
transient physiological elevations in [Ca2+]i are usually rapidly reversed at
the expense of metabolic energy by a number of regulating mechanisms
and intracellular buffers. However, at the point where massive Ca2+

entry through VGCC occurs, the ability of cells to normalize [Ca2+]i may
be severely compromised, and true Ca2+ overload is established [50].
Elevations in [Ca2+]i accompany and probably mediate major pathological
processes described below [43].

Molecular mechanisms of ischemic cell injury

Energy depletion is one of the hallmarks of ischemic insults [52]. How-
ever, under certain conditions reversible neuronal dysfunction without
permanent tissue injury can occur despite significant energy failure. The
degree of ATP depletion may correlate better with initial neurological
deficits [52] than the final outcome [47]. Protein synthesis, vital for cell
survival, may be abnormal at degrees of CBF reduction well above the
level needed to produce energy failure [32]. Moreover, brief periods of
sufficiently severe ischemia can activate cell death signaling processes,
leading to delayed apoptosis of susceptible neuronal populations long after
restoration of energy stores [53,54]. In contrast, there is evidence that sug-
gests the presence of many neuronal populations capable of withstanding
periods of complete energy failure for as long as 1 h [55]. Finally, neuronal
susceptibility to ischemia is determined by a wide variation in cellular
expression of receptors and their interaction with certain neurotransmit-
ters [56]. This susceptibility is also determined by other dynamic aspects 
of neuronal connectivity [57]. Thus, additional factors, independent of
energy failure and disruption of ion homeostasis, must come into play 
to explain these experimental observations. The factors contributing to
ischemic neuronal injury are reviewed below (see Fig. 2.2).

Excitotoxicity

EAAs, particularly glutamate, play a crucial role in both the initiation and
elaboration of ischemic brain injury. Glutamate is believed to mediate
anoxic and hypoglycemic hippocampal and cortical neuronal injury
[58,59]. Exposure of neuronal cell cultures to high concentrations of
EAAs produces a consistent pattern of structural damage: rapid swelling 
in cortical neuronsaa reflection of increased permeability to Na+ ions and
passive influx of chloride and wateraand later intracellular accumulation
of Ca2+ as a result of massive entry through both LGCCs and VGCCs
[60,61]. Excitotoxicity, a term first coined by Olney, represents the 
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balanced effects of rapid osmotic disturbance and delayed Ca2+ loading [62].
It is now well recognized, however, that glutamate toxicity is far more
complex than the simple induction of cation flux. Furthermore, the toxic
potential of glutamate analogs may not correlate well with their excitatory
potential per se [63]. Other mechanisms are believed to be crucial for 
glutamate and other EAA toxicity. These mechanisms include the produc-
tion of the potentially toxic compound such as NO, generation of free rad-
icals, and induction of changes in gene structure and expression [64–66]
(see below).

The relationship between excitotoxicity and ischemic brain injury is
appreciated at several distinct or overlapping levels. First, glutamate is
released in supraphysiological quantities into the ECF space. Glutamate
then gains access to a broad spectrum of cellular receptors. These glutam-
ate receptors appear to occur temporally ‘upstream’ from insults lead-
ing to disruption of ion homeostasis, cellular membranes, and enzyme 
systems (Table 2.1). Techniques utilizing brain microdialysis indicate that
massive release of glutamate into the ECF space begins when regional CBF
is reduced to < 20 ml/100 g per min (40% of normal, CBF above the
threshold for ATP depletion, membrane failure, and tissue autocatalysis)
[38,67]. Declining cellular energy reserves, K+ efflux and disturbed Na+

gradients are thought to result in glutamate release into the ECF. This is
compounded by derangements of metabolic function of glial cells leading to
impairment of glutamate uptake and further increases in the extracellular

Table 2.1 Genes expressed after cerebral ischemia

Representative
Gene group gene products Putative roles

Immediate early genes Fos, Jun Transactivate genes downstream 
of AP-1

Neurotrophic genes TNF, BDNF Neuroprotective
Restore function

Cell death genes Caspases Execute apoptosis

Cell survival genes Bcl-2 Cytoprotective

Receptor genes Glutamate receptors Modulate glutamate receptor function

Inflammatory genes Cytokines Enhance tolerance to subsequent 
ischemic attacks

NOX2, iNOS Mediate cell death
Adhesive molecules Facilitate leukocyte infiltration

Stress genes Heat shock proteins Neuroprotective
Enhance tolerance

Angiogenic genes VEGF, FGF Promote growth of new vessels
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level of glutamate [68]. Thus EAAs could be viewed as initiators of
ischemic injury. Second, glutamate may be responsible for remote effects,
the harmful waves of spreading depression in cortical tissues, from the site
of its release [48,69]. The delicate balance of energy supply and demand
may be compromised by enhanced neuronal activity caused by EAAs,
depleting residual energy reserves under ischemic conditions.

Antagonism of many glutamate receptor subtypes can significantly
reduce neuronal necrosis and/or infarct volume in animal models of focal
stroke [70,71]. The NMDA receptor, one of three major subtypes of neu-
ronal glutamate receptors, has been widely accepted to play an important
role in excitotoxicity. This particular receptor subtype is thought to induce
the influx of Ca2+ via a LGCC, triggering a host of Ca2+-mediated or 
accelerated injuries [43] (see Table 2.1). Agonists of the NMDA receptor
induce rapid entry of Ca2+ into neurons. In contrast, isolated application 
of specific agonists of the alpha-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA) and kainate receptors leads to delayed and less
massive Ca2+ loading [72]. Moreover, strong evidence indicates that
specific antagonists of the NMDA receptor protect cultured neuronal pop-
ulations, with great efficiency, from lethal oxygen and glucose deprivation
[58,72]. However, in vivo data suggest a limited role for NMDA antagonists
in severe ischemia; this is in part due to down-regulation of these recep-
tors as a result of a change in the local milieu, i.e. reductions in pH and
energy charge [73]. It is quite plausible that these and other factors may
account for the unmistakable fact that clinical trials of several NMDA
receptor antagonists have thus far been disappointing [74]. NMDA ant-
agonists have several serious side-effects, such as psychotic PCP-like 
reactions, myocardial depression, and formation of neuronal vacuoles and
neuronal necrosis [75]. Thus, administration to humans of comparable
doses of NMDA antagonists that were shown effective in animal models
may not be safe. One approach to address this issue has been to focus on
NMDA receptor subtype antagonists that promise to have fewer undesir-
able side-effects. For example GV150526, a selective inhibitor of the
glycine site of the NMDA receptor, is free of circulatory and central ner-
vous system adverse effects and has been put through extensive clin-
ical trials [76,77]. Disappointingly, results from two Phase III trials of
GV150526 showed no benefit for stroke patients, although the side-effect
profile was favorable. The NR2B subtype selective antagonist, ifenprodil,
represents a particularly promising agent, because of its use-dependent
inhibition of NR2B receptors, increasing drug effect at overactivated
synapses relative to normal synapses [78].

While much attention in the past has focused on NMDA receptor antag-
onists, more recently AMPA antagonists have been re-examined due to
their ability to protect white matter. Classically, white matter was consid-
ered resistant to ischemic injury. Mounting in vivo data, however, seem to
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suggest that functional deficit after ischemic insults may be largely due to
white matter injury in both the spinal cord [79] and the brain [80]. While
the role of glutamate in gray matter injury is well established, its role in
white matter ischemia is less clear. However, the role of the AMPA/
kainate glutamate receptor subtype in white matter injury has been
recently described. In vitro and in vivo, activation of the AMPA/kainate
receptor causes oligodendrocyte death [81,82]. Moreover, antagonism of
this receptor subtype has been shown to selectively salvage white, but not
gray, following ischemia in the rat spinal cord [83]. Clinical trials have
begun with AMPA/kainate subtype receptor antagonists. These antagon-
ists, through both Ca2+-dependent and Ca2+-independent mechanisms,
are believed to exert neuroprotective effects in regions of severe focal or
global ischemia [84,85].

Metabolic acidosis

Under ischemic conditions, tissues shift energy metabolism relying on 
glycolysis rather than oxidative phosphorylation, with detrimental con-
sequences [26,42,86]. Administration of glucose to animals subjected to
both global and focal ischemia tends to aggravate brain injury [87,88]. 
In ischemic brain regions, there is a direct relationship between lactate 
and hydrogen ion concentrations and glucose and glycogen stores [89],
though it is not clear if acidosis per se or other aspects of glycolysis and 
lactate production are responsible for the observed exacerbation of 
injury. The complexity of tissue acidosis in ischemia is only beginning to
emerge; not only does it denature enzymes and structural proteins, low
pH produces cellular swelling. In order to cope with the sudden increase 
of osmoles in the brain ECF, glia absorbs large quantities of these osmoles
and increase in volume. Enlarged glial end-feet encroach on their associ-
ated capillary walls resulting in impeded blood flow at the microvascular
level [90]. Moreover, lactic acidosis results in the consumption of tissue
bicarbonate, which in turn enhances iron-catalyzed free radical produc-
tion and may add to secondary tissue injury [91].

Accumulating in vitro evidence seems to support a neuroprotective
effect for low pH [92], thought to result from limiting Ca2+ entry via the
NMDA receptor [93]. These observations may not necessarily be at odds.
While supraphysiological acid production may contribute to the physical
destruction of glia and endothelial cells in areas of severe ischemia, it may
halt events that could lead to selective neuronal death in less severely
ischemic brain regions. Under ischemic conditions the interactions between
glucose concentration, brain energy metabolism, and tissue acidosis are
remarkably complex and preclude universal recommendations. The cur-
rent consensus, however, favors achieving euglycemia when managing
acute ischemic events.
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Activation of kinases and proteases

Sustained intracellular Ca2+ elevation triggers activation of catalytic
enzymes, namely protein kinases, proteases, phospholipases, endonucle-
ases, and others. Kinases are a large family of signaling enzymes that 
are involved in cell proliferation, differentiation and death. Their physi-
ological role, however, is altered after both focal and global ischemia. 
The protein tyrosine and serine/threonine kinases, protein kinase A
(PKA), the Ca2+/phospholipid-dependent kinase C (PKC) and the Ca2+/
calmodulin-dependent kinase II (CaMKII) are rapidly activated during
ischemia and may have mixed roles in the pathogenesis of ischemic 
brain injury. For instance, conflicting results implicating both neuro-
protective and deleterious roles for PKC have been reported [94,95]. A
recent focal cerebral ischemia study, however, using mice with genetic
deletion of PKC γ isoforms, demonstrated increased infarct volumes 
compared with wild-type controls, suggesting a neuroprotective role for
the γPKC [96]. Thus, subtypes of PKC may subserve different roles under 
ischemia.

Protein kinase B (PKB) (recently renamed Akt), a serine-threonine
kinase, is activated by cell survival signals such as trophic factors. Akt is
activated after phosphorylation to exert antiapoptotic action by inactivat-
ing a number of death signaling processes. Akt activation has been
reported after cerebral ischemia and may contribute to the development 
of ischemic tolerance or reduce ischemic brain injury [97–99]. Another
plausible mechanism of the antiapoptotic action of Akt is its negative 
regulation of mitogen-activated protein (MAP) kinases. Some members 
of the MAP kinase family have been implicated in mediating ischemic
neuronal death. MAP kinase family members, including extracellular 
signal-regulated kinases (ERK1,2), p38 MAPK, and c-Jun N-terminal
kinase (JNK), have all been shown to be activated following cerebral
ischemia [100–104]. A number of recent studies have suggested the con-
tributions of MAP kinase activation to ischemic brain injury [105–109].
The exact role of MAP kinase remains to be defined fully, as conflicting
results have also appeared [110].

Another cardinal event following ischemia-induced increases in [Ca2+]i
is the activation of proteolytic enzymes, including calpains. Calpains,
ubiquitously present in resting brain cells, play a crucial role in the degra-
dation of various structural proteins, including microtubules and prob-
ably mitochondrial proteins [111,112]. Leupeptin and other inhibitors of
calpain activity [113–115] have been shown to exert neuroprotective
effects in both global and focal ischemia models. The blockade of down-
stream mediators of ischemic injury has the potential advantage of a
longer therapeutic window. For example, the calpain inhibitor, MDL
28170, significantly reduced infarct volume even if administered 6 h after
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ischemia onset [115]. Activation of calpain is also thought to play a role in
apoptotic cell death, a process involving the activation of another class of
cysteine proteases, namely caspases (see below).

Activation of phospholipid metabolism

Phospholipids, which comprise a significant proportion of the cell mem-
brane, play a crucial role in maintaining normal cell function. Degrada-
tion of membrane phospholipids constitutes an important mechanism in
ischemic brain injury. When normal energy sources are reduced, the usual
balance between anabolic and catabolic processes in cell membranes is
reversed: ATP-dependent glycerophospholipid synthetic pathways are
shut down, leading to accumulation of diglycerides and increase in Ca2+-
dependent membrane lipid catabolism [116–118]. Hydrolysis of diglyc-
erides results in a 10- to 20-fold increase in tissue concentrations of free
fatty acid (FFA), which leads to the disruption of cell membranes, affecting
permeability to various ions, and decreasing local pH [119]. Arachidonic
acid (AA), a particularly important mediator of injury amongst the FFAs,
contributes to ischemic brain damage in several ways. During tissue reper-
fusion, AA metabolism results in the production of eicosanoids, catalyzed
through cyclooxygenase and the oxygen-sensitive lipooxygenase path-
way, which have complex effects on vascular reactivity, platelet aggrega-
tion, leukocyte adhesion, and blood–brain barrier permeability [116]. In
addition, the lipooxygenase pathway of AA metabolism results in the
increased production of leukotrienes, especially after ischemia reperfusion,
affecting broad changes in the permeability of microvascular endothelium
and facilitating edema formation [116,117].

There are two types of cyclooxygenases that catalyze prostaglandin 
formation from AA. The inducible form, COX-2, is of particular relevance
to ischemic brain injury. In focal ischemia, transient COX-2 expression
occurs in cortical neurons that are at high risk of dying after focal brain
ischemia [120]. COX-2 activation leads to increased formation of not only
prostaglandin synthesis but also oxygen free radicals [121], and has been
directly linked to the pathogenesis of NMDA receptor-mediated neuro-
toxicity in mixed cortical cell culture [122]. COX-2 activation is thought 
to occur secondary to post-ischemic activation of proinflammatory trans-
cription factor, NF-κB and its downstream including cytokines and induc-
ible nitric oxide synthase (iNOS) expression [123,124]. (See also section
on Post-ischemic inflammatory reaction below, p. 51.)

Reactive oxygen species

The role of reactive oxygen species (ROS) in the pathogenesis of ischemic
brain injury has been known for many years. However, it is becoming
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increasingly clear that ROS tend to populate the perimeter of ischemic
brain regions and following reperfusion [125]. ROS, byproducts of AA
metabolism and polymorphonuclear leukocyte invasion, accumulate in
tissues where Ca2+ overload is established, lipolysis is advanced, and sec-
ondary vascular injury is underway. Theoretically, ROS may appear at
early stages of tissue injury through several pathways. First, under condi-
tions of moderate ischemia, ROS may accumulate when the efficiency of
aerobic glycolysis is compromised by the limited availability of molecular
oxygen as a final acceptor of electrons within the mitochondria [125].
Second, the formation of ROS is enhanced by the breakdown of metab-
olites of ATP through the xanthine oxidase pathway. This process is
markedly enhanced by the Ca2+-dependent activation of proteolytic
enzymes, which, in turn, catalyze the conversion of xanthine dehydrogen-
ase to xanthine oxidase. The breakdown of adenine nucleotides via xan-
thine oxidase yields superoxide and hydrogen peroxide as byproducts,
and the quantity of these ROS will be greatest in tissues with some capa-
city for ATP regeneration and turnover [125].

Another source of ROS in the ischemic brain is via NOS, an enzyme 
generating the weak ROS NO, which exists in three different isoforms.
Neuronal NOS (nNOS or Type I NOS), a Ca2+ calmodulin-dependent
enzyme, is likely to be activated immediately downstream of NMDA
receptor activation; iNOS (or Type II NOS) is expressed in macrophages,
neutrophils, and microglia, and is activated upon immune activation or in
inflammation and is thought to contribute to delayed injury following
ischemia. Excessive NO can directly inhibit important enzymes needed for
vital cellular functions such as energy metabolism and DNA synthesis. The
detrimental effects of NO are believed to be due to its affinity for iron and
thiol groups [126,127]. NO may also result in ROS generation by forming
the powerful oxidant, peroxynitrite (ONOO–), which is capable of gen-
erating cytotoxic hydroxyl radicals [65]. Recent data from mutant mice 
with deletions of the gene encoding the three isoforms of NOS suggest 
that NO generated by nNOS and iNOS under ischemic conditions may be
neurotoxic, whereas that synthesized by the third isoform, endothelial
NOS (eNOS or Type III NOS) may protect brain tissue by improving 
blood flow and exerting antithrombotic actions [65,66,128–130]. Not 
all effects of NO are cytotoxic. Some of the salutary effects could be related
to the interaction of NO with glutathione to form S-nitrosoglutathione
(GSNO), a highly potent antioxidant that may protect neurons against
oxidative stress [131]. GSNO is probably generated in the endothelial 
and astroglial cells during oxidative stress and is transferred to neurons,
where it neutralizes free radicals via its c-GMP-independent nitrosylation
actions [132].

ROS generated under ischemic conditions assail a wide variety of
macromolecules, including enzymes and nucleic acids [66,125], and are
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involved in the demise of multiple cell types. ROS formation may be the
final pathway of numerous damaging processes that seem to induce many
aspects of ischemic microvascular injury. ROS may destroy naturally occur-
ring antioxidant activities, and affect ATP-dependent DNA repair, result-
ing in further reductions in already scarce energy reserves [66].

A unique link between the microenvironment of focal ischemia and the
generation of ROS comes from the observation that both the reduction of
ferric to ferrous iron under acidic conditions and the release of iron from
organic storesadelocalizationagreatly enhance ROS production [125].
Delocalized iron catalyzes the Haber–Weiss reaction, which in turn con-
verts short-lived and weakly reactive superoxide anions and hydrogen
peroxide to highly toxic hydroxyl radicals. The accumulation of lactate,
hydrogen ions, and free iron under conditions of ischemia greatly facilit-
ates ROS-induced injury and may promote severe vasogenic edema that
can accompany reperfusion [125].

Ischemic neuronal death

Necrosis or apoptosis?

It seems intuitive that brain cells dying after hypoxic-ischemic insult
would undergo necrosis, a ‘violent’ form of cell death associated with
swelling of the cell and internal organelles, plasma membrane failure, and
ultimately release of genetic material and other proinflammatory cellular
contents [133]. Indeed, the implication of excitotoxicity as an important
mechanism of ischemic cell injury is consistent with that notion. As dis-
cussed above, overstimulation of glutamate receptors resulting in influx of
Na+, Ca2+ through ligand- and voltage-gated calcium channels with attend-
ant Cl– and water entry leads to cell swelling. Furthermore, Ca2+ overload
induces a diverse array of lethal metabolic derangements and activation of
proteases resulting in cell membrane disruption and death, consistent
with necrosis. Despite this intuitive link between ischemia and necrosis,
growing evidence indicates that after ischemic insult at least some cells may
die by an alternative form of cell death, apoptosis, especially if ischemia is
mild and transient.

Apoptosis

Apoptosis is the end-result of a more ‘altruistic’ form of cell death, associ-
ated with activation of a specific genetic program resulting in the orderly
dismantling of the cell. First described based on morphological criteria,
apoptosis was characterized by chromatin condensation and margina-
tion in the nucleus, cell and internal organelle shrinkage, and cellular 
fragmentation resulting in membrane-bound vesicles (apoptotic bodies)
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[134]. Intense investigation over the past decade has yielded important
insights into the molecular mechanisms underlying apoptosis, providing
unique molecular signatures and tools to evaluate cell death in physiolog-
ical and pathophysiological conditions.

The importance of mitochondria in regulating apoptotic cell death is
becoming increasingly recognized [135]. It is the outer mitochondrial
membrane that provides the critical regulatory checkpoint, mediated by a
group of proteins encoded by the bcl-2 family of genes, so named by asso-
ciation with human B-cell lymphoma [136]. Members of this family can
be classified into antiapoptotic genes (including bcl-2 and bcl-xl) and proap-
optotic genes (including bax, bak, bik, and bid) [137]. The protein products
of these opposing groups of genes interact on the outer mitochondrial mem-
brane, through a process that is currently poorly understood, to regulate
release of the electron carrier cytochrome c from the intramembranous
compartment [138]. Once in the cytoplasm, cytochrome c interacts with
another apoptosis regulator, Apaf-1, and dATP to form the ‘apoptosome’
complex, which activates the effector arm of the apoptotic cascade carried
out by a class of cysteine proteases termed caspases [139]. In some cells,
caspases can also be activated through an alternate route, independent 
of mitochondrial regulation, via cell surface death receptors comprising
the tumour necrosis factor (TNF) superfamily. These receptors, stimulated
by various ligands including fas ligand (fasL, or CD95-L or APO-1-L) and
TNF-related apoptosis-inducing ligand (TRAIL), directly lead to the activa-
tion of the caspase cascade [140]. Additionally, there is evidence that
another caspase-independent pathway for apoptosis may exist through
mitochondrial release of apoptosis-inducing factor (AIF) [141].

The caspase family includes over a dozen proteases with sequence
homology, but each caspase targets unique amino acid sequences for
enzymatic cleavage. Most of the caspases (e.g. caspases-2, -3, -6, -7, -8, -9,
-10) appear to be exclusively involved in apoptosis, while others (caspase-
1 and -11) play a role in the inflammatory cascade. Under conditions that
do not promote apoptosis (or inflammation), this family of enzymes exists
in a procaspase form [142]. Upon activation via the apoptosome complex
[139] or directly through the receptor-mediated pathway [140], apical
procaspases (including caspase-8 or -9) are autocatalytically cleaved, initi-
ating a cascade of proteolytic activation of downstream effector caspases
including caspase-3, -6, and -7 [143,144]. These effector caspases, in turn,
proteolytically activate other enzymes which mediate cleavage of proteins
vital to the survival of the cell. For example, caspase-3 proteolytically 
inactivates the inhibitory subunit of caspase-activated DNase (CAD) [145],
resulting in internucleosomal DNA cleavage; proteolysis of nuclear
laminins results in nuclear shrinkage [146]; and cleavage of cytoskeletal
proteins results in loss of cell structure [147], resulting in cell morpho-
logies characteristic of apoptosis.
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Evidence for apoptosis in brain ischemia

Classic cell morphologies associated with apoptosis are not prominent 
in ischemic brain cell death; cells dying after ischemia have features of
necrosis [148,149]. However, there is a growing consensus fueled by bio-
chemical, pharmacological, and genetic studies that suggest that ischemia
can trigger the parallel occurrence of both necrosis and apoptosis. Some of
the earliest biochemical evidence supporting a role for apoptosis included
the demonstration of internucleosomal DNA fragmentation resulting in a
‘DNA-ladder’ pattern on agarose gel electrophoresis following global and
focal ischemia [150,151], and by TdT-mediated biotinylated dUTP nick
end-labeling (TUNEL) of nuclei in situ [150,152]. These early biochemical
characteristics have since been shown to exist in cells undergoing necrosis
as well [153], and thus other criteria for distinguishing apoptosis from
necrosis have been used. Several molecular signatures closely associated
with apoptosis have been found in the ischemic brain. For example,
increased expression of the antiapoptotic genes bcl-2, bcl-x and bcl-2 was
demonstrated in neurons that survived focal ischemia [154–156], while
increased expression of the proapoptotic gene bax was found selectively 
in dying hippocampal CA1 neurons, following transient global ischemia
[157]. In addition, translocation of cytochrome c [158] from mitochondria
to cytosol, and activation of caspase-3 [159] have been reported following
transient focal ischemia in rats.

More convincing evidence that apoptosis participates in ischemic brain
cell death comes from experiments that demonstrate neuroprotection
after interrupting unique apoptotic pathways. Overexpression of anti-
apoptotic bcl-2 by transgenic approaches [160] or by viral vector [161]
reduced infarct volume in a mouse model of focal stroke. Likewise, trans-
genic overexpression of bcl-xL reduced infarct volume after permanent
focal ischemia in mice. Inhibition of caspase-3 activity, by intracere-
broventricular (icv) injection of the relatively nonselective caspase-3
inhibitor, N-benzyloxycarbonyl-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-
fluoromethylketone (z-DEVD.FMK), also reduced infarct size following
transient focal ischemia in rats [162]. The pan-caspase inhibitor, boc-
aspartyl(OMe)-fluoromethylketone (BAF), given icv or systemically, dra-
matically reduced infarction in a neonatal rat model of hypoxia-ischemia
[163], raising the possibility that broad-spectrum inhibition of all caspases
may be more effective than selective inhibitors. Another approach to
blocking caspase activity was demonstrated by virally mediated over-
expression of the X chromosome-linked inhibitor of apoptosis protein
(XIAP) which markedly reduced the death of CA1 hippocampal neurons
following transient global ischemia in rats [164].

More recently, accumulating evidence indicates that apoptosis triggered
through the death receptors pathway may play a prominent role in
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ischemic brain injury. It has been known for some time that the death
receptors and their ligands were up-regulated after cerebral ischemia
[165–168]. Transient focal ischemia in lpr mice, with dysfunctional fasL
receptors (fas), results in smaller infarcts than their wild-type counterparts
[169]. Moreover, individual gene deletions of the ligands, FasL (gld mice)
and TNF (TNF knockout mice), resulted in smaller infarcts following tran-
sient focal ischemia; combined gene deletions virtually eliminated injury
[170]. It is likely that the neuroprotective effects reflected antiapoptotic 
as well as anti-inflammatory mechanisms. However, the effects of TNF 
following ischemia remain somewhat puzzling, as rather surprisingly,
mice lacking TNF receptors developed larger infarcts than wild-type con-
trols [171]. Dual roles in injury and recovery have been proposed [172].

Apoptosis following TIA?

Apoptosis following ischemia is an intriguing concept, especially as it
relates to the phenomenon of delayed cell death after very brief ischemia,
and may potentially be relevant to human TIA. Cultured cortical neurons
exposed to high concentrations of a variety toxic insults (NMDA, oxidative
stress) typically die by necrosis. However, when exposed to relatively short
durations or low concentrations, these very same insults induced delayed
cell death with prominent features of apoptosis [173]. Likewise in vivo,
very brief periods of ischemia (15–30 min of middle cerebral artery (MCA)
occlusion) in rats, induced small infarcts developing over a period of weeks;
progressively longer periods of ischemia resulted in faster evolution of larger
infarcts [174]. The very delayed infarction of brain tissue demonstrated
features of apoptosis, including DNA fragmentation, TUNEL staining, sen-
sitivity to inhibitors of apoptosis such as cycloheximide [54] or z-DEVD.FMK
[164,175]. One may speculate that although neurological deficits may not
be detectable after TIA, brain injury may occur through a predominantly
apoptotic mechanism. In a similar fashion, many have speculated that
necrosis may predominate in the ischemic core, but that apoptosis may
find a greater contribution at the periphery, in the ischemic penumbra [8].

Secondary ischemic events

Because of the frequent reversal of arterial occlusion (e.g. spontaneous
recanalization of the occluded vessel or compensatory mechanisms
described above, especially an increase in collateral flow), ischemia may
be followed by partial or even full restoration of blood flow to the ischemic
region. Reperfusion of ischemic tissue in a timely manner may prevent
irreversible tissue injury; however, delayed reperfusion may contribute 
to secondary ischemic injury. Key events that have been noted upon
reperfusion are briefly reviewed below.
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Reperfusion hyperemia

After prolonged ischemia, prompt reconstitution of blood flow may lead to
hyperemia, in part due to accumulation of vasodilatating substances such
as K+, hydrogen ions, CO2, adenosine, and prostacyclin during ischemia. As
a result, large increases in CBF frequently follow reperfusion [94,176]. Blood
flow to reperfused brain often greatly exceeds the substrate demands of the
tissue, resulting in so-called luxury perfusion [14], and may be beneficial.
Re-established flow may bring substrates to marginal tissues and remove
damaging metabolites produced during ischemia. However, the return 
of blood flow can paradoxically produce progressive destruction of brain
tissues through delivery of large quantities of oxygen to a biochemical
environment primed to produce large quantities of potentially harmful
AA metabolites and ROS leading to further tissue damage and swelling
[57,177–179]. AA metabolites and ROS increase endothelial leukocyte
adhesion and permeability, and promote vasogenic edema [178]. Later
events involving post-ischemic inflamation and angiogenesis may also
affect the restoration of blood flow to the ischemic regions (see below).

Post-ischemic gene expression

Ischemia is a potent modulator of gene expression [180–182]. The first
groups of genes, expressed within minutes of cerebral ischemia (immedi-
ate early genes) [183], largely code for transcription factors. Massive
increases in transcription activity have been noted after cerebral ischemia
and a large number of major transcription factors have shown to be 
activated. Included among these factors are activated protein-1 (AP-1)
[183], nuclear factor kappa-beta (NF-κB) [184], hypoxia-inducible factor
(HIF) [185], cyclic AMP response element binding protein (CREB) [186],
antioxidant/electrophilic response element (ARE) [187], aryl hydro-
carbon receptor nuclear translocator 2 (ARNT2) [188], Stat1 [189], Stat3
[190], and SP-1 [191]. The exact role of transcription factors in the
ischemic brain remains to be defined. Using NF-κB as an example, both
beneficial [192] and detrimental [193] effects have been demonstrated
under ischemic conditions. Indeed, it is likely that these factors have 
multiple roles. Activation of AP-1 and NF-κB also contributes to the 
post-ischemic inflammatory reaction (see below).

Transcription factors are capable of transactivating multiple down-
stream genes that may play major roles in determining the ultimate fate of
neurons in the ischemic brain. To implicate specific gene candidates in
neuronal injury or recovery from ischemic insults has proven difficult.
Varying genetic heterogeneity among animals used for stroke research
and the robust changes in gene expression in different cell types over time
have confounded interpretation of published results. Recent application of
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differential display and DNA microarray techniques has led to preliminary
studies to assess global gene expression profiles [194]. Completion of human
and mouse genome projects and the refinement of DNA microarray and
proteomics technology, allowing a large number of genes or proteins to be
screened at the same time, may offer a powerful tool in obtaining a com-
prehensive picture of post-ischemic gene expression in the future to facil-
itate the delineation of the specific role each gene may play in ischemia
[182]. At the present, genes that are transactivated after cerebral ischemia
can be grossly categorized into five classes (Table 2.1). Some of these genes
have been implicated in the pathogenesis of ischemic neuronal cell death
(e.g. caspase genes) or alteration of neurotransmitter receptor responsive-
ness [195]. Others are expressed as an endogenous defense mechanism 
to maintain cell viability (e.g. nerve growth factor, Bcl-2, heat shock pro-
teins). There are a large number of genes that may be involved in the
development of brain tolerance to sublethal ischemia in preconditioning
paradigms (see Brain tolerance to ischemia, p. 53).

Post-ischemic inflammatory reaction

Tissue injury following cerebral ischemia-reperfusion may be exacerb-
ated by post-ischemic inflammatory responses. Most of these inflam-
matory responses appear to be mediated by various cytokines produced 
by endothelial cells, microglia, astrocytes, leukocytes, and even neurons.
Cerebral ischemia induces many proinflammatory genes by activating
transcription factors, such as NF-κB [193], AP-1 [196,197], hypoxia
inducible factor-1 [198] and interferon regulatory factor-1 [199]. Induced
by these transcription factors, interleukin-1β (IL-1β) and tumor necrosis
factor-α (TNF-α) are expressed very early in cerebral ischemia and may
contribute to initiating and perpetuating tissue inflammation. IL-1β
mRNA levels are dramatically increased after ischemia [124], starting at
3–6 h, peak at 12 h and decline at 5 days after ischemia [200]. It is likely
that processing of IL-1β by IL-1β converting enzyme (ICE or caspase-1)
contributes to ischemic neuronal death. Transgenic mice that overexpress
an ICE inhibitor, resulting in a deficiency in the production of mature IL-
1β, had smaller infarctions and better neurological outcomes following
permanent MCA occlusion [201]. Along with IL-1β, the level of IL-1
receptor antagonist (IL-1ra), an inhibitor of IL-1 activity, also increases at
about the same time point. It is therefore the balance between the levels 
of IL-1β and IL-1ra expressed after ischemia that may be more critical for
the degree of tissue injury. TNF-α expression has also been demonstrated
following cerebral ischemia, starting at 1 h, peaking at 12 h and declining
at 5 days [193]. TNF-α acts as a local regulator of inflammatory reaction
and stimulates the expression of adhesion molecules, and chemokines,
and activates NF-κB. However, the roles of TNF-α in ischemic injury are
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complex and evidence suggesting both deleterious as well as beneficial
roles has been shown in different animal models [193]. Other experi-
mental findings relevant to the role of TNF-α in ischemic cell death have
been reviewed previously under Ischemic neuronal death.

Tissue injury typically results in increased blood flow and an influx of
leukocytes to initiate wound repair. Within the first few hours after
ischemia, the CD18 antigen on the surface of activated leukocytes binds 
to intercellular adhesion molecule-1 (ICAM-1) receptor on endothelial
cells. As a result, leukocytes interact with vascular endothelium and induce
blood–brain barrier breakdown, plugging of capillaries resulting in a ‘no
reflow’ phenomenon and release deleterious factors including proteases
and oxygen free radicals. Additional injury beyond that of ischemia may
result from activation of leukocytes, primarily neutrophils. Neutrophils
have been detected at the site of ischemia as early as 30 min after arterial
occlusion, and peak at 24–48 h, followed by other cells such as macro-
phages [202]. Therefore, even if reperfusion occurs, secondary tissue
destruction may continue.

Intravascular thrombosis has been suggested to occur as a byproduct of
the proinflammatory state. Evidence from cell culture experiments sug-
gests that under the influence of proinflammatory mediators (IL-1β and
TNF-α) the vascular endothelium adopts a prothrombotic posture. This is
evidenced through the expression of platelet-activating factor, inhibition
of the thrombomodulin–protein C–protein S system, and inhibition of
fibrinolysis [203,204]. There is a large body of evidence that suggests a
beneficial effect to inhibiting neutrophil infiltration. However, recent 
animal studies have suggested that neutrophils are not always detrimental
in the settings of acute cerebral ischemia [205,206].

Recent clinical experience with anti-inflammatory strategies has been
disappointing: in a Phase III trial, enlimomab (a murine monoclonal anti-
human ICAM-1 antibody) increased mortality in a multicentre acute
stroke trial [207]. Another trial with humanized monoclonal antibody to
CD18 was discontinued after an interim analysis showed no benefit. These
clinical failures of anti-inflammatory approaches do not necessarily con-
tradict the possibility that inflammation plays a role in secondary brain
injury after ischemia [208].

Post-ischemic inflammatory reactions may not develop fully after a TIA;
however, the signaling processes leading to inflammation can occur even
with brief ischemic insults, potentially setting the stage for exacerbation of
injury [209].

Post-ischemic angiogenesis

The regulation of angiogenesis after cerebral ischemia is an exciting 
new field of stroke research. Low oxygen tension and glucose deprivation
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in ischemia lead to compensatory neovascularization, through vascular
endothelial growth factor (VEGF) induction, in the affected regions
[32–34]. Other data demonstrate that ischemia also regulates the expres-
sion of angiogenic genes encoding for VEGF, basic fibroblast growth factor
(bFGF) angiopoietin-1 (Angpo-1), angiopoietin-2 (Angpo-2), and recep-
tor tyrosine kinases (Tie-1 and Tie-2) and others [39]. The angiopoietin/
Tie receptor system may contribute to angiogenesis and vascular remodel-
ing by mediating interactions of endothelial cells with smooth muscle cells
and pericytes. The temporal profile of the angiogenesis factors suggests
that Angpo-2 interacts with VEGF in regulating vessel sprouting, whereas
Angpo-1 may play a role in stabilizing the vasculature [39]. Transcrip-
tional regulation of angiogenic genes may be driven by HIF [187].
Angiogenesis may be one of the underlying mechanisms of the brain toler-
ance to recurrent ischemia [210].

Brain tolerance to ischemia

Interest in endogenous mechanisms that limit brain injury after ischemia
has led to a large body of literature investigating ischemic tolerance, or pre-
conditioning. Ischemic tolerance, activated by sublethal ischemic attacks,
confers resistance to subsequent more severe ischemic insults. A broad
spectrum of stressors can induce ischemic tolerance in the brain. It is inter-
esting to note that sublethal cerebral ischemia in animals or in cell cultures
(analogous to TIA in clinical situations) can induce the same cellular
events that accompany neuronal death under more severe ischemic con-
ditions (see Cellular events following vascular decompensation, above).
Some of these post-ischemic events have been proposed to be the underly-
ing mechanism for the development of ischemic tolerance, and include
spreading depression [211–216], generation of ROS [217–219], revers-
ible oxidative DNA damage [220–223], activation of glutamate receptor
mechanism [222,224–230] or protein kinases [98,231–233], perturba-
tion of adenosine receptor mechanism [234–236], disruption of energy
metabolism [237–242], alteration of ion homeostasis [234,243–245], 
activation of proinflammatory [246–249] or neuroprotective [250,251]
transcription factors, the expression of cytokines [223,252–256], other
inflammatory gene products or thrombotic mediators [257–260], anti-
apoptotic [261], stress proteins [262–265] (see Fig. 2.3), glial activation
[266]. A number of transcription factors, especially HIF, and relevant
downstream genes such as VEGF, bFGF, and other angiogenic genes may
also be activated by sublethal ischemic insults. Angiogenesis may also be a
possible mechanism in increasing brain tolerance to ischemia [210]. This is
an exciting area that has yet to be explored. The notion that endogenous
[224,267] or exogenous [268–272] neurotoxic substances cause neuronal
death via mechanisms similar to those involved in ischemic tolerance 
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suggests that ischemia-induced cellular events are a double-edged sword.
Dependent upon the degree of ischemia, these ischemia-triggered pro-
cesses may either cause irreversible brain damage or build tolerance to
protect the brain against subsequent ischemic insults.

Recent experimental studies have begun to shed light on the chrono-
logy of ischemic tolerance in the brain. It is believed that two temporally
and mechanistically distinct forms of preconditioning, acute and delayed,
exist in both the heart and the nervous system. For instance, acute pre-
conditioning, short lived, may be independent of protein synthesis, and 
is mediated through post-translational protein modification. In contrast,
delayed preconditioning, as seen in in vivo and in vitro models, may be
mediated largely through the activation of NMDA receptors resulting in
the increase of intracellular calcium and new protein synthesis [273,274].

It is controversial whether sustained modest reductions in CBF, above
the CBF threshold for cerebral electrical failure, can ultimately produce
clinically significant changes in brain function. However, evidence from
models of incomplete global ischemia and graded hypoxia suggest that
energy metabolism may deteriorate in a gradual fashion, even in the pres-
ence of stable CBF [26]. The measured CBF threshold for energy failure
can actually increase over time in marginally perfused tissue [27]. This 
is the fundamental concept that has driven research in preconditioning.
Better understanding of the signaling pathways that are ultimately res-
ponsible for preconditioning could potentially provide fertile ground for
the development of novel therapeutic interventions, exploiting mechan-
isms involved in transient ischemia to prevent subsequent more serious
ischemic injury.

Ischemic Insult

Cortical spreading depression
Glutamate receptor-mediated mechanisms
Alteration of ion homeostasis
Generation of ROS

reversible oxidative DNA damage
Gene activation

neuroprotective transcription 
factors (HIF)

pro-inflammatory genes (cytokines)
stress proteins

Glial activation

Ischemic
Tolerance

Infarctionmild severe

Fig. 2.3 Similar mechanisms lead to either cell death or cell protection via ischemic
tolerance depending on the severity of the initial ischemic insult.
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Conclusions

Transient ischemic attacks and strokes are manifestations of disrupted brain
perfusion. Understanding derangements of blood flow and metabolism 
is an essential starting platform for appreciating the pathophysiology of
ischemic injury. In the setting of decreased cerebral perfusion, adaptive
mechanisms such as changes in cerebrovascular tone, resistance, and oxy-
gen extraction may sustain sufficient rates of aerobic energy production
and therefore survival. However, during critically low levels of perfusion
pressure, blood flow decreases, aerobic energy production fails, and a 
cascade of ionic and biochemical derangements ensue, leading to loss of
brain electrical activity and then loss of cellular viability. In an otherwise
similar disruption of cerebral perfusion, heterogeneity in ischemia sev-
erity is explained mainly by nonuniform collateral circulation and local
neuronal activity.

Classic hemodynamic and metabolic considerations are inadequate to
explain fully many of the phenomena that occur during or after ischemia.
For example, it has been assumed that the deterioration of the ischemic
penumbra reflects further reductions in CBF due to mechanical factors
such as tissue swelling. Experimental evidence suggests, however, that
CBF can be stable for many hours in steadily hypoperfused brain
[42,76,96]. Therefore, the determinant of deterioration of the penumbra
may not be the restrictions of marginal blood flow but the geographic
proximity of susceptible tissues to certain toxic substances or secondary
events. Severely ischemic tissue can be seen as a source of mediators of
cellular injury that diffuse into adjacent brain tissues. For instance, non-
physiological K+ and glutamate release may trigger harmful waves of
spreading depression that induce complex changes in Ca2+ homeostasis
[47,50]. Moreover, regions of severe ischemia with disrupted blood–brain
barrier can serve as a source of edema that, moving down pressure gradi-
ents, exposes surrounding tissue to toxic materials from the plasma [87].
Realizing the importance of factors independent of blood flow reduction
to the evolution of ischemic injury does not imply that the severity of
ischemia in penumbral regions has no bearing on tissue outcome. The
impact of excitotoxins and spreading depression in particular may be
determined to a large extent by the tissue’s ability to compensate for der-
rangements of ion homeostasis [50]. Thus, successful therapeutic inter-
ventions aimed at halting the deterioration of the ischemic penumbra will
probably be needed to embrace combined strategies integrating reestab-
lishment of CBF and minimizing toxic threats.

Presently, intravenous tissue-type plasminogen activator (t-PA) is the
only therapeutic agent with proven benefit in the treatment of acute
ischemic stroke, if given within 3 h from symptom onset. Other intra-
venous agents such as Ancrod, which lower plasma fibrinogen levels and
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improve reperfusion, have been shown to improve functional outcome
[275]. Strategies of local thrombolytic delivery have also proven success-
ful. For instance, intra-arterial pro-urokinase has been shown to be of
clinical benefit with a wider therapeutic window [276]. Other strategies,
aimed at physical clot disruption, are currently under preliminary investi-
gation. It is likely that with the advent of thrombolytic therapies, the
ischemic penumbra predominating in transient ischemic attack may be
sustained for longer times and eventually rescued. However, reperfusion
of the ischemic brain is a complex matter and is of increasing clinical
importance. Future progress in designing pharmacological agents and
interventional strategies should also take into consideration the post-
ischemic events, including hyperperfusion and inflammatory reaction
that can be potentially detrimental after a transient ischemic attack.
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Clinical SyndromesaBrain
Sandeep Kumar, Louis R. Caplan

Transient symptoms resulting from brain ischemia have been recognized
for a nearly a century. As early as 1914, Hunt described episodes of ‘cere-
bral intermittent claudication’ in patients who had carotid artery stenosis
[1]. Forty years later, Denny-Brown referred to hemodynamic crises from
‘episodic insufficiency in the Circle of Willis of a temporary nature’ [2].
The term ‘transient ischemic attacks’ (TIA) was initially coined by Fisher 
to describe short-lived episodes of neurological symptoms in patients 
with carotid artery disease [3,4]. The term has gained widespread accept-
ance and has been refined over the years. According to the most cited
classification, TIA is defined as a brief episode of focal loss of brain function
attributable to ischemia, involving one or more of the vascular symptoms
and lasting by convention less than 24 h [5].

The present definitions of TIAs are primarily based on clinical phe-
nomenology and do not consider the underlying pathophysiology or pres-
ence or absence of target organ damage. For example, TIA may be caused
by a penetrating artery arteriopathy, embolization from a cardiac or a large
artery source, hypoperfusion from a low flow state, or arterial spasm to
name a few mechanisms. Moreover, the cut-off time period of 24 h is 
chosen arbitrarily, as prolonged TIAs that resolve well within the 24 h
often have evidence of brain infarction on imaging studies [6,7]. Efforts
are now underway to change the definition of TIA to reflect the fact that
most TIAs are brief (< 1 h) and longer TIAs are indicative of brain infarc-
tion. Certain non-ischemic conditions like seizures, multiple sclerosis,
subdural hematoma, neoplasms can also mimic TIA.

The diagnosis of TIA largely hinges on clinical history and only occasion-
ally by observation of an episode by a physician. Between attacks, the 
neurological examination is often normal. One of the root problems in
characterizing these episodes accurately lies in the inadequacies of clinical
history. Quite often, the spells are frightening or may affect the patient’s
sensorium, making a detailed recall of symptoms difficult. Patients with 
an unsophisticated knowledge of the nervous system and no previous
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episodes may not know how to interpret and describe their experience.
Patients with right hemispheric ischemia may be unaware of their deficits,
others may have evanescent symptoms or symptoms such as field defects,
etc., which may be difficult to recognize. Symptoms may occur during
sleep or some may simply be forgotten. Despite these limitations, the
patient should be questioned closely and repeatedly. A thorough exam-
ination should be performed and appropriate investigations obtained. The
questions should be directed at determining the loss of function of differ-
ent body parts which would convey information about the site and degree
of brain ischemia, duration of symptoms, tempo of evolution of deficits,
accompanying features, activity at time of onset and history of previous
episodes.

Temporal profile

The present definition of TIAs includes all reversible clinical deficits lasting
< 24 h. In reality, most TIAs are much briefer, and last between 2 and 
30 min [5,8,9–11]. Bogousslavsky et al. [12] found that in attacks lasting
more than 45–60 min, the risk of infarction as visible on computed tomo-
graphy scan was > 80%. Kimura et al. [13] reported a similarly high incid-
ence of infarcts on magnetic resonance imaging scans with TIAs lasting >
60 min. Prolonged TIAs, i.e. those lasting > 1 h, are more common with
cardioembolic and large artery disease. Tsuda et al. [14] found that short
attacks (< 30 min) tended to correlate with mild internal carotid artery
(ICA) stenosis and longer attacks with ICA occlusion. TIAs from lacunar
disease or from perfusion failure are much briefer in duration.

The symptoms of TIA are typically abrupt in onset and negative in
nature, that is they involve a loss of function. This contrasts with migraine,
where there is a ‘march’ of symptoms over a few minutes and symptoms
are positive in nature, such as parasthesias, visual scintillations, etc.
Neurological deficits in patients with embolism are characteristically
abrupt in onset, whereas a nonsudden onset is more typical of throm-
bosis. A fluctuating or a nonsudden onset occurs in 5–6% of documented
embolic strokes compared with almost 30% in lacunes [15–17]. Pre-
sumably emboli, which are loosely attached to a vessel wall, dislodge 
and migrate distally leading to a fluctuating clinical course. The movement
of emboli most often occurs during the first 48 h after symptom onset
[18]. Distinguishing between mechanisms of ischemia based on clinical
presentation can often be difficult. Suddenness of onset suggests but does
not confirm the diagnosis of embolism [19]. A single transitory episode,
especially if it lasts more than an hour, or multiple episodes of different
patterns suggest embolism. This should be distinguished from brief (2–
10 min) attacks of the same pattern, which are more indicative of hypo-
perfusion or atherothrombosis.
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Strokes resulting from large vessel atherosclerosis are much more likely
to be preceded by TIAs. In the Harvard Stroke Registry, TIAs occurred in
50% of patients with large artery atherosclerosis vs. 23% in patients with
lacunar disease [20]. TIAs from lacunar disease typically are limited to a
time span of a few days, whereas those from large artery disease may occur
over a period of weeks to months. Occasionally some patients have multi-
ple TIAs occurring over a short period of time, often with increasing dura-
tion or severity. These have been called ‘crescendo TIAs’ [21–23], though 
their significance continues to be debated. Several authorities believe 
that it represents a condition of impending brain infarctionapresumably
the TIAs become more frequent as the artery occludes progressively. In the
Harvard Stroke Registry, patients who eventually developed strokes from
carotid occlusive disease were more likely to do so within a week of their
last TIA. Thus, a recent TIA is more ominous and should be evaluated
more urgently than an episode that occurred months ago.

Activity at onset

It is widely believed that most thrombotic strokes occur when the circula-
tion is sluggish such as during sleep, whereas embolism is more likely to
occur when the circulation is more active. New data show that most
ischemic strokes occur in the morning hours between 10.00 h to noon
[24]. It is unusual for a thrombotic stroke or TIA to develop during vigor-
ous physical activity. A particularly common time for embolism to occur is
on arising at night to urinate, the so-called matudinal (morning) embolus.
A TIA that occurs in the setting of relative hypotension (such as orthostasis
or a hot bath) is likely to be hemodynamic in nature. Similarly, hemody-
namic mechanisms are suspected for vertebrobasilar attacks related to 
prolonged head and neck turning [25]. A previous history of neck trauma
or manipulation, especially with an associated headache or neck pain, is 
suspicious for an arterial dissection. Types of trivial trauma reported to
antedate dissection include almost all varieties of sports activities, violent
coughing, vigorous nose blowing, sexual activity, chiropractic manipula-
tion, anesthetic administration and sudden neck turning [26,27].

Associated symptoms

Headache

Headaches occur often in patients who have TIAs; close to half the patients
with TIAs report having unacustomed headache during the time span of
their ischemic symptoms [28,29]. The pain is present at onset, is mostly
ipsilateral to the site of ischemia and is not severe in nature. Headaches are
more likely to occur with cortical ischemia [30]. Vertebrobasilar TIAs are
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more frequently associated with headaches, probably due to a richer
trigeminal innervation of the posterior circulation vessels [28]. Emboli to
the top of the carotid and basilar arteries or the origin of middle cerebral
artery often have associated pain, whereas emboli affecting distal vessels
are usually painless [31].

Headache is also a prominent feature of arterial dissection. In extra-
cranial carotid artery dissection, head and neck pain precedes the onset 
of ischemic symptoms by several hours to a few weeks. Ischemic events
most often develop within a week of onset of local symptoms [32]. The
headache is most often nonthrobbing and severe, and ipsilateral scalp ten-
derness may occur. Radiation of pain to the neck and jaw is characteristic.
Almost a third of patients have a Horner’s syndrome and one-quarter
report pulsatile tinnitus or a subjective bruit [33]. Headache immediately
precedes or coexists with the onset of neurological deficits in patients with
intracranial carotid dissection and TIAs are uncommon. Dissection of an
extracranial vertebral artery produces pain localized to the back of neck,
head and the occiput. The onset of ischemic symptoms is more variable.
Intracranial vertebral artery dissection may present with subarachnoid
hemorrhage or brainstem or cerebellar symptoms. Prodromal headaches
are uncommon in patients presenting with subarachnoid hemorrhage.

Dizziness and vertigo

Isolated dizziness, especially of a nonrotatory type, is rarely a symptom of
TIA and usually results from diverse causes such as orthostatic hypoten-
sion, cardiac arrhythmias or hyperventilation. Occasionally, severe steno-
sis of multiple arteries in the carotid or vertebrobasilar system may give
rise to symptoms of global hypoperfusion such as dimness of vision, dizzi-
ness and even syncope. Dizziness is a common symptom of extracranial
vertebral artery disease, though it is unlikely to be the only symptom. In
some attacks, it is accompanied by other symptoms of brainstem or 
cerebellar dysfunction such as diplopia, oscillopsia, weakness of both legs,
hemiparesis or numbness. Rostral basilar artery syndrome or superior
cerebellar artery (SCA) territory ischemia may also cause dizziness but is
frequently accompanied by other prominent symptoms such as vomiting,
visual field defects, ataxia, dysarthria, motor weakness or clumsiness of
limbs [34,35].

Although dizziness is a common symptom, it is rarely the sole presenta-
tion of a TIA. Patients with dizziness should be closely questioned about
any other accompanying symptoms.

Vertigo, which refers to a sensation of spinning, or a sensation of motion,
results from a mismatch between the visual, vestibular and somatosensory
systems. Ischemia can result in a number of vestibular syndromes, of
which vertigo is only one component. In the lateral medullary syndrome,
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patients often describe a sensation of being off balance, feeling of tilting, 
or being pulled towards one side or frank spinning [36]. This occurs in
conjunction with other symptoms of lateral medullary ischemia such 
as dysarthria, dysphagia, numbness and ataxia. Examination during the
episode reveals an ocular torsion with ipsilateral eye and ear located in a
down position, nystagmus including both horizontal and rotatory com-
ponents with the rapid component of the rotatory nystagmus moving 
the upper pole of the iris towards the side of the lesion. Ischemia of the
anterior inferior cerebellar artery, which supplies the anterolateral pons,
middle cerebellar peduncle and flocculus, as well as the inner ear, can
result in a spectrum of symptoms that involves vertigo, unilateral tinnitus
and hearing loss along with brainstem and cerebellar signs and symptoms.
Rostral pontomesencephalic ischemia can give rise to a head tilt that is
contraversive, i.e. the contralateral eye is undermost with an associated
skew deviation and ocular tilt reaction. Vertigo is also a common neuro-
logical symptom of subclavian steal syndrome and usually has a spinning
character. It may be accompanied by diplopia, oscillopsia or staggering 
and is occasionally brought on by exercise of the ischemic arm. However,
recurrent isolated episodes of vertigo without neurological signs and sym-
ptoms are an uncommon manifestation of vertebrobasilar disease [37].

Other associated symptoms

Loss of consciousness rarely occurs as a symptom of a TIA [38]. Seizures at
stroke onset or a cardiac arrhythmia are more likely to cause impairment
of consciousness. However, ischemia of deep diencephalic, mesencephalic
structures or widespread bihemispheric ischemia as a result of either 
bilateral carotid or vertebrobasilar occlusive disease can result in loss of
consciousness.

Vomiting is commonly seen with ischemia of the posterior circulation,
especially when it involves the caudal brainstem. Vomiting occurs infre-
quently in ischemic events of the anterior circulation. Hiccups are one of
the transient symptoms seen at onset of lateral medullary infarcts. It may
also occur in association with pontine or bulbar ischemia [39,40].

Angina or palpitations are rarely reported with TIAs. In one series of 
205 patients, their prevalence was 2%, though their occurrence clearly
suggested an underlying cardiac source of embolism [9].

Carotid disease and TIA

A strong correlation exists between TIAs and carotid artery disease.
Patients who eventually develop strokes from carotid artery stenosis 
have a known prior TIA incidence of 50–75% [19,41,42]. The pathophys-
iology can be artery-to-artery embolism, perfusion failure from a tight
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carotid stenosis, or anterograde propagation of carotid artery thrombus.
Embolism is the predominant mechanism and causes different clinical
attacks during different spells. Most of the embolic TIAs affect the middle
cerebral artery (MCA) territory. The episodes are longer than the typical
5–7-min spells seen with severe carotid stenosis [10].

Transient monocular blindness (TMB) and other ocular symptoms are
described in Chapter 4. Transient hemispheric symptoms from transient
cerebral ischemia can cause weakness or numbness of the contralateral
body parts. The motor symptoms are commonly reported as weakness,
heaviness or clumsiness, whereas the sensory symptoms are described as
numbness, tingling, novocaine like or a dead sensation. Involvement of
the left hemisphere can result in aphasia, reported as difficulty in under-
standing or producing spoken or written language. At times, it may be
difficult to distinguish dysarthria from dysphasia, while at other times 
they may coexist. Facial and tongue weakness are often underreported
and should be suspected in dysarthric patients, especially in the absence of
cerebellar or truncal dysfunction. Neglect of the opposite side of the visual
space and an attentional hemianopia may occur if the right hemisphere 
is involved. However, unless the patient is examined during the episode,
these symptoms may be difficult to reconstruct retrospectively.

Several studies have attempted to characterize features of hemispheric
TIAs from carotid disease. In a study by Pessin et al. [10], the most common
symptoms were motor and sensory involvement of contralateral limbs,
followed by pure motor dysfunction, pure sensory dysfunction and lastly
isolated dysphasia. Fractional arm weakness, i.e. hand and distal arm
weakness that is greater than proximal weakness, can be quite often found
in patients with carotid TIAs and may be the only symptom. Presumably,
part of the homunculus representing hand and arm lies in the most distal
field of the carotid circulation, making this region vulnerable to either 
perfusion failure or embolism.

Patients with severe ICA stenosis may have recurrent episodes of 
involuntary, irregular, shaking, trembling or wavering movements of the
contralateral arms or legs. These have been called ‘limb shaking TIAs’ and
probably arise from hemodynamic mechanism in the setting of a tight
carotid lesion [43–45]. They typically occur when the patient is standing
or active and usually involve the arm [43]. Some patients may have
abnormal leg movements [46]. Occasionally, these symptoms may develop
in patients with ICA occlusion who are intravascularly volume depleted.

On examination, detection of a cervical bruit ipsilateral to the involved
hemisphere is a reliable indicator of carotid disease, in a patient with TIA
[9]. A local bruit can be heard in approximately 70–87% of patients with
tight ICA stenosis [47,48]. The site of maximal intensity corresponds to the
ICA bifurcation. Ocular bruit can occur with siphon stenosis or contralat-
eral ICA occlusion.



Clinical SyndromesaBrain

79

Middle cerebral artery

Embolism is the commonest mechanism of TIAs or stroke within the MCA
territory [19]. In situ thrombosis from an underlying atherosclerotic
plaque is much less common. MCA disease is more prevalent in women,
blacks, and people of Asian descent [49].

Occlusion of the MCA stem by an embolus produces a large area of
ischemia involving the superficial and deep territories of the MCA. This
may result in a contralateral hemiplegia equally affecting the face, arm
and leg along with hemianesthesia and hemi-inattention. Involvement of
the dominant hemisphere produces a global aphasia, while anasognosia
results from the involvement of the nondominant hemisphere. Occlusion
of the upper division produces similar findings, except that the hemiparesis
involves the face and arm more than the leg and the aphasia may be more
of an anterior type. Lower division syndromes result in a pure aphasia
when the dominant hemisphere is involved and behavioral disturbances
with involvement of the nondominant hemisphere. A superior quadran-
tanopia or a hemianopia may be found if the patient is examined during
the attack. Involvement of the lenticulostriate branches leads to a variety
of motor deficits with varying severity and distribution, usually unaccom-
panied by sensory, visual, language or behavioral disturbance.

Occasionally, a transient occlusion of the distal ICA or proximal MCA by
an embolus results in a major hemispheric syndrome followed by rapid
recovery due to early migration of the embolus. This phenomenon has
been named ‘spectacular shrinking deficit’ [50]. The typical initial presen-
tation is of a full hemispheric syndrome followed by a fading hemiparesis
with a persistent posterior type of an aphasia or complete recovery, as the
embolus migrates across the MCA stem and lodges into the terminal
branches of the inferior division. It is more likely to occur in nondiabetic
men, with a potential cardiac source of embolism, who are < 60 years of
age [51]. In the series reported by Minematsu, most of the recovery took
place within 4 h and almost all patients recovered by 24 h.

TIAs also occur in patients with atheromatous MCA disease. The fre-
quency of TIAs is, however, less than that of ICA disease and they occur
over a shorter span of time [49,52]. Symptoms typically have a more grad-
ual onset and progressive course, which can fluctuate with time. In a series
of 370 patients (58% Asians, 34% blacks, 18% whites) from the EC/IC
Bypass Study, reported by Bogousslavsky et al. [53], the frequency of TIAs
was much higher, which may have been due to a selection bias. The most
common clinical picture was unilateral motor weakness, often with arm
and leg involvement and facial sparing, and dysarthria or dysphasia.
Sensory TIAs were less frequent and involvement of the arm only (31%),
of the arm and leg (24%), or of the face, arm and leg (24%) were most
common. In patients with repetitive TIAs, stereotypy of symptoms was
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very common. The mean duration of symptoms varied between 77 and
138 min. In three series of predominantly white patients with MCA occlus-
ive disease, TIAs were a more frequent presentation than stroke, whereas
in blacks the incidence of stroke was higher [54–56].

Anterior cerebral artery syndromes

Intrinsic disease of the anterior cerebral artery (ACA) is uncommon, and
most of the ACA territory infarcts are embolic [57]. Leg weakness with a
distal gradient, which is greatest in the foot but also involves the thigh, is
an important clue of ACA territory ischemia, especially if it spares the
deeper territories. On examination during the episode, the patient has
some weakness of shoulder shrug but hand and face are typically spared. 
A grasp reflex is often present in the contralateral hand. Another helpful
sign is apraxia of the left arm. Cortical sensory loss may be present in 
the weak limbs but is usually mild. Patients with unilateral or bifrontal
ischemia are usually abulic. They appear apathetic with a decrease in
spontaneity, are slow to respond to queries and use terse speech, which is
limited in amount. Some patients with medial frontal ischemia have
prominent motor neglect.

Ischemia of the left ACA territory and supplementary motor cortex 
can result in a transcortical motor and sensory aphasia. Involvement of 
the deeper branches, such as the recurrent artery of Heubner, results in
ischemia of the head of caudate and anterior limb of internal capsule. The
signs and symptoms are very variable but prominent among them are a
transient hemiparesis, dysarthria and occasional choreoathetosis of the
contralateral limbs. Not uncommonly, changes in behavior such as abulia,
slowness, restlessness or hyperactivity can be seen.

Vertebral artery syndromes

Occlusion or severe narrowing of the subclavian or innominate arteries
can produce the subclavian steal syndrome. Obstruction in the proximal
subclavian artery produces a low-pressure system in the ipsilateral verte-
bral artery and blood vessels of the ipsilateral arm, diverting blood flow
from the contralateral vertebral and basilar arteries into the ipsilateral 
vertebral artery and into the arm. Most patients with subclavian steal are
asymptomatic. In symptomatic patients, most complaints relate to arm
ischemia. Fatigue, aching after exercise, and coolness are described. Neuro-
logical symptoms are uncommon and are only occasionally brought on by
arm exercise. The most common neurological symptom is dizziness, which
usually has a vertiginous character [58]. Diplopia, blurring of vision, oscil-
lopsia and staggering are less common. The attacks are brief and although
frequent episodes of posterior circulation ischemia may occur, development
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of a posterior circulation stroke is rare [59,60]. An important clue on
examination is a difference in the pulse or blood pressure between the
arms and occasionally a supraclavicular bruit can be heard.

The most common transient symptom of vertebral artery disease is
dizziness or vertigo, usually accompanied by other symptoms. Chronic,
recurrent spells of isolated vertigo lasting longer than 6 weeks are seldom
attributable to vertebral occlusion or other vascular etiologies [61]. Patients
with isolated vertigo, who eventually develop an infarct, do so within 
3 weeks of symptom onset. The most well-recognized symptoms of verte-
bral artery disease include components of the lateral medullary syndrome.
The most common constellation of signs and symptoms includes dizziness
or vertigo, often accompanied by staggering and double vision, nausea 
and vomiting, dysarthria, dysphagia, ipsilateral Horner’s syndrome, gait
and limb ataxia, diminished sensation of the ipsilateral face and loss of
pain and thermal sensation of contralateral limb and trunk. Gait and trunk
ataxia, axial lateropulsion or a combination of these two makes standing
or walking difficult.

Bilateral stenosis of the intracranial vertebral arteries usually results in
multiple TIAs, which are stereotyped, and position sensitive. In the NEMC
Posterior Circulation Registry, most of the patients with bilateral disease
had TIAsa43% had TIAs prior to stroke, 38% had TIAs only and only
19% had strokes without TIAs [62]. Vertigo, dizziness, dysarthria, diplopia
and headache were the most common symptoms.

Basilar artery syndromes

TIAs are uncommon in patients with basilar artery embolism, which typic-
ally produces strokes without any preceding TIAs [59]. In contrast,
patients with primary atherosclerosis of the basilar and intracranial verte-
bral arteries have TIAs followed by strokes.

Widespread occlusive disease involving multiple posterior circulation
arteries in addition to the basilar artery produces predominantly TIAs often
followed by strokes. TIAs from lacunar disease do occur in the posterior
circulation but they are less common than with large vessel disease [20].

The most commonly reported symptoms in patients with basilar artery
occlusive disease include diplopia, dizziness often without vertigo, weakness
of both legs or weakness alternating between different limbs in different
attacks. When examined during the episode, patients may have bilateral
weakness of limbs or may have a hemiparesis. Most of the hemiparetic
patients show motor or reflex abnormalities on the other side [59]. Occa-
sionally, abnormal spontaneous movements such as shivering, twitch-
ing, shaking or jerking may be seen on the relatively spared side [63].
Weakness of cranial musculature causes dysarthria, dysphonia, hoarse-
ness, dysphagia or tongue weakness. Abnormality of eye movements such
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as internuclear ophthalmoplegia, paresis of conjugate gaze, nystagmus 
or ocular skewing may be seen. Some patients may have ptosis with small
pupils. Somatosensory or special sensory abnormalities are not prominent.

Pontine lacunes and infarcts from atheromatous basilar branch disease
are very common in hypertensive and diabetic patients. Some patients with
pontine branch disease have frequent, brief, stereotyped TIAs. The term
‘capsular warning syndrome’ originally used to describe repeated attacks
of hemiparesis in patients who eventually developed internal capsular
infarcts, also occurs in relation to pontine ischemia [64]. In some patients
with repetitive attacks, persistent neurological symptoms do not develop.

Basilar migraine

Basilar migraine often presents with transient ischemic symptoms refer-
able to the vertebrobasilar artery territory. This syndrome is probably more
common than is appreciated and occurs in a wide spectrum of ages. Most
of the patients have a strong family history of migraine. Sturzenegger 
and Meinberg et al. [65] reported that 65% of the patients had their first
attack in the second or third decade. The most common symptom was
bilateral visual impairment occurring in 86% of the patients followed 
by some impairment of consciousness, parasthesias, vertigo, weakness,
ataxia or dysarthria. In the original description by Bickerstaff, the signs
and symptoms lasted between 2 to 45 min and were invariably followed
by a pulsating headache [66]. Many individuals have other migraine
accompaniments during the attack. Strokes are probably more common in
patients with basilar artery migraine than in those with just scintillating
scotomas.

Posterior cerebral artery

Embolism is the most common cause of posterior cerebral artery (PCA)
territory ischemia [59,67]. The embolus may arise from the heart or from
a proximal source in the posterior circulation, such as the extracranial or
intracranial vertebral arteries. Intrinsic atheromatous disease of the PCA is
infrequent and tends to involve the proximal (peduncular and ambient)
segments of the artery [11].

TIAs are the most frequent from of presentation in patients with PCA
stenosis [11]. The episodes tend to be brief, typically lasting between 2 and
10 min, and are often multiple. In the series reported by Pessin et al. [11],
TIAs were more frequent than infarcts, with a predominance of visual and
sensory symptoms. Visual symptoms included flashing lights, graying or
darkening of vision on one side, and red and white lights. Scintillations,
shimmering, brightness, and fortifications did not occur in patients 
with either PCA stenosis or embolism, and the episodes of photopsias in
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patients with PCA ischemia were brief, lasting < 30 s, compared with the
usual 20 min or more in patients with migraine. All the patients with
visual symptoms in the series reported by Pessin et al. also had other 
symptoms, including parasthesias, or clumsiness and involuntary limb
movement. Embolism to the PCA usually presents with a sudden-onset
neurological deficit. When the donor source of the embolism is the
extracranial or intracranial vertebral artery, patients may have TIAs
related to local ischemia in proximal intracranial territory (medulla and
posteroinferior cerebellum) before their PCA stroke.

Headache occurs frequently in patients with PCA territory ischemia
[59]. It may precede TIA symptoms in patients with intrinsic PCA stenosis.
It is often located in or just above the eye, in the forehead, or in the frontal
or parietal region. A number of cognitive and behavioral abnormalities
can occur with PCA territory ischemia. These may be difficult to discern
based purely on history. However, some may be detected more easily
when the patient is examined during the episode. Ischemia of the left
occipital lobe and splenium can result in alexia without agraphia. In this
syndrome, there is a loss of previously fluent reading skill, despite the 
ability to write, speak and comprehend spoken language. Reading is, how-
ever, a complex process and involves vision, form perception, attention,
and scanning eye movements and can be impaired for a variety of reasons.
When the lesion is large and involves the angular gyrus as well, patient
can develop alexia with agraphia. In this syndrome, patients can neither
read, write nor spell correctly. Some patients with left PCA territory
ischemia may have an anomic or transcortical aphasia. Acquisition of 
new memories can be impaired when both mesial temporal lobes are
affected, but may also occur with ischemia limited to the left temporal
lobe. Ischemia of the right PCA territory can cause prosopagnosia, when
the patient has difficulty recognizing familiar faces. Individuals can only
be identified by their voice, hairstyle or clothing, etc. Disorientation to
place and reduplicative paramnesia occurs in relation to right PCA ter-
ritory ischemia. Patients often report being in a different locale that does
not bear any relation to their current location. Bilateral PCA territory
ischemia, which is almost always caused by embolism to the top of the
basilar artery, can result in a triad of abnormalities: (i) bilateral visual field
abnormalities sometimes extensive enough to cause cortical blindness; 
(ii) memory loss, involving both anterograde and retrograde amnesia; 
(iii) agitated delirium in which patients are hyperactive, loquacious, and
often aggressive [59].

Transient global amnesia

Transient global amnesia (TGA) occurs mostly after the age of 50 with an
observed incidence of 23.5–32 per 100 000 per year [68–70]. The etiological
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basis of the syndrome remains unsettled, though transient ischemia 
of the inferomedial parts of the temporal lobes from vasoconstriction 
has been put forward as one of the possible mechanisms to explain its
pathogenesis [69,71]. Most consider it a benign condition. Reports of poor
outcome in literature are probably due to loose application of the term 
to conditions which may mimic TGA. Strokes, epilepsy, brain tumor or
head trauma are all known to cause memory dysfunction. The unqualified
diagnosis of TGA should be reserved for those cases without any obvious
cause.

The symptoms of TGA are fairly typical and consist of an abrupt impair-
ment in the ability to form new memories as well as an amnesia for past
events dating back a variable length of time. Patients appear perplexed and
restless. Most patients engage in repetitive questioning frequently con-
cerning the time of day, recent activity, or how they got to their present
locale. Working memory, personal identity, and consciousness are well
preserved, and patients are able to perform accustomed and even routine
complex behavior quite well during the episode. A minority of patients
report headaches, which can occur during the episode but most often fol-
low after the event. The duration of the attack varies between 4 and 7 h
and is almost always less than 24 h [68,72]. Following the attack there is a
permanent memory loss for the period of the attack, and for a few hours
preceding it. A number of precipitants have been reported in literature
including strenuous physical exercise, sexual intercourse, hot and cold
baths, emotional stress, and medical procedures such as angiography, 
cystoscopy, etc. However, in a number of episodes an established precip-
itant is missing. Multiple attacks do occur in a minority of patients with a
reported recurrence rate between 14.4 and 23.8% [68]. The average time
interval between attacks in the series reported by Miller et al. [68] was 
28.5 months, which was strikingly different from patients with TIAs, who
have attacks hours, days, weeks or at most a few months apart.

The senior author has suggested the following criteria for the diagnosis
of TGA [72].

(1) The information about the beginning of attack should be available preferably
from an articulate observant witness This criterion is designed to guard against
missing the diagnosis of post-traumatic amnesia or epilepsy. Patients who
live alone may fall or hit their head and post-traumatic retrograde amnesia
might erase any personal recollection of the injury. Similarly, it is well
known that patients with epileptic attacks, especially complex partial
seizures, can experience significant periods of amnesia.

(2) Dysfunction during the attacks should be limited to repetitive queries and amnesia
Information about the patient’s behavior during the attack can come from
an observant witness or by a physician’s examination during the attack.
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(3) There should be no important accompanying neurological signs PCA or 
watershed infarcts can cause memory disturbances like TGA, but are
always accompanied by other neurological signs and symptoms such as
drowsiness, diplopia, ataxia, parasthesias, motor or visual field deficits,
visual or color agnosia, prosopagnosia or aphasia [73]. Similarly unil-
ateral thalamic infarcts can cause amnestic strokes, with other associated
features, which vary with lesion site. Tuberothalamic lesions can cause
variable cognitive deficits including aphasia from a left-sided lesion and
neglect or visuospatial impairments from right-sided lesions along with
transitory sensorimotor signs and a facial paresis for emotional move-
ments [73]. Paramedian infarcts typically present with somnolence and
supranuclear vertical gaze palsies. Neuropsychologial deficits including
amnesia appear as the patient improves. Occasionally, anterior choroidal
territory ischemia may produce an amnestic syndrome accompanied by
hemiparesis, hemiataxia and visual field defects [73]. Minor or trivial
abnormalities like visual flickering or minor and transient parasthesias
should not disqualify the diagnosis of TGA.

(4) The memory loss should be transient Amnestic strokes usually cause last-
ing memory loss, which seldom clear in 24 h. Similarly, other structural
lesions like tumor, abscesses, encephalitis are more likely to produce
longer memory loss.

When the above criteria are not met, the chance of a more sinister
pathology as a cause of TGA increases greatly. If all criteria are met, the
likelihood of future strokes or other serious disease is similar to age
matched population that share similar risk factors [72].

Lacunar TIAs

A lacune refers to a small, deep infarct in the territory of a small, penetrat-
ing branch arising from a large cerebral artery. The size of the infarcts at
autopsy has been small, varying between 0.2 and 15 mm [3,16]. The
majority of patients have hypertension and/or diabetes. A number of clin-
ical syndromes from lacunar disease have been described. These include
pure motor stroke, pure sensory stroke, sensorimotor stroke, ataxic hemi-
paresis, dysarthria clumsy-hand syndrome, various movement disorders,
and disorders of speech. It is beyond the scope of this chapter to give a
detailed account of each syndrome. However, for present discussion a
brief summary of the important syndromes is provided below.

Pure motor stroke or pure motor hemiparesis (PMH) is by far the most
common lacunar syndrome, accounting for more than half of the cases
[74–76]. Most of the infarcts have involved the internal capsule, pons,
corona radiata, and medullary pyramid. The deficits equally affect the
face, arm, leg on the same side, and spare sensation, vision, language and
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cognition. The deficits may affect one region more than the other and
include minor abnormalities of sensation. However, pure motor mono-
paresis is almost never due to a lacunar infarct [77]. Pure sensory stroke,
which is the sensory counterpart of the PMH, occurs less frequently. The
sensory disturbance may involve the entire hemicorpus, including the
scalp and genitilia or may affect different body parts including lips, tongue
and mouth in varying combinations. Syndrome of ataxic hemiparesis has
elements of both cerebellar and pyramidal dysfunction and was initially
described as homolateral ataxia with crural paresis. It usually presents
with weakness of the leg or foot, without any weakness of arm or face, and
is accompanied by ataxia of the arm or leg on the same side. In dysarthria
clumsy-hand syndrome, dysarthria and ataxia of the upper extremity are
most prominent and can include facial weakness, dysphagia, and minor
weakness of the hand or leg.

In contrast to lacunar strokes, lacunar TIAs have been less well defined.
Some general features of lacunar TIAs have been mentioned in the previ-
ous sections. Lacunar TIAs present with more episodes compared with
TIAs from large arteries, have a longer duration of neurological deficit 
in each attack, and a shorter latency between the first and last TIA and
definitive infarction [19]. The attacks are usually stereotyped and are
often either pure motor or pure sensory. Stepwise or stuttering onset is
more common in lacunes than large vessel disease or cardiac embolism. It
may be possible to differentiate lacunar TIAs from cortical TIAs using the
same clinical criteria as is used for lacunar infarction, i.e. if a right-handed
patient has a transient right-sided facial and/or upper motor neuron TIA
symptoms and attempts to speak at the same time, dysphasia may occur
when the TIA involves the cortical branches of the left MCA (cortical TIA),
whereas the speech may be normal or dysarthric if penetrating lenticulos-
triate branches are involved (lacunar TIA) [78]. If the speech is normal or
the patient remains silent, the syndrome may be distinguished clinically
provided that the motor and/or sensory disturbance involves only one
body area (face, arm, or leg) or incompletely affects two such areas, since
permanent deficits of this type are usually caused by cortical ischemia
[79]. In a series of 580 patients with left hemispheric symptoms reported
by Hankey et al. [78], lacunar and cortical TIA could be reliably distin-
guished using the above criteria.

Prognosis

Patients with TIAs have an increased risk of stroke and vascular death. The
risk of stroke has been reported to be 4.4–8% during the first month
[85–87], 11.6–13% during the first year [80,81], and 24–29% during the
first 5 years [80–82]. The risk of death has varied between 8 and 37% in
different studies, during the first 5 years after a TIA [83–85]. Despite a
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number of studies on TIAs, numerous methodological differences exist
between them limiting their general applicability. These include differ-
ences in defining incident cases, differences in study population (commun-
ity vs. hospital cohorts), differences in duration of follow-up, prospective
vs. retrospective case reviews, failure to report treatment details such 
as antiplatelet therapy or prophylactic carotid surgery, etc. A number 
of these studies lump all TIAs together, ignoring important differences
between the various etiologies and mechanisms. TIAs are a heterogeneous
group of disorders with different underlying pathophysiologies, each of
which may confer a different prognosis. For example, in the NASCET
study, Kaplan–Meier estimates of patients with hemispherical symptoms
and high-grade carotid stenosis (> 70%) had a 43.5 ± 6.7% risk of ipsilat-
eral stroke [86], while the yearly risk of stroke in patients with MCA
stenosis in the EC/IC Bypass study was 5.8% [53]. However, in even more
homogeneous cohorts such as patients with TIA due to atherothrom-
boembolism, lipohyalinosis or cardiogenic embolism, the prognosis was
quite variable among individual TIA patients, mainly due to differences in
prevalence and level of risk factors [82,87].

Several studies have attempted to identify adverse prognostic factors.
These include increasing number of TIAs in 3 months prior to pres-
entation [23,88], increasing age [23,89,90], peripheral vascular disease
[88,90], left ventricular hypertrophy [23,91], TIA of the brain (compared
with amaurosis fugax only) [23,86], multiple TIAs involving both verte-
brobasilar and carotid territories [88], and ischemic heart disease [88,90].
Patients with significant cardiac source of embolism such as atrial fibrilla-
tion [91,92], valvular heart disease [93], recent anterior or apical myocar-
dial infarction with or without mural thrombus [94,95], congestive heart
failure [95], and significant carotid stenosis [96] (with or without plaque
ulceration) are all at higher risk of subsequent strokes.

However, there is clearly a dearth of clinical data and much more
research needs to be done to identify those variables, which put a patient
at higher risk of stroke. This should include information on clinical details
such as number and type of clinical attacks, timing and description of
attacks, situations that provoke attacks, stereotypy or heterogeneity of
attacks, vascular and cardiac data, and information about other blood
parameters. This would ultimately help clinicians diagnose and make a
more rational risk assessment of individual patients, order appropriate
tests in a cost-effective way and manage their patients more judiciously.
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Clinical SyndromesaOcular:
Transient Visual Loss
Gregory P. Van Stavern

Introduction

Transient visual loss (TVL) reflects a heterogeneous group of disorders,
some relatively benign and others with grave neurological or ophthalmo-
logical implications. The task of the clinician is to use the history and
examination to localize the problem to a region in the visual pathways,
identify potential etiologies, and in some cases perform a focused battery
of laboratory tests to confirm or exclude certain causes. The therapeutic
and prognostic implications for certain causes of transient visual loss may
differ markedly, so it is important to identify the underlying pathological
process.

Approach to transient visual loss

The majority of patients with TVL present after the episode has resolved, so
the neurological and ophthalmological examination is often normal. The
nature of the visual symptoms, associated features, and pertinent medical
and family history provide valuable clues to the underlying diagnosis. The
examination may reveal residual deficits that localize the lesion (perhaps
the visual loss was not actually transient), and suggest possible etiologies.

It is important to establish whether the visual loss was monocular 
or binocular. Transient monocular visual loss (TMVL) implies a disorder
anterior to the optic chiasm, including ocular causes as well as ischemia
due to ipsilateral carotid artery disease. Transient binocular visual loss
(TBVL) suggests a process posterior to the chiasm, such as migraine,
seizure, or vertebrobasilar insufficiency. Since the visual field is slightly
larger temporally than nasally, patients with homonymous visual field
defects often report monocular visual loss, localizing it to the eye with the
temporal field cut. The patient should be asked specifically whether each
eye was alternately covered during the attack.

CHAPTER  4
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The duration of the event provides helpful information regarding 
etiology. Transient visual obscurations due to papilledema typically last
seconds, and are often provoked by postural change. Thrombo-embolic
events generally last 2–10 min, and may be associated with hemispheric
symptoms. Migraine aura lasts 20–30 min, and may be followed by a 
characteristic headache.

The actual visual symptoms should be explored. Positive visual phe-
nomena such as scintillations that march across the visual field suggest
migraine as the most likely diagnosis. Visual seizures often involve 
positive visual symptoms, but are typically maximal at onset, and lack 
the evolution or build-up characteristic of migraine. A curtain or shade
descending over vision is highly suggestive of ipsilateral carotid disease,
but is infrequently reported. The patient should be questioned about any
precipitating factors. Dimming of vision in one eye after exposure to bright
light or after eating has been associated with carotid occlusive disease
[1,2]. Loss of vision after exercise or a hot shower (Uhthoff’s symptom) is
characteristic of demyelinating disease, and reflects transient conduction
block due to pre-existing optic nerve demyelination [3].

Pertinent medical and family history may be relevant. A history of 
diabetes mellitus, hypertension, or hyperlipidemia raises concern about a
vascular etiology. TVL in a patient with known cardiac disease might sug-
gest a cardioembolic event. A history of rash and fetal wastage is a feature
of the antiphospholipid antibody syndrome, which may cause TVL. A 
family history of young stroke or unexplained thrombosis in a patient 
with TVL might prompt evaluation for an underlying hereditary hyper-
coagulable disorder.

The examination should first focus on the involved organ, and determine
whether there are any residual deficits. Although a complete neurological
and ophthalmological examination is essential, certain components deserve
special mention.

The visual acuity should be measured using either a Snellen card (for
near vision) or standardized visual acuity chart at 6 m (for distance vision).
When testing near visual acuity, patients over the age of 45 years should
wear their reading correction to account for presbyopia. Neurogenic
causes of visual loss affect distance and near vision equally; therefore, 
a patient reporting difficulty only with near vision is unlikely to have a
neurogenic etiology. Similarly, a patient with normal near visual acuity
but poor distance vision probably has a refractive error rather than a lesion
in the visual pathways.

Accurate visual field testing is essential in any patient complaining 
of visual loss, transient or otherwise. Although formal visual field testing
using either static (automated) or kinetic (Goldmann or tangent screen)
perimetry is preferred, these resources are not always readily available.
Confrontation visual field testing is an acceptable alternative, and is easily



Clinical SyndromesaOcular: Transient Visual Loss

95

performed in clinic or at the bedside. The examiner should pay careful
attention to the vertical meridian; defects that respect the vertical midline
are highly localizing, and indicate a lesion either at or behind the optic 
chiasm. Desaturation to red is a sensitive method of detecting lesions 
in the afferent visual pathways. A small red target is moved in from the
periphery, and the patient is asked to identify when the color red is
detected. Using this technique, subtle visual field defects may be found
which other methods (e.g. finger counting in all four quadrants) would
overlook.

The fundus should be carefully evaluated. Although a complete dilated
fundoscopic examination is preferred, a great deal of information is
obtained by observing the optic disc, macula, and vascular arcades, all of
which can be readily seen using a direct ophthalmoscope through an
undilatated pupil. Disc swelling in a patient with sudden visual loss 
suggests an acute event involving the optic nerve, and may represent
ischemia or inflammation. Optic atrophy does not develop until approx-
imately 4–6 weeks after an injury, regardless of severity. Therefore, optic
disc pallor suggests a subacute or chronic process, rather than an acute
event. Retinal whitening often reflects ischemia of the nerve fiber layer,
and may be seen after a branch or central retinal artery occlusion. How-
ever, retinal edema may not develop for 1–2 h after an acute ischemic
event, so it possible for a severely ischemic retina to appear normal hyper-
acutely. Examination of the arterioles should focus on caliber as well as
the presence of embolic plaques. Investigators have attempted to classify
plaques in a way that would suggest a possible proximal source, but in
practice the distinction is often difficult.

The ‘Hollenhorst plaque’ (Fig. 4.1) typically appears at vascular bifurca-
tions, and has a highly refractile appearance. It is strongly suggestive of
ipsilateral carotid artery disease, but cholesterol emboli may arise from 
a more proximal source, such as the aortic arch [4]. Platelet-fibrin and
calcific emboli are less common. The characteristics of each plaque are
summarized in Table 4.1.

Transient monocular visual loss

As a symptom, TMVL has carried a variety of names throughout the years.
While amaurosis fugax was a term originally used to describe loss of sight
from any cause, it has more recently referred to fleeting visual loss from 
a vascular etiology. TMVL is preferable, since it is purely descriptive, and
carries no connotation regarding etiology.

As previously mentioned, TMVL suggests a disturbance anterior to 
the optic chiasm and ipsilateral to the visual symptoms. Therefore, this
may reflect dysfunction anywhere from the cornea to the posterior 
optic nerve.



Chapter 4

96

Ocular causes of TMVL

Ocular disease may cause TMVL. Although a detailed eye examination
may not be possible at the time the patient is evaluated, a directed series of
questions may suggest an ocular cause. A dry eye is a common cause of
transient visual blurring, particularly in the elderly. The vision loss is mild,
brief (several seconds), and is often relieved by blinking or eye rubbing.
The patient may also report eye irritation and tearing. Acute angle closure
glaucoma is an uncommon cause of TMVL. The episodes are usually
painful, and associated with conjunctival injection and a mid-position,

Fig. 4.1 Fundus photograph showing a typical cholesterol embolus, or ‘Hollenhorst’
plaque. Note the characteristic location at a vascular bifurcation, and the refractile
appearance. Note also that the retina served by the involved arteriole is not ischemic.
This was an asymptomatic retinal embolus found during routine eye examination.
Photograph courtesy of Dean Eliott, MD.

Table 4.1 Retinal emboli

Characteristic Cholesterol Platelet-fibrin Calcium

Appearance Elongated pulsatile White, creamy Gray-white

Number Multiple Often multiple Usually single

Location Bifurcations Temporal arcades On or near disc

Mobility Can fragment and propagate Mobile or fixed Fixed

Retinal ischemia Rare Frequent Frequent

Source Ipsilateral ICA (most often) ICA, arch, heart Hear
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dilated pupil. Recurrent hyphema (hemorrhage into the anterior cham-
ber) has been reported as a cause of TMVL, but is uncommon, and readily
detected on ophthalmological examination.

Neurogenic causes of TMVL

Neurogenic etiologies of TMVL represent either retinal or optic nerve 
dysfunction. Uhthoff’s symptom is a transient dimming of vision after 
elevation in body temperature (such as after a hot bath or exercise). The
events typically last several seconds to several minutes. Although class-
ically associated with multiple sclerosis, Uhthoff’s has been described in
other inflammatory optic neuropathies [5].

The transient visual obscurations due to papilledema (i.e. optic disc
swelling secondary to elevated intracranial pressure) typically last sec-
onds, and are often provoked by postural change. Patients often have
other symptoms of increased intracranial pressure (headache, pulsatile
tinnitus), and the examination is notable for bilateral optic disc edema.
The mechanism probably involves vascular compression from the swollen
optic nerve head, as well as altered cerebral perfusion dynamics due to 
elevated intracranial pressure.

Congenital optic disc anomalies such as drusen may cause TMVL. The
episodes are brief (seconds to minutes), and the anomalous discs are usu-
ally evident on fundoscopic examination. The presumed mechanism is
transient vascular dysfunction.

Thrombo-embolic causes of TMVL

The most common etiology of TMVL is retinal vascular occlusion, particu-
larly in the elderly. Transient vascular events affecting the optic nerve are
less common. The blood supply to the retina and optic nerve originates
from the ophthalmic artery (Fig. 4.2). The inner two-thirds of the retina is
served by the central retinal artery, which travels within the optic nerve
for a short distance behind the disc, then branches out to supply the four
quadrants of the retina. The short posterior ciliary arteries (SPCAs) pro-
vide the main blood supply to the anterior optic nerve and the outer one-
third of the retina. An anastomotic ring of SPCAs wreathes the optic nerve
head, and is functionally divided into superior and inferior divisions. There-
fore, although all potential mechanisms of ischemia (thrombosis, embolism,
hypoperfusion, vasospasm) may cause TMVL, embolic events are far more
likely to involve the retina than the optic nerve. Ischemia to the optic nerve
is more commonly a result of local or generalized hypoperfusion.

Although concurrent hemispheric symptoms may accompany trans-
ient visual loss, the visual symptom is often an isolated manifestation of
thrombo-embolism. Several theories have been advanced to explain this
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phenomenon [6]: (i) fleeting visual loss is a symptom more readily detected
than fleeting weakness or numbness; (ii) the visual system is topograph-
ically organized, with little functional reduplication, so that ischemia of a
small area will be clinically expressed; (iii) the retinal circulation is collat-
eralized, and the parieto-occipital cortex is a circulatory watershed area, 
so both regions are vulnerable to reduced flow; (iv) laminar flow favors
the ocular circulation, so that emboli are preferentially directed toward
the eye. Vascular events affecting the retina typically cause dramatic 
fundoscopic changes that develop rapidly, while events that affect the
optic nerve will result in either a swollen or normal-appearing optic disc.

The classic symptom of TMVL from a vascular etiology is a curtain or
shade descending over vision. This is relatively uncommon; in the North
American Symptomatic Carotid Endarterectomy Trial (NASCET), 53.4%
of patients with TMVL had sudden, diffuse loss of vision, while 23.8%
reported altitudinal visual loss [7]. Donders et al. [8] identified several clin-
ical features that increased the probability of high-grade carotid stenosis.
These included rapid onset of symptoms, altitudinal visual loss, and dura-
tion of 1–10 min. Although examination of the fundus may reveal a
plaque, the absence of an embolus does not exclude central retinal artery
occlusion as a cause of TMVL, even if the patient is seen during the attack.
Emboli located behind the lamina cribosa (Fig. 4.3) are not evident fundo-
scopically. Further, the presence or absence of an embolus does not help
identify those patients with hemodynamically significant carotid artery
stenosis [9].

Subarachnoid
space extends 
forwards to just 
behind disc

Retina

Anterior and posterior
lamina cribrosa

Cilioretinal
artery

ScleraPosterior
ciliary
artery

Dura
mater

Optic
nerve

Central
retinal
artery

Central
retinal
vein

Fig. 4.2 The vascular anatomy of the optic nerve, retina, and choroid.
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Retinal emboli are often asymptomatic. In a large population study [10],
1.4% of 3654 asymptomatic Australian patients >49 years of age were
found to have retinal emboli. There was significant correlation of asymp-
tomatic emboli with hypertension, smoking, and vascular disease.

Central and branch retinal artery occlusion

Central retinal artery occlusion (CRAO) may be thrombotic, embolic, or
hemodynamic. Patients report sudden, painless central visual loss. Visual
acuity is profoundly decreased in most cases. A dense relative afferent
pupillary defect (RAPD) will be present immediately, reflecting damage 
to the ganglion cells and the nerve fiber layer. The classic fundoscopic
appearance of CRAO is retinal whitening surrounding a cherry-red spot in
the macula (Fig. 4.4). This occurs because the retina is thin at the macular
region, and the underlying choroidal circulation (which is supplied by the
SPCAs) shows distinctly against the white, surrounding retina. A visible
embolus is present in 10–20% of patients with CRAO. Acutely, the optic
disc will appear normal, since it is not perfused by the central retinal
artery. There may be segmentation of the arteriolar blood column, and
reduction of the arteriolar lumen. Within 4–6 weeks, the optic nerve
becomes pale, reflecting irreversible injury to the ganglion cells and nerve
fiber layer. The retinal vessels become narrowed and sheathed over time.
Acute management is still debated, and most often involves a variety of

Fig. 4.3 Fundus photograph of a branch retinal artery occlusion in the left eye. Note
the Hollenhorst plaque at the vascular bifurcation, as well as the retinal whitening in
the distribution of the involved artery. Photograph courtesy of Dean Eliott, MD.
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maneuvers designed to improve circulation to the retina. These may
include ocular massage, anterior chamber paracentesis, and administra-
tion of medications to lower intraocular pressure. More recently, throm-
bolytic therapy, administered by either ophthalmic artery infusion or
systemically, has been used. Results have been mixed, with some anecdo-
tal reports of beneficial effect. Although considered the most common
cause of CRAO, the prevalence of hemodynamically significant carotid
artery stenosis ranges from 11 to 45% with central or branch retinal artery
occlusions [11]. Therefore, other, more proximal sources (i.e. cardiac, 
aortic arch) should be considered as well.

Approximately 15% of patients have a cilio-retinal artery, directly sup-
plying the macula. These patients may have CRAO but retain good visual
acuity, since the macular circulation is spared.

In a branch retinal artery occlusion (BRAO), the area of retinal whiten-
ing, as well as the visual field defect, are determined by the location and
amount of retina subserved by the involved vessel (Fig. 4.3). The mechan-
ism may be thrombotic or embolic, but not (as with CRAO) hemodyn-
amic. Acute treatments are similar to CRAO.

Ocular ischemic syndrome

Ocular ischemic syndrome results from chronic hypoperfusion of the eye,
and is associated with severe carotid occlusive disease. Eye pain is often

Fig. 4.4 Fundus photograph of a central retinal artery occlusion right eye. The
prominent cherry-red spot represents intact choroidal circulation. No embolus is
present. Photograph courtesy of Dean Eliott, MD.
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present, and visual acuity is usually decreased. Other features that may be
present include iris and retinal neovascularization, mid-peripheral retinal
hemorrhages, and cotton-wool spots (reflecting ischemia to the nerve fiber
layer). Venous stasis retinopathy may be present, and is characterized 
by dilatated and tortuous retinal veins and peripheral microaneurysms.
Patients may experience episodes of hemodynamic TMVL. These may
include visual loss induced by postural change, after exposure to bright
light [1], during exercise [12], or after eating [2].

Ocular ischemic syndrome has high morbidity and mortality due to sys-
temic vascular disease. In one series [13], 31% of patients had coronary
artery disease, and 38% had a previous hemispheric stroke or transient
ischemic attack (TIA). The visual prognosis is likewise poor.

Treatment for ocular ischemia due to carotid occlusive disease remains
difficult and controversial. Panretinal photocoagulation is performed to
prevent neovascularization of the iris (leading to neovascular glaucoma)
and retina. Reducing intraocular pressure to improve ocular perfusion 
is critical. Carotid endarterectomy would seem to be the treatment of
choice, both to revascularize the eye as well as to prevent subsequent
stroke. However, the benefits are uncertain, and in some cases the condi-
tion worsens after surgery. It has been suggested that reperfusion of an
ischemic eye results in generation of oxygen free radicals leading to fur-
ther damage [14]. In one series [13], seven patients with eight affected
eyes underwent carotid endarterectomy. None of the patients improved,
but none had further vascular complications.

Evaluation and management of thrombo-embolic TMVL

When a vascular etiology is suspected in patients with TMVL, effort 
should be directed toward identifying a possible embolic source, as well 
as modifying vascular risk factors. Duplex color imaging, combining 
B-mode real-time ultrasound imaging with continuous and/or pulsed
Doppler ultrasound techniques, accurately measures the degree of ex-
tracranial carotid artery stenosis, and provides important information
about vessel wall configuration and morphology. Magnetic resonance
angiography (MRA) of the neck is another non-invasive measure of
carotid diameter, but had a tendency to overestimate stenosis. There is 
as yet no consensus whether duplex ultrasound or MRA are adequate 
tests of the carotid artery prior to endarterectomy, thereby avoiding 
the risks and cost of conventional angiography. Some preliminary studies
suggest that either a high-quality non-invasive test alone or both in com-
bination may be adequate [15]. The ophthalmic artery may be demon-
strated on conventional angiography, but the smaller, distal vessels
(SPCAs, central retinal artery) are unable to be visualized adequately.
Color Doppler of the orbit can evaluate these distal vessels, and may
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demonstrate ophthalmic artery stenosis, retrolaminar emboli, and rev-
ersal of direction of ophthalmic artery flow in ocular ischemic syndrome
[16]. Fluorescein retinal angiography is used to evaluate the retinal and
choroidal circulation, and may demonstrate occlusive disease, retinal
edema, and hypoperfusion.

Evaluation of the heart is accomplished with electrocardiography
(ECG), as well as transthoracic or transesophageal echocardiography (TTE
or TEE). TEE is clearly the more sensitive test, and has been shown to
demonstrate more emboligenic lesions than TTE in patients with retinal
vascular occlusions [17]. When a cardiac etiology is suspected, and ECG
and TEE are unrevealing, a Holter monitor may be indicated to identify
emboligenic arrhythmias, such as paroxysmal atrial fibrillation.

In selected patients (young, no vascular risk factors, family history of
unexplained thrombosis), laboratory testing for systemic and hypercoagu-
lable disorders (particularly those associated with arterial thrombosis)
may be indicated. In elderly patients with appropriate symptoms, a 
temporal artery biopsy might be indicated, particularly in the setting of 
an elevated erythrocyte sedimentation rate (ESR).

The prognosis of TMVL varies depending upon etiology. The NASCET
showed that the 2-year risk of stroke in patients with high-grade carotid
stenosis (70–99%) was 43.5% if the episode was hemispheric, and 16.6%
if the event was a retinal TIA. The risk increased with the degree of 
stenosis [7].

In patients with high-grade (>70%) symptomatic internal carotid
artery stenosis, endarterectomy is superior to medical therapy alone in
preventing stroke. However, the morbidity and mortality of the surgical
procedure must be low (<3–4%) to achieve this benefit. Benavente et al.
[18] reviewed the subset of NASCET patients experiencing amaurosis
fugax. They found that patients with amaurosis had a lower risk of stroke
than those with hemispheric events, and that the strokes that occurred
were less disabling. There was a trend toward increased efficacy of
endarterectomy in those patients with amaurosis and one or more vascu-
lar risk factors. Perioperative stroke and death rates are substantially lower
in patients presenting with amaurosis, compared with those presenting
with hemispheric TIA or minor stroke [19]. In the absence of cardioem-
bolic or high-grade carotid disease, antiplatelet agents are the first-line
treatment for patients with ischemic causes of TMVL. Somewhat surpris-
ingly, the risk of permanent visual impairment following a retinal TIA is
relatively low, approximately 1%/year [20]. The risk of vascular death in
patients with TMVL due to carotid disease is 3.5%/year, and is largely due
to cardiac morbidity. However, the risk of stroke-related death is not
inconsiderable [21]. Conventional wisdom as well as recent data [22] 
suggest that the risk of stroke is highest soon after the initial TIA, or when
the frequency of the event increases.
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Transient binocular visual loss

TBVL implies a process posterior to the optic chiasm, and may include
migraine, seizure, and vertebrobasilar ischemia. In rare cases, TBVL 
may reflect bilateral, simultaneous involvement of the anterior visual
pathways.

Migraine

Migraine is a common cause of TBVL in young adults. The presence of pos-
itive visual phenomena such as scintillations suggests migraine as the most
likely diagnosis, particularly given a history of episodic headaches with
migrainous features. Migraine aura typically lasts 20–30 min, in contrast
to thromboembolic events, which are shorter (1–10 min). Migraine visual
equivalents have a characteristic build-up, or evolution, a feature that is
notably lacking in other causes of TBVL (ischemia, seizure). TIAs may
rarely cause positive visual phenomena [23], but the duration and lack of
build-up help distinguish these episodes from migraine. The mechanism
of visual loss in migraine is thought to be neuronal depression after a
period of cortical excitation (‘spreading depression of Leao’) [24].

All patients with TBVL should be questioned about previous headache
history. Migraine is often underdiagnosed, or misclassified as ‘tension’ 
or ‘sinus’ headache. A history of recurrent headaches with migrainous
features (throbbing, unilateral pain, photophobia, nausea), as well as a
childhood history of motion sickness (common in migraineurs) lends 
support to the diagnosis of migraine equivalent.

Migraine visual aura may occur independently of headache (‘ocular
migraine’). C. Miller Fisher described ‘later life migrainous accompani-
ments’, or migraine aura (often not accompanied by headache) occurring
in older patients, some with a previous history of migraine headache [25].
He identified a number of clinical features suggestive of migraine accom-
paniment, including binocular visual symptoms, build-up of scintillations,
and duration of 15–20 min. He also reported a mid-life ‘flurry’ of identical
episodes, and a benign course. In the Framingham cohort [26], the incid-
ence of migrainous visual symptoms was 1.33% for women and 1.08% for
men. These episodes may occur after the age of 50, independent of con-
current headaches, and in the absence of a history of recurrent headaches.
These episodes did not appear to be associated with an increased incid-
ence of stroke. Therefore, in patients with typical presentations (binocular
symptoms, build-up of scintillations, duration <1 h) and a normal neuro-
logical and neuro-ophthalmic examination (including visual field testing),
extensive diagnostic testing is not routinely indicated. In patients with
atypical presentations (brief duration lack of build-up), non-invasive test-
ing (MR imaging and angiography, echocardiography) is reasonable.
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Retinal migraine is a monocular migraine equivalent. The duration,
presence of positive visual phenomena, and build-up of symptoms are in
all other ways similar to binocular migraine equivalent. The presumed
mechanism is localized vasospasm. Indeed, fluorescein angiography per-
formed during an attack has demonstrated retinal vasospasm [27].

There are many prophylactic and abortive treatments available for
migraine headache, but their efficacy for migraine aura remains unclear.
Many neurologists employ a combination of aspirin and calcium channel
blockers to prevent these symptoms.

Visual seizure

Visual seizure is an uncommon cause of TBVL. The visual loss may be ictal
or postictal. When postictal, the visual loss is often preceded by a period of
positive visual phenomena, which may range from unformed photopsias
to complex visual hallucinations, depending upon the cortical area involved.
Ictal blindness may be either an isolated epileptic phenomenon, or accom-
panied by other manifestations, such as tonic eye deviation, altered con-
sciousness, or motor impairment. Postictal blindness typically lasts minutes
to hours, but may last days or weeks [28,29]. As with Todd’s paralysis (post-
ictal weakness following a motor seizure), the mechanism is presumed to
be prolonged enhancement of inhibitory stimuli in response to prolonged
excitation (similar in some ways to migraine). Prolonged ictal blindness
(‘status epilepticus amauroticus’) is rare, but has been reported [30].

Benign occipital epilepsy is a childhood seizure disorder with usual age
of onset between 15 months and 17 years. The visual events may be positive
(hallucination, illusions) or negative (blindness). They may be followed by
tonic-clonic seizures or remain isolated. Migraine-like headaches may fol-
low. The neurological and neuro-ophthalmological examination is normal,
but the interictal EEG demonstrates occipital spike-wave discharges. Al-
though these episodes are often misdiagnosed as migraine, the visual events
are usually briefer (3–5 min), and are maximal at onset, without the 
gradual evolution of migraine. The seizures are generally well controlled
with conventional anticonvulsants, and most cases remit in the early teens.

Adult-onset visual seizures are more commonly associated with a fixed
lesion in the posterior visual pathways, and a corresponding visual field
defect. Therefore, visual field testing (preferably using static or kinetic
perimetry) is important in all patients with TBVL.

Vertebrobasilar ischemia

Ischemia to the visual cortex caused by vertebrobasilar atheroma may
result in TBVL. If only one hemisphere is ischemic, the patient will experi-
ence homonymous visual field loss contralateral to the lesion, but visual
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acuity will remain normal. As mentioned previously, the patient may report
visual loss only in the eye with the temporal visual field loss. Reduction in
visual acuity (cerebral visual loss) can only occur with bilateral involve-
ment of the posterior visual pathways, usually due to bilateral occipital
lesions. This is due to bilateral macular representation: a patient with a
complete homonymous hemianopia will still be able to read 20/20 in the
intact macular hemifield. Visual loss may be an isolated symptom or may
be accompanied by symptoms of brainstem ischemia (dysarthria, dysphagia,
vertigo, lightheadedness, diplopia). The attacks are generally briefer than
those associated with carotid disease, lasting less than 1 min. Positive visual
phenomena are rare, but may occur. However, they typically are maximal
at onset, and do not progress across the visual field, as with migraine.
Episodes of vertebrobasilar insufficiency are not uncommon in elderly
patients, and are often precipitated by head-turning or postural change.

As with anterior circulation ischemia, the mechanism may involve
thrombosis, embolism, or hypoperfusion. Evaluation of the vertebrobasi-
lar system is accomplished by transcranial Doppler studies, MR or com-
puted tomography angiography, or conventional catheter angiography.
For patients with atherosclerotic vertebrobasilar disease, antiplatelet 
therapy is generally the first-line treatment. In certain circumstances, in-
vasive therapy such as angioplasty and stenting may be warranted, but these
procedures are not, at this time, part of standard treatment algorithms.

Ischemic optic neuropathies

Anterior ischemic optic neuropathy (AION) is the most common acute
optic neuropathy in patients >50 years old. The vast majority of cases are
non-arteritic in origin; i.e. not associated with systemic vasculitis such as
giant cell arteritis (GCA). The annual incidence of non-arteritic anterior
ischemic optic neuropathy (NAION) is 2.3–10.2/100 000. It is far more
common in the white population than in African-Americans, possibly due
to racial differences in optic disc configuration. Arteritic AION occurs more
frequently in females, but there is no gender predisposition to NAION.

Non-arteritic AION

Typical presentation of NAION is abrupt onset of painless, unilateral visual
loss. Preceding episodes of TMVL are rare, and should raise suspicion of an
arteritic etiology. A visual field defect is invariable, and is most commonly
altitudinal (Fig. 4.5). However, arcuate defects, cecocentral scotomas,
nasal or generalized depression may also be seen. An ipsilateral RAPD is
present unless there is concurrent damage to the contralateral optic nerve.
The term ‘anterior’ refers to optic nerve head involvement, so by defini-
tion the optic disc is swollen acutely. The swelling is most often diffuse, but
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may be segmental (Fig. 4.6), correlating with an altitudinal visual field
defect. The optic disc in the fellow eye is typically small and crowded,
demonstrating a small or absent cup. This configuration has been called
the ‘disc at risk’, referring to structural crowding of axons at the level of
the lamina cribosa [31,32]. Visual loss may progress for 7–10 days, and
then stabilizes. The swelling resolves over 4–6 weeks, and the optic disc

Fig. 4.5 Humphrey automated 24–2 visual field demonstrating inferior altitudinal
defect. The patient presented with a 3-day history of painless visual loss in the left eye.
He had a swollen left optic disc, and was diagnosed with non-arteritic anterior ischemic
optic neuropathy.
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becomes visibly atrophic. Persistence of swelling beyond this point sug-
gests an alternate diagnosis. The 5-year risk of fellow eye involvement is
12–19%, but recurrence in the same eye is rare [33].

The presumed mechanism of NAION is insufficiency of the optic disc 
circulation. Localized hypoperfusion, exacerbated by structural crowding
of the nerve and its supporting structures at the nerve head, reaches 
a threshold at which inadequate oxygenation produces ischemia and
swelling of the disc. Further axonal swelling may lead to microvascular
compression and progressive nerve damage. Hayreh suggested that noc-
turnal systemic hypotension and the location of the optic disc in a water-
shed zone between the distributions of the lateral and medial SPCAs may
contribute to the development of ischemia [34].

Although the presence of a small crowded disc may be the most import-
ant pathogenic risk factor, a substantial number of patients with NAION
have conventional vascular risk factors such as hypertension (up to 49%)
and diabetes mellitus (up to 25%). Diabetes may predispose patients to
developing NAION at a younger age. Other potential risk factors include
smoking, hyperlipidemia, migraine, and hyperhomocysteinemia [35–37].

There is no known treatment for NAION. The Ischemic Optic Neuro-
pathy Decompression Trial (IONDT) was a multicentered, randomized study
evaluating the role of optic nerve sheath decompression in NAION [38]. The
postulated mechanism was that reduction of perineural subarachnoid cere-
brospinal fluid pressure would improve local vascular flow or axoplasmic
transport within the optic nerve head, thus reducing tissue injury in reversibly
damaged axons. The study showed no benefit of optic nerve sheath decom-
pression over careful observation. However, 42.7% of control patients (careful

Fig. 4.6 Fundus photograph demonstrating superior segmental swelling of the optic
nerve. The patient had a corresponding inferior altitudinal visual field defect.
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observation) improved by at least three lines of visual acuity at 6 months,
suggesting that the visual prognosis may not be as bleak as previously
believed. Other treatments such as anticoagulation and hyperbaric oxygen
have been used, with no proven results. Johnson et al. [39] have suggested
a beneficial effect of levodopa on NAION, but the results are controversial.

Neuroimaging is not typically indicated unless the onset of visual loss is
uncertain, the disc is pale at presentation, or the fellow disc is not small and
crowded. A basic evaluation for modifiable vascular risk factors (hyperten-
sion, diabetes mellitus, hyperlipidemia) is reasonable. In selected patients
(<50 years, no obvious vascular risk factors, family history of thrombosis),
screening for hypercoagulable disorders associated with arterial thrombosis
might be indicated, and might include antinuclear antibody (ANA), pro-
thrombin time (PT), partial thromboplastin time (PTT), anticardiolipin
antibodies, lupus anticoagulant, homocysteine, and sickle cell screen.
Since most cases of NAION are due to local vascular factors involving a
small, crowded optic disc, carotid ultrasound examination is not indicated
for patients with typical presentations [40].

However, if a bruit is heard over the carotid, if the patient complains of
visual symptoms suggesting hypoperfusion of the eye (i.e. blurred vision
with postural change, with bright light, or after exercise), if the event was
preceded by episodes of visual loss, or if the visual loss is painful or pro-
gressive, then carotid ultrasonography may be warranted.

There is no proven prophylactic agent for a recurrent episode of NAION.
Most clinicians recommend daily aspirin, based on its proven effect in
reducing the risk of recurrent stroke in patients at risk. However, retro-
spective studies have not demonstrated a prolonged beneficial effect
[41,42].

NAION may occasionally be misdiagnosed as optic neuritis, with all the
attendant neurological implications that diagnosis entails. However, in the
vast majority of cases, historical and clinical features serve to differentiate
the two disorders [43]. The demographics of the two disorders differ, in that
NAION affects patients >50 years, while optic neuritis typically affects
women 20–50 years old. Further, pain on eye movements is present in
90–92% of patients with optic neuritis, and occurs rarely in NAION. Fin-
ally, the natural history of optic neuritis is spontaneous complete or nearly
complete recovery over weeks, while NAION remains relatively stable,
with minimal recovery.

Giant cell arteritis and arteritic AION

Arteritic AION most commonly occurs in patients with GCA, although 
it has been reported in a variety of systemic vasculitides, including
Wegener’s, Behçet’s, and Takayasu’s disease. An arteritic etiology occurs
in 5–10% of AION cases.
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Giant cell arteritis, also known as temporal arteritis, is a T-cell-mediated
inflammation of medium and large sized arteries. It is the most common
vasculitis in the elderly, with a strong predilection for women and whites,
particularly those of Scandinavian and Northern European origin. It
affects patients >50 years, with highest incidence in patients 70 and older.

The clinical manifestations of GCA are diverse, reflecting the heteroge-
neous nature of the disease. Transient visual loss and transient diplopia
may be the presenting symptoms. Indeed, permanent visual loss is more
common in patients with preceding episodes of visual loss or diplopia.
Headache is the most common symptom, occurring in 90% of patients. It
is most commonly temporal, but may be occipital. Jaw claudication is
caused by ischemia of the muscles of mastication, and in one study had the
highest predictive value for a positive temporal biopsy [44].

The American College of Rheumatology established five clinical criteria
for the diagnosis of GCA [45]:
1 age >50 years
2 new-onset localized headache
3 temporal artery tenderness
4 ESR >50 mm/h
5 superficial temporal artery biopsy consistent with GCA.
The presence of three out of five criteria yields 93.5% sensitivity and
91.2% specificity. Although these criteria do not necessarily require a
temporal artery biopsy for the diagnosis of GCA, most authorities strongly
recommend obtaining pathological confirmation in all cases of suspected
GCA, even in the setting of classic clinical findings and strong corroborat-
ing laboratory results.

Arteritic AION is the most common cause of permanent visual loss in
patients with GCA. CRAO occurs less frequently, and BRAO rarely. Visual
loss is typically profound. Systemic symptoms of GCA are often present,
but ‘occult GCA’ is not rare. By some reports [46], 21.2% of patients with
GCA and visual loss had no systemic symptoms of the disease. Pallid
edema of the optic disc is more frequent in arteritic AION than NAION.
Cotton-wool spots may be present in arteritic AION, but are exceedingly
rare in NAION. They reflect inner retinal ischemia and involvement of the
central retinal arterial circulation. The optic disc in the fellow eye may 
be of any configuration. Table 4.2 summarizes the clinical and historical
features differentiating non-arteritic and arteritic forms of AION.

In many cases, the presenting signs and symptoms of GCA (TMVL, AION),
may be identical to those caused by other disorders (carotid occlusive dis-
ease, NAION). A high index of suspicion as well as a thorough and pertinent
review of systems often helps identify patients harbouring GCA. Laboratory
testing may be of value. The ESR is elevated in 80–90% of patients with
GCA, but is nonspecific. The ESR increases with age, making interpreta-
tion difficult in the elderly. A suggested age correction formula is: normal
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ESR =age/2 for men and (age +10)/2 for women. A complete blood count
should be obtained at the same time as the ESR, as anemia may cause eleva-
tion of the ESR. Although it is also nonspecific, the C-reactive protein is
not affected by hematological abnormalities. The combination of ESR and
C-reactive protein may have the greatest predictive value for GCA [44].
Although a positive temporal artery biopsy is 100% specific for GCA, neg-
ative results may occur due to inadequate length of specimen, the presence
of skip lesions, the sectioning technique, and the duration of treatment. Biopsy
results are not influenced by corticosteroid treatment initiated within the
previous 2 weeks [47]. Therefore, treatment should be started as soon as the
disease is strongly suspected, and the biopsy arranged in a timely fashion.

Systemic corticosteroids are the mainstay of treatment for GCA. Dosages
vary, but are generally in the range of 1 mg/kg per day. Case reports and
small case series have demonstrated a beneficial effect of intravenous
methylprednisolone as the initial treatment in patients with visual loss,
but this remains unproven [48,49]. A typical regimen in such cases would
be 500 mg intravenous methylprednisolone every 6 h for 3–5 days. The
tapering regimen and duration of treatment are guided by the clinical
manifestations and laboratory data. Therapy is usually required for at least
6 months and in most cases for 1–2 years. Alternate day dosing may be
associated with a recurrence of symptoms and ischemic complications
during the treatment-free days [50]. The steroid-sparing potential of 
several agents, including methotrexate, azathioprine, and cyclosporine,
have been studied with no conclusive recommendations [51].

Summary

Transient visual loss reflects a heterogeneous array of disorders, ranging
from the benign to the catastrophic. Table 4.3 summarizes the features of

Table 4.2 Arteritic vs. non-arteritic anterior ischemic optic neuropathy

Non-arteritic Arteritic

Age Mean, 60 Mean, 70

Gender M = F F > M

Visual acuity > 20/200 in > 60% < 20/200 in > 60%

Disc appearance Pallid edema or hyperemic; Generally pale swelling; fellow  
fellow disc small and crowded disc of any configuration; 

cotton-wool spots

Natural history 16–42.7% improve; 20% risk Rare improvement; fellow eye 
in fellow eye at 5 years involved 54–95%

Treatment None proven Systemic corticosteroids
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common causes of transient visual loss. Recognition of the common etio-
logies, a high index of suspicion for the uncommon but vision-threatening
etiologies, and a general understanding of the neuroanatomy of the prim-
ary visual pathways serve in most cases to establish a diagnosis. The judi-
cious use of laboratory testing and neuroimaging helps confirm or exclude
the possible etiologies generated by the history and examination.
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Head CT and MRI Findings 
in Patients with Transient 
Ischemic Attacks
Chelsea S. Kidwell, Jeffrey L. Saver

Introduction

Transient ischemic attacks (TIAs) are currently defined as neurological
symptoms due to focal cerebral ischemia that resolve completely within 
24 h [1]. This definition was originally conceived based on the concept
that transient clinical deficits are due to transient ischemia that is not 
associated with permanent brain injury or infarction. However, rapid
advances in computed tomography (CT) and magnetic resonance imag-
ing (MRI) technology in the last 25 years have contributed significantly 
to our understanding of the pathophysiology of clinically defined TIAs,
requiring re-examination of these initial simplistic notions.

CT studies performed in the 1980s first suggested that TIAs may, in fact,
be associated with neuroimaging evidence of infarction. In fact, in 1983
Waxman and Toole coined the term ‘cerebral infarct with transient signs’
(CITS) to describe this newly recognized category of patients who met
clinical criteria for TIA but showed a relevant infarct on imaging studies
[2]. In the late 1980s and early 1990s, routine MRI studies further clarified
the frequency of this association in patients studied with more sensitive
neuroimaging techniques. Most recently, the clinical implementation of
diffusion-perfusion MRI has provided definitive evidence of acute infarc-
tion in some patients in the setting of clinical TIA syndromes and addi-
tional insight into the underlying pathophysiology of these syndromes.

Goals of neuroimaging evaluation of TIA

The goals of the modern neuroimaging evaluation of TIA are to (i) obtain
evidence of a vascular etiology for the symptoms either directly (evidence

CHAPTER  5



Chapter 5

120

of hypoperfusion and/or acute infarction) or indirectly (identification of a
presumptive source, such as a large-vessel stenosis, (ii) exclude an altern-
ative non-ischemic etiology, such as tumor, abscess, etc., (iii) acquire data
regarding the anatomical and vascular localization of the event, (iv) ascer-
tain the underlying vascular mechanism of the event (e.g. large vessel
atherothrombotic, cardioembolic, small- vessel lacunar, etc.), which, in
turn, allows selection of the optimal therapy, and (v) identify prognostic
outcome categories.

Standard CT

CT studies performed in the 1980s demonstrated that non-ischemic etio-
logies can be identified in approximately 1–5% of clinical TIAs, including
tumor, abscess, and subdural hematoma [3,4]. These early CT studies also
revealed that both anatomically relevant and nonrelevant (presumably
remote, silent) infarcts may be identified in a significant proportion of TIA
patients. While some early reports suggested that ischemic lesions were
absent or rare in TIA patients [5,6], later studies, using later generation
technology, have clearly shown that this is not the case. Across all CT stud-
ies, any infarct has been visualized in 0–68% of patients, and any relevant
infarct in 0–28%. The Dutch TIA trial provides representative data from
one of the largest analyses of CT findings in TIA patients. Of 606 patients
with transient cerebral ischemia, 13% of patients had a relevant infarct
and 6% of patients had an irrelevant infarct, for a total rate of any infarc-
tion of 19% [7].

Numerous CT studies have reported an increased frequency of lesions
with longer duration of the TIA episode [3,8,9]. In the Dutch TIA trial, 
the investigators found that relevant infarcts occurred more frequently
with longer attack duration. This was true both in patients meeting strict
criteria for TIA, as well as for the cohort as a whole, which also included
patients with reversible ischemic neurologic deficit (RIND) and minor
stroke [7,10]. Two additional studies in patients with carotid territory TIAs
have supported this association [8,9]. In one report, Bogousslavsky and
colleagues studied 57 patients with carotid territory TIAs and found that
the likelihood of infarction on CT was > 80% for attacks lasting longer
than 45–60 min [9].

Several large-scale clinical trials and case series have shed light on the
clinical characteristics associated with the finding of a CT lesion in TIA
patients. In the Dutch TIA trial, patients with relevant infarcts were more
likely to have a history of hypertension as well as involvement of speech
during the attack [10]. In a study of 284 TIA patients, Murros and Evans
found that any CT evidence of infarction was significantly associated with
increased age and the presence of carotid stenosis [11]. Using data from
the NASCET trial, Eliasziw and colleagues found that previous clinically
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diagnosed stroke, older age, and male sex were all significantly associated
with the occurrence of ipsilateral CT-verified infarcts in TIA patients with
severe carotid stenosis [12].

Several important brain and vessel imaging characteristics have also
been identified in patients with CT-verified lesions. Numerous studies
suggested that patients with infarcts in association with clinical TIA are
more likely to have large-vessel stenoses [12–14]. In addition, Meagher 
et al. studied 50 TIA patients who underwent both CT imaging and catheter
angiography and found that patients with any infarct were more likely to
have diminished collateral reserve on angiography [15].

A few investigators have analyzed the distribution and anatomical local-
ization of CT lesions in patients with TIAs. In the Dutch TIA trial, 606
patients had anterior circulation TIAs. Of these, 79 had anatomically rel-
evant infarcts, of which 58% were in small deep penetrator territories 
and 42% were in larger cortical territories [16]. Calandre and colleagues
reported CT abnormalities in 25% of TIA patients, 25% of RIND patients,
and 35% of stroke with minimal deficit patients [17]. Across these groups,
68% of infarcts were cortical, 27% hemispheric subcortical, and 5% cere-
bellar. In a study of 261 TIA patients, Turnbull and colleagues reported
that nondominant hemisphere infarcts were twice as common as domin-
ant infarcts and tended to be larger in size [4].

One of the most compelling reasons to distinguish TIA patients with an
associated acute infarction on imaging studies from those without acute
infarction would be a difference in prognosis between these two groups.
While definitive prospective data are lacking at the moment, the Dutch
TIA Trial provides some preliminary information. In this trial, the investi-
gators found that evidence of any infarct on CT (in either a relevant or
nonrelevant location) significantly increased the risk of a subsequent
stroke with a hazard ratio of 1.5, and was also an independent risk factor
for subsequent myocardial infarction or vascular death. In addition, dif-
fuse white matter hypodensity was associated with an increased risk of
subsequent stroke with a hazard ratio of 1.6 after adjusting for baseline
variables [18].

Similarly, Evans and colleagues studied 564 consecutive TIA patients, of
whom 350 had CT performed [19]. After controlling for baseline covariates,
they found that patients with CT-verified infarcts had significantly shorter
survival times than those without CT evidence of infarcts (P = 0.035) with
an increased risk of death of 109% over a 10-year period following the
TIA. However, this study did not assess the risk associated with evidence of
a new, appropriately located TIA-related infarct. In contrast, Eliasziw and
colleagues did not find an increased risk of ipsilateral stroke associated
with CT evidence of an anatomically relevant infarct in a group of TIA
patients with severe carotid stenosis treated medically as part of the North
American Symptomatic Carotid Endarterectomy Trial [12].
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Additional CT techniques: xenon CT, perfusion CT, 
CT angiography

Very limited data are available regarding xenon CT findings in patients with
TIA. In one study, Firlik and colleagues analyzed data from 53 patients pre-
senting with acute hemispheric stroke symptoms who underwent xenon-
enhanced CT cerebral blood flow studies within 8 h of symptom onset
(and before any clinical improvement) [20]. Eight patients had a complete
resolution of symptoms within 24 h. Mean cerebral blood flow (CBF) in
the symptomatic vascular territory in these eight patients was signific-
antly greater compared with patients with evolving strokes. The authors
concluded that patients with ischemic neurological deficits that will later
resolve can be acutely distinguished from patients with evolving cortical
infarctions using xenon CT CBF measurements. At the time of writing, we
were not able to identify any substantive reports describing perfusion CT
changes or CT angiography findings specifically in the TIA population.

Standard MRI

Conventional MRI is more sensitive than standard CT in identifying 
both new and pre-existing ischemic lesions in TIA patients. Across various
studies, MRI has shown evidence of at least one infarct somewhere in the
cerebrum in 46–81% of TIA patients [21,22]. Some of these infarcts are 
in locations that could have accounted for the deficits observed during the
TIA. Among patients meeting clinical criteria for TIA, 31–39% demon-
strate neuroanatomically relevant infarcts on conventional MRI [21,23].
It is difficult with both conventional MRI and CT to determine what pro-
portion of these appropriately localized infarcts occurred at the time of the
index TIA, and what proportion existed prior to the presenting event.

The earliest report of MRI findings in TIA patients came from Awad and
colleagues [24]. This group studied 22 patients with both MRI and CT.
They found 77% of patients had focal ischemic changes on MRI compared
with 32% on CT. However, the majority of lesions did not correlate with
symptomatology.

Fazekas and colleagues reported the results of conventional MRI in 
62 patients with hemispheric TIAs [21]. Forty-five of these patients also
had contrast-enhanced studies. They found that 81% of their cohort had
MRI evidence of focal ischemic injury, and that 31% demonstrated evid-
ence of an acute TIA-associated infarct. The definition Fazekas and col-
leagues employed for acute TIA-associated infarcts was: lesions (i) located
in a vascular territory potentially corresponding to the patient’s TIA 
symptoms, (ii) having signal characteristics of appearing hyperintense 
on T2-weighted scans and isointense or only minimally hypointense 
on T1-weighted scans, and (iii) showing regional swelling or contrast
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enhancement. This definition is problematic, as many lesions remote 
in time may demonstrate this T2/T1 pattern and the accuracy of rater 
discrimination of swelling for small lesions is uncertain. The majority of
infarcts identified as acute (68%) were < 1.5 cm in diameter and 58%
were purely cortical. Thirty-seven percent of the acute infarcts were mul-
tiple in nature. Contrast enhancement occurred in five of the 45 patients
studied, and in two of these patients was essential to the delineation of the
acute lesion. Evidence of infarction in these patients was associated with a
higher frequency of a history of vascular or cardiac disorders.

Additional insight regarding lesion location and clinical characteristics
of patients with TIA-associated lesions in conventional MRI comes from
two additional studies. In their study of 64 patients with carotid territory
TIAs studied with MRI, Kimura and colleagues found 16 of 41 patients de-
monstrated contrast enhancement [23]. The majority of contrast-enhancing
lesions were cortical (81%). Aphasia or confusional state, hypertension,
and presence of an emboligenic cardiac or arterial source were more fre-
quently observed in patients with enhancement. The increased rate of
contrast enhancement in this study compared with the Fazekas report may
be related to differences in patient characteristics and timing of the MRI
studies. Bhadelia et al. studied 100 TIA patients from the Cardiovascular
Health Study imaged with standard MRI sequences [22]. Brain infarcts
were demonstrated in 46% of the TIA patients compared with 28% of
patients without a history of TIA. In stepwise logistic regression analysis,
diastolic blood pressure and internal carotid intima-media thickness were
predictive of infarction on MRI. These authors also found an increased 
frequency of cortical infarcts and multiple infarcts in the TIA patients.

Preliminary data regarding neuroimaging prognosis in TIA patients is
now available. Walters and colleagues [25] performed serial MRI studies
over a 2-year period in 125 TIA patients and compared the results with 75
controls. They found that 47% of the TIA patients demonstrated evidence
of new asymptomatic lesions on follow-up imaging compared with 12%
of controls. Thirteen TIA patients had new cerebral transient symptoms, of
which two had new relevant MRI lesions. In addition, four TIA patients
experienced a clinical stroke during the follow-up period (three ischemic
events, one intracerebral hemorrhage). Factors that correlated with an
increased risk of a new ischemic lesion included diastolic blood pressure,
male sex, age, and initial severity of MRI ischemic lesions. Also of note,
these authors found that TIA patients had an accelerated rate of cerebral
atrophy compared with controls.

Diffusion-weighted imaging

While standard brain imaging techniques, including CT and conventional
MRI, are insensitive to dynamic and regionally varying neural parenchymal
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responses to tissue ischemia, the novel MRI techniques of diffusion and
perfusion imaging permit visualization of these critical tissue processes,
and have afforded new insights into the pathophysiology of human cere-
bral ischemia. Moreover, clinical studies have demonstrated that MRI is of
substantial clinical utility in patients with TIAs.

Studies from five groups have now confirmed that diffusion-weighted
imaging (DWI) provides a more precise evaluation of ischemic insult in
TIA patients compared with standard CT and MRI studies (Figs 5.1 & 5.2)
[26–30]. These series show convergent results regarding the frequency of
DWI positivity among TIA patientsaamong the five studies encompassing
202 patients, the aggregate rate of DWI positivity was 44%, ranging from
35 to 48% (Table 5.1) [26–30].

The increased sensitivity of DWI over standard MRI sequences was first
demonstrated in a UCLA study, where 20 of 42 TIA patients exhibited dif-
fusion MR abnormalities. Five of the 20 patients with a DWI lesion (25%)
did not show a lesion correlate on initial T2-weighted sequences. The
remaining 15 patients did exhibit T2-weighted lesion abnormalities in the
same regions as DWI alterations.

Detailed data correlating symptom duration with the presence of DWI
lesions come from three studies. In the UCLA study, a precise report of TIA
duration (all episodes were unequivocally less than 24 h) was available for

Fig. 5.1 Seventy-five-year-old female with a history of hypertension and atrial
fibrillation presented with several hours of left-sided weakness. Diffusion-weighted
sequence (right image) shows right periventricular white matter lesion (thick arrow)
not visualized on the standard FLAIR sequence (thin arrow). ©UCLA Stroke Center.
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15 of the 20 patients with DWI abnormalities and 17 of the 22 without
DWI abnormalities. Duration of TIA symptoms for patients without a DWI
abnormality was mean 3.2 h (± 4.7 h standard deviation), median 0.5 h
vs. mean 7.3 h (± 6 h standard deviation), median 4.0 h for patients with a
DWI abnormality (t-test for difference in means, P = 0.03). The percent 
of patients with a DWI abnormality within various symptom duration
intervals increased as the total duration of symptoms increased (Fig. 5.3).

Fig. 5.2 Ninety-two-year-old female with several hours’ history of left arm weakness.
Diffusion-weighted sequence (right image) shows 1–2-mm right temporal lesion 
(thick arrow). Follow-up imaging 1 month later does not show resultant infarct on
FLAIR sequence (thin arrow). ©UCLA Stroke Center.

Table 5.1 Time intervals and yield of diffusion magnetic resonance imaging (MRI) in
transient ischemia attack (TIA) patients: three series

TIA duration Time from TIA onset Frequency of positive 
Series (mean), h to MRI (mean), h DWI findings on MRI, %

UCLA (n = 42) 3.2 h* 17 48
Duke (n = 40) 4.8 h 37 35
MGH (n = 57) 1.9 h 39 46
Takayama (n = 19) a a 37
Bisschops (n = 44) a a 47
Sum (n = 202) a a 44

*Median duration was 2.0 h.
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Similarly, the Duke investigators found that, in their cohort, TIAs of
longer clinical duration were more likely to be DWI positive. Among DWI-
positive patients, mean TIA duration was 7.1 h in the Duke cohort and 
7.3 h in the UCLA cohort; in DWI-negative patients mean TIA duration
was 3.2 h in both cohorts. In contrast, TIA duration was not a predictor 
of DWI positivity in the Massachusetts General Hospital (MGH) series. In
part, this discrepancy may be due to the briefer average duration of TIAs
and the longer interval from TIA offset to MRI in the MGH study.

The UCLA investigators also analyzed the relationship between DWI
findings and time from symptom onset to MRI. For the group as a whole,
the mean time to MRI study was 17 h (range 1.25–73 h), and did not sign-
ificantly differ between the DWI-negative patients (mean 15.8 h) and the
DWI-positive patients (mean 19.5 h). One patient in the group without
DWI lesions was still symptomatic at the time of the MRI, while two in 
the DWI-positive category were still symptomatic at the time of MRI.
Interval from time of resolution of TIA symptoms to time of MRI for pati-
ents with a DWI abnormality was mean 12.7 h, median 8.8 h in patients
with a DWI abnormality vs. mean 12.9 h, median 5.1 h in patients with-
out a DWI abnormality (rank sums test for difference in medians, P = 0.7).

In addition, the UCLA investigators compared diffusion imaging charac-
teristics in patients with DWI lesions vs. patients with completed stroke
and found that there were significant differences in the DWI and apparent
diffusion coefficient (ADC) signatures between these groups (Table 5.1).
Completed stroke patients had larger volumes and greater intensities of
ADC and DWI alteration than TIA patients.

Fig. 5.3 The percent of transient ischemic attack (TIA) patients with a diffusion-
weighted imaging (DWI) abnormality within various symptom duration intervals.
©UCLA Stroke Center.
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The sensitivity and specificity of DWI offer unique precision in charac-
terizing the vascular and anatomical localization of ischemic TIA lesions.
This information provides important insights into the underlying etiolog-
ical mechanism. In the 20 UCLA patients with diffusion MRI abnormal-
ities, DWI signal changes were localized to the brainstem in four patients,
the cerebellum in two patients, subcortical hemispheric structures in
seven patients, and cortical regions in seven patients. Vascular territories
affected were superficial middle cerebral artery in six patients, deep 
middle cerebral artery in six patients, brainstem perforators in four pati-
ents, and posterior cerebral arteries in two patients. In these 20 patients,
the final etiological mechanism was felt to be small-vessel lacunar in nine
patients, large-vessel atherothrombotic in four patients, and cardioem-
bolic in seven patients.

In the UCLA series, DWI results altered the attending physician’s 
opinion regarding vascular localization in 7/20 patients, anatomical local-
ization in 8/20 patients, and probable TIA mechanism in 6/20 patients.
The types of alterations in diagnosis were varied and no single pattern 
predominated. For example, among etiological diagnoses, of four patients
initially suspected to have large-artery atherothrombotic mechanisms,
one changed post-DWI to likely cardioembolic and one changed to likely
small vessel; of seven initial cardioembolic diagnoses, one changed to likely
large-vessel atherothrombotic and one changed to likely small vessel; and
of nine initial small vessel diagnoses, one changed to likely large-vessel
atherothrombotic and one changed to likely cardioembolic.

The MGH study provided insights into the clinical characteristics of
patients with DWI-positive lesion. These investigators found that prior,
nonstereotyped TIAs identified stroke etiology, and cortical symptoms
were independent clinical predictors of DWI positivity. These clinical fac-
tors seem to index larger, more severe ischemic episodes, as does longer
duration of clinical deficits, and this underlying physiological factor is
likely to be the most critical for the appearance of DWI abnormality. In the
UCLA Study, there were no significant differences between patients who
demonstrated DWI abnormalities and those who did not in age, sex, and
presence of hypertension, diabetes, tobacco use, hypercholesterolemia, or
history of prior stroke or TIA.

One particularly noteworthy finding that has evolved from DWI studies
in TIA patients is that DWI-positive TIA lesions do not consistently evolve
to a completed infarction on follow-up imaging studies. In the UCLA
series, all 20 TIA patients demonstrating DWI abnormalities were con-
tacted for a follow-up MRI, and nine of these patients agreed to return for
repeat neuroimaging. Three patients were studied with head CT and six
with brain MRI 2–7 months post event. Of these nine patients, five (three
MRI, two CT) demonstrated a subsequent infarct in the region corres-
ponding to the original DWI abnormality, while four (three MRI, one CT)
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did not. Five of the 22 patients without a DWI abnormality underwent 
follow-up imaging (three MRI, two CT), 2 weeks to 15 months post event.
None demonstrated a subsequent relevant infarct. In addition, there are
two case reports in the literature of DWI lesions associated with TIAs
reporting reversibility of the DWI abnormalities on follow-up imaging
[31,32]. Of note, however, in the Takayama series of 19 TIA patients, all of
the DWI-positive lesions (seven patients) evolved to persistent T2 lesions.
This discrepancy may be related to patient characteristics and timing of the
imaging studies.

Perfusion-weighted imaging

Scant data are available regarding perfusion-weighted imaging (PWI)
findings in patients with clinical TIAs. However, two case reports in the 
literature provide some insight into the potential role of PWI in the evalu-
ation of TIA. In one report, the initial DWI study was negative while the
PWI scan demonstrated a perfusion deficit in a region compatible with 
the focal symptoms [33]. Despite resolution of the clinical symptoms, the 
follow-up DWI scan showed a small lesion in the initially hypoperfused
area. In the second report, a patient with a prolonged reversible isch-
emic neurological deficit underwent acute and follow-up diffusion- and 
perfusion-weighted imaging [32]. The initial PWI scan showed a large PWI
lesion with a smaller relatively less conspicuous DWI abnormality. At the
time of follow-up imaging, both the clinical and imaging abnormalities
had completely resolved.

These two cases suggest that PWI is likely to be even more sensitive than
DWI in detecting acute ischemic changes in some TIA patients. Since PWI
is able to detect regions of relative hypoperfusion that do not reach the
threshold of tissue bioenergetic compromise required to cause a lesion on
DWI, a greater number of patients with modest degrees of ischemia may
be detected with this technique. The anticipated utility of perfusion MRI is
supported by perfusion studies employing other imaging modalities that
have demonstrated detectable blood flow abnormalities in a substantial
proportion of TIA patients [34,35].

Additional MR techniques: MR spectroscopy and 
MR angiography

MR spectroscopy is an interesting new application of MRI for the study of
patients with TIA. A preliminary report by Giroud and colleagues of five
TIA patients found no differences in N-acetylaspartate (NAA)/creatine
ratio, but did find an increase in lactate/creatine ratio. More recently,
Bisschops and colleagues performed an analysis of 44 TIA patients studied
with MR angiography and 1H-magnetic resonance spectroscopy [28].
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They found that the NAA/choline ratio in non-infarcted regions was
significantly decreased in the symptomatic hemisphere compared with 
the asymptomatic hemisphere and control subjects. In the symptomatic
hemisphere, the lactate/NAA ratio was significantly increased compared
with control subjects. These authors also reported that the TIA patients
had normal flow distribution through the circle of Willis and did not have
any alterations in flow volume in any of the arteries.

Neuroimaging findings in TIA

These neuroimaging studies, particularly those employing diffusion MRI,
provide important new insights into the pathophysiology of TIAs and the
clinical utility of these techniques in TIA patients. Across all diffusion MRI
series, more than two of every five cerebral TIA patients demonstrated
DWI evidence of acute bioenergetic compromise. In the UCLA study,
among TIA patients with early DWI abnormalities who had follow-up
imaging, approximately one-half exhibited late CT or MRI evidence of
established infarction. Together, these data suggest that approximately
one-quarter of cerebral TIA patients actually have cerebral infarction with
transient signs. A distinct subset of TIA patients, representing about one-
fifth of TIA cases, who have early DWI abnormalities but no late evidence
of established infarction has now been identified. The delineation of such
TIA patients suggests that DWI abnormalities may be reversible in humans
if early restoration of blood flow is obtained. This observation has been
confirmed, with important additional complexities, by MRI studies in
patients undergoing reperfusion after thrombolytic stroke therapy [36].

In TIA patients, the ADC volume, mean ADC value, DWI volume and DWI
signal intensity were all significantly less abnormal than in acute stroke
patients. These differences support the concept that the cerebral ischemia
experienced by patients with TIAs is less in volume and severity than that
experienced by patients with clinically completed stroke syndromes.

Both the UCLA and Duke series found a strong statistical correlation
between duration of TIA symptoms and presence of a lesion on DWI. This
correlation, however, was not absolute. DWI lesions appeared in patients
with clinical episodes as brief as 10 min while some patients in the DWI-
negative group had symptoms lasting > 12 h. DWI abnormalities do appear
to be uncommon, if present at all, in patients with clinical symptoms 
lasting < 5 min.

In addition to improving our understanding of the underlying patho-
physiological processes that occur with TIAs, these data add to a growing
body of evidence demonstrating the clinical utility of DWI [37,38]. A vari-
ety of studies have demonstrated that the diagnosis of TIA is often difficult,
especially for the non-neurologist [39,40]. Kraaijeveld and colleagues
found κ measures of interrater agreement of only 0.65 among eight 
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experienced neurologists diagnosing 56 TIA patients and of only 0.31 for
determination of the vascular territory involved [41]. The size, appear-
ance and location of DWI lesion(s) in TIA may help guide physicians in
determining the underlying etiological mechanism and in choosing the
optimal therapeutic regimen to reduce the probability of recurrent TIAs 
or completed stroke in the future.

In the UCLA study, information obtained from the DWI study led to 
a change in the suspected anatomical localization, vascular localization,
and TIA mechanism in over one-third of patients. In addition to clarifying
the site and source of ischemia in patients with clinically definite TIAs, 
diffusion imaging also can be quite helpful in patients with atypical tran-
sient neurological symptoms, when it is unclear whether the event was 
a TIA vs. migraine, hyperventilation, brief seizure, or other TIA mimic.
Although DWI abnormalities have been rarely reported in TIA mimics, a
visualized diffusion abnormality in these cases generally provides support-
ive evidence of the diagnosis of TIA.

The observation that DWI alone was positive in 25% of patients, while
75% had correlative lesions identified retrospectively on T2-weighted
imaging underestimates the diagnostic impact of DWI. Even in the
patients with T2-visible lesions, the diffusion imaging provided added clin-
ical utility. Many of the T2-positive patients had multiple foci of increased
T2 signal, and determining which, if any, T2 foci were new and related to
the recent TIA may not have been possible without the DWI sequences.
Standard T2-weighted sequences alone are generally incapable of reliably
differentiating acute from chronic events.

As noted in the above discussion of CT findings in TIA patients, identify-
ing which patients have a new infarct on imaging may have important
prognostic value [42]. Only larger series with long-term follow-up will 
be able to distinguish if there is a difference in prognosis in TIA patients
without diffusion abnormalities, TIA patients with transient diffusion
abnormalities but no eventual T2 lesion, and patients with diffusion
abnormalities and a subsequent T2 lesion. We concur with the general
view advanced by Caplan that all TIA patients are at significant risk of sub-
sequent vascular events, and it is the underlying mechanism rather than
the duration of symptoms that is most critical to determine [43]. However,
it may be that within each mechanism category, longer duration of a TIA
or presence of a DWI abnormality identifies a subgroup at increased risk.
How often patients with DWI abnormalities are experiencing ongoing
ischemia will need to be clarified by large series of concurrent perfusion
studies. The severity and size of the perfusion deficit might also be an indi-
cator of the reversibility of the diffusion abnormality. Finally, the path-
ological correlates of DWI changes in TIA require investigation, including
how often signal abnormalities reflect, at the histopathological level,
absence of infarction, incomplete infarction, or complete infarction [44].
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Recent studies in animal models and now in human patients with con-
ventionally defined TIAs have identified three unique tissue patterns on
diffusion-perfusion MRI, reflecting three somewhat dissimilar ischemic
episodes, that can underly clinically similar TIAs:
1 A very brief or low-intensity period of focal ischemia may disrupt
synaptic transmission and produce transient neurological deficits without
causing early cytotoxic edema or permanent tissue injury. In these cases,
perfusion MRI may show focally reduced cerebral blood flow, but both
acute diffusion MRI, sensitive to early cytotoxic edema, and late T2 imag-
ing, sensitive to increased water content, a marker of permanent paren-
chymal injury, will be unrevealing.
2 A somewhat more severe transient ischemic insult may sufficiently 
disrupt cellular energetic state to impair maintenance of ionic gradients
across cell membranes, producing cytotoxic edema, but not cause advanced
bioenergetic failure. Early restoration of blood flow may permit cellular
re-energization and restoration of ionic gradients, with edema resolution.
In this setting, acute perfusion MRI during the episode and diffusion MRI
close to the time of the episode will be abnormal, but late T2 imaging will
be unrevealing.
3 A more profound ischemic insult may produce loss of cell membrane
integrity, in addition to failure of synaptic transmission and cytotoxic
edema, with resulting permanent parencyhmal injury. However, early
recruitment of alternative neural circuitry and synaptic outgrowth, neuro-
plasticity and neurorepair, may allow rapid resolution of clinical deficits.
In this setting, patients with rapidly transient neurological signs may
exhibit early perfusion, early diffusion, and late T2 abnormalities on MRI
imaging.

These observations suggest a need to re-examine the utility and accur-
acy of the current time-based definition of TIA. The concept of a time-based
criterion first arose in the 1950s as an imprecise means to distinguish be-
tween those cerebral ischemic episodes that caused brain injury and those
that did not, in the absence of imaging or other laboratory measures that
could directly determine tissue parenchymal status. Proposed time cut-
offs varied widely. A 1958 NIH committee on classification of cerebrovas-
cular disease suggested that TIAs could last as long as 1 h [45]. Acheson
and Hutchinson, in 1964, also employed a 1-h threshold to distinguish 
TIA from stroke [46]. However, also in 1964, Marshall employed a 24-h
limit in defining TIA, although his data showed that symptoms lasted < 1 h
in three-quarters of his patients [47]. In the 1975 revision of the NIH
classification document, a 24-h limit for TIAs was adopted [48].

Accumulating evidence suggests that any time cut-off for TIA is inaccur-
ate in reflecting end organ injury. The current 24-h operational definition
is especially misleading. Large-scale studies have clarified our understand-
ing of the typical duration of TIAs, showing that most TIAs resolve within
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10–60 min rather than lasting several hours [49,50]. Moreover, diffusion
MR findings of diffusion change in patients with spells as brief as 10 min
challenge the simplistic assumption that, because clinical TIA symptoms
rapidly resolve, significant ischemic tissue injury must not occur.

Indeed, MRI studies have demonstrated the untenability of any defini-
tion of TIA based solely on clinical manifestations and an arbitrarily
assigned time window, rather than tissue changes and physiological pro-
cesses. While the likelihood of DWI alterations is directly related to the
duration of symptoms, some patients with spells as brief as 10 min will
show parenchymal changes on diffusion imaging and some with spells
exceeding 12 h will show no diffusion alteration. There is not likely to be 
a fundamental biological difference between a patient whose symptoms
last 59 min and a patient whose symptoms last 61 min, or between 23-h
59-min spells and 24-h 1-min spells.

Accordingly, efforts are underway to redefine TIAs using a tissue-based
definition that takes into account the fundamental physiological processes
indexed by imaging or other laboratory measures, rather than a strict time
limit. The UCLA group has proposed the following tissue-based definition:

A TIA is a brief episode of neurological dysfunction due to focal cerebral
ischemia, that is not associated with permanent brain injury. Although
most TIAs last 1 min to 2 h, a minority last up to 24 or more hours.

Under this definition, the diagnosis of TIAs may be rendered on clinical
grounds alone. For research purposes, it would be useful to have a more
detailed, strictly operationalized definition, again based on the presence or
absence of tissue injury rather than time intervalathis type of definition
would incorporate the results of laboratory and neuroimaging tests to
stratify the likelihood of a TIA.

The UCLA group has accordingly proposed the following research-
orientated tissue-based definition of TIA:

A TIA is a brief episode of neurological dysfunction, presumed to be due
to focal cerebral ischemia, that is not associated with permanent brain
injury. Although most TIAs last 1 min to 2 h, a minority last up to 24 or
more hours.

• Highly probable TIA: transient neurological dysfunction presumed to be
due to focal cerebral ischemia, imaging evidence of focal hypoperfusion
during episode, no laboratory/imaging evidence of tissue injury.
• Probable TIA: transient neurological dysfunction presumed to be due to
focal cerebral ischemia, perfusion imaging not performed during episode,
no laboratory/imaging evidence of tissue injury.
• Possible TIA: transient neurological dysfunction presumed to be due to
focal cerebral ischemia, perfusion imaging not performed during episode,
no sensitive laboratory/imaging test of tissue injury performed.
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This research definition recognizes three levels of strength of evidence
for a spell being a TIA. The lowest level is clinical criteria alone. The next
level higher is clinical criteria plus a supportive test showing that no
parenchymal tissue injury occurred during the spell. The supportive test
should be highly sensitive to subtle brain parenchymal injury, such as dif-
fusion MR. Conventional CT and MR are insufficient. Serum biomarkers
of brain parenchymal injury, such as the S-100 protein and neuron
specific enolase [51,52], may be useful alternative laboratory measures for
this definition. The highest level of evidence additionally includes imag-
ing evidence of focal hypoperfusion during the spell. This finding helps to
exclude seizures, compressive neuropathies, and other TIA mimics and
rules in focal hypoperfusion as the etiology of the episode. Any of the wide
variety of perfusion imaging modalities available could provide the data
required for this level of evidence, including CT perfusion imaging, xenon
CT, perfusion MR, single positron emission tomography (SPECT), positron
emission tomography (PET), transcranial Doppler ultrasound, and cere-
bral angiography.

Conclusion

Neuroimaging studies, particularly diffusion–perfusion-weighted MRI,
have fundamentally altered our understanding of the pathophysiology 
of TIA. The spectrum of ischemic tissue alterations underlying transient
clinical symptoms is now understood to variably include synaptic trans-
mission failure, cytotoxic edema, and permanent tissue injury, and these
processes are easily delineated in individual patients on MRI. In routine
clinical practice, MR permits confirmation of focal ischemia rather than
another process as the cause of a patient’s deficit, improves accuracy of
diagnosis of the vascular localization and etiology of TIA, and assesses the
extent of pre-existing cerebrovascular injury. Accordingly, MRI, including
diffusion sequences, should now be considered a preferred diagnostic test
in the investigation of the patient with potential transient ischemic attacks.
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Single-Photon Emission
Computed Tomography (SPECT)
and Positron Emission
Tomography (PET)
Colin P. Derdeyn, William J. Powers

Introduction

Single-photon emission computed tomography (SPECT) and positron
emission tomography (PET) are related neuroimaging techniques that
allow the non-invasive measurement of regional physiological processes
such as cerebral blood flow (PET and SPECT) and oxygen metabolism (PET)
in the human brain. The primary application of SPECT and PET in patients
with transient ischemic attack (TIA) is the assessment of hemodynamic
impairment due to occlusive cerebrovascular disease. Many patients pre-
senting with TIA have significant arterial lesions, such as stenoses or complete
occlusions. These lesions have the potential for reducing the perfusion
pressure of the brain, depending on the degree of arterial narrowing and
the adequacy of collateral sources of blood flow. Information regarding
the hemodynamic status of the brain beyond the stenosis or occlusion has
proven prognostic value in certain clinical situations and, pending the out-
come of clinical trials, may guide therapy in the future.

In this chapter, we will review the physical principles underlying SPECT
and PET. We will discuss the physiology of hemodynamic impairment and
how it can be assessed with SPECT and PET. Finally, we will review the lit-
erature for the current clinical applications for SPECT and PET studies of
cerebral hemodynamics in patients with TIAs. At present, data are inade-
quate to support the routine use of these techniques to guide patient care,
although such use is widespread. Investigational applications of SPECT
and PET can be separated into three categories. The first lies in prospect-
ive studies of hemodynamic impairment as independent risk factors for

CHAPTER  6



Chapter 6

138

subsequent stroke in well-defined clinical populations. These populations 
may include patients with TIAs and extracranial or intracranial athero-
sclerotic disease. Other important vascular pathologies include arterial dis-
section, vasospasm associated with subarachnoid hemorrhage, and venous
occlusive disease. These studies shed light on the association between
hemodynamic impairment and stroke risk, as well as the frequency of
hemodynamic impairment in patients with these different pathological
conditions. The second application is as a secondary endpoint to assess 
the effects of medical or surgical intervention on cerebral hemodynamic 
status. This literature is extensive, but inconclusive with regard to actual
impact on patient outcome. The third investigational application is critic-
ally predicated on the two described above. Once an independent associa-
tion between a hemodynamic factor and stroke risk has been established,
and it is proven that an intervention can reverse the hemodynamic abnor-
mality, a clinical trial of the intervention is necessary to determine if the
treatment improves the outcome in the subgroup of patients with the
hemodynamic abnormality. Two such studies using PET or SPECT are cur-
rently underway. Both are randomized clinical trials of surgical revascu-
larization vs. medical therapy for patients’ symptomatic atherosclerotic
carotid occlusion and SPECT or PET evidence of severe hemodynamic
impairment.

Imaging physics

Both SPECT and PET rely on three major components to measure accur-
ately physiological processes in living humans: a radiotracer, a radiation
detection system, and a mathematical model relating the detected radia-
tion to the physiological process under study [1,2]. In this section, we 
will define these components and discuss their inherent advantages and
limitations for the study of cerebrovascular physiology in living humans.
Readers interested in greater detail are encouraged to refer to texts that
treat these subjects in greater detail [2].

Radiotracers are radioactive molecules that are administered in trace
quantities, so that they do not affect the physiological process under study.
SPECT and PET use fundamentally different radiotracers. SPECT radio-
tracers decay by emitting a single gamma ray. This gamma ray is also called
a photon, hence the term ‘single-photon emission’ in the SPECT acronym.
Gamma rays are similar to X-rays, but have higher energy. The most 
commonly used gamma-emitting radiotracers for SPECT are radioactive
forms of technetium (99mTc) and iodine (123I). 99mTc can be produced in a
nuclear medicine laboratory using commercially available molybdenum
kits. It is commonly bound to different organic molecules and has a half-
life of 6 h.123I is cyclotron-produced and then transported owing to its 
relatively long half-life (13 h).
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In contrast, PET radiotracers are not gamma-emitting. By definition,
PET relies on positron-emitting radio-isotopes. Positrons are small nuclear
particles with the same mass as an electron, but with a positive charge.
After emission, they travel up to a few millimeters within tissue, losing
energy, and then ultimately and fatally interacting with an electron. This
interaction results in the annihilation of both the positron and the electron
and the generation of two high-energy gamma photons of equal energy
but headed in opposite directions. The half-lives of these positron-emitting
radionuclides range from a few minutes to a few hours. These relatively
short half-lives allow high administered radioactivity with less total radia-
tion dose to the patient or subject as well as the ability to perform sequen-
tial studies. The limitation of a short half-life is that the radiotracer often
has to be prepared very nearby or on site. The most commonly used 
radiotracers for cerebral hemodynamic studies use 15O-labeled compounds
(half-life 120 s) and require an on-site linear accelerator or cyclotron for
production.

SPECT and PET also differ fundamentally in their respective radiation
detection systems. Most modern SPECT systems use several flat gamma
camera heads to detect the gamma rays arising from the study subject. The
camera head contains a collimator to absorb photons from the patient that
are not arising from the immediate field of view, a large crystalaa scintilla-
tion crystalafor the detection of X-ray photons, and a collection of photo-
multiplier tubes. The scintillation crystal gives off a flash of visible light
when it absorbs a gamma ray. The photomultiplier tubes cover the back
surface of the scintillation crystal and produce a pulse of electricity in
response to the light flash. Electronic circuits use this information to deter-
mine the location of each gamma ray interaction in the crystal. The cam-
era heads are rotated around the body to obtain multiple two-dimensional
views. These data are reconstructed in tomographic planes using similar
algorithms to those used in X-ray computed tomography.

A PET scanner consists of a large number of detector pairs connected by
coincidence circuits to identify the simultaneous arrival of the annihila-
tion photons, traveling on opposed, 180°trajectories. The detectors consist
of a scintillation crystal and photomultiplier tubes. After correction for
attenuation of photons by the head within the scanner bore, the data from
all the detector pairs are used to reconstruct a series of linear projections.
These projections are combined to produce a two-dimensional recon-
struction of the regional radioactivity within the scanner. Scanners with
multiple rings of detectors can generate several reconstructed tomo-
graphic slices of the imaged volume simultaneously. Three-dimensional
acquisitions and reconstructions of data can also be obtained with newer,
multiring scanners.

Quantitative SPECT techniques face two potentially limiting problems.
First, gamma photons are variably attenuated by tissue; some may travel a
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long distance through tissue and reach the detector, while another photon
from the same location may be absorbed by surrounding tissue. Second,
the spatial resolution of external gamma ray detectors is distance depend-
ent: as the distance between the source of gamma rays and the external
detector increases, the spatial resolution of detectors decreases [1]. Most
existing SPECT systems incorporate empiric or other corrections for attenu-
ation and mathematical adjustments for distance-dependent resolution.
PET does not suffer from these two problems. The spatial resolution of a
pair of annihilation coincidence detectors is nearly uniform for most of the
region found between detectors [1]. The fraction of activity lost to attenu-
ation can be measured individually and accurately corrected for.

A variety of other technical factors affect the ultimate accuracy of the
reconstructed SPECT and PET image as a quantitative measure of regional
radioactivity. One critical factor is the effect of image resolution on the
accuracy of measurement of regional radioactivity. A lack of understand-
ing of this issue can lead to errors in the interpretation of SPECT or PET
data. In any tomographic system such as SPECT or PET, detected radiation
will be redistributed or smeared over a larger area. The pattern of redis-
tribution is approximately Gaussian for a point source of radiation, with 
the maximum measured value occurring at the original point. The resolu-
tion of the reconstructed image is described in terms of this point spread
function and is usually given as the width of the point spread function 
at one-half its maximum amplitude. This is known as the full width, half
maximum (FWHM) of a given detector system. The FWHM therefore
describes the degree of smearing of radioactivity in a reconstructed image.
The ability of a SPECT or PET scanner to discriminate between 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 interest and the surrounding areas.

Because of the smearing or redistribution of detected radioactivity, any
given region in the reconstructed image will not contain all the activity
actually within the region. Some of the 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 activity where an abrupt
change actually exists, such as at the edge of an infarct or hemorrhage.
Measurements made at the borders of such lesions will not be accurate,
unless sophisticated post-processing techniques are applied [3].

The third requirement for SPECT and PET measurement of cerebrovas-
cular physiology is a mathematical model that quantitatively relates the
externally detected regional radioactivity to the physiological variable
under study. These models must take into account a number of factors,
including the mode of tracer delivery to the tissue, the distribution and
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metabolism of the tracer within the tissue, the exit of the tracer and
metabolites from the tissue, the recirculation of both the tracer and its
labeled metabolites, and the amount of tracer and metabolites remaining
in the blood. The model must be practically applicable given the amount of
radioactivity that can be safely administered to human subjects. Finally,
the validity of all the underlying assumptions and possible sources of error
for each model when applied to the study of both normal physiology and
disease states must be clearly understood. Ideally, each technique used 
in the study of cerebrovascular physiology should be rigorously validated
by paired comparison with an accepted ‘gold standard’ under the specific
conditions for which it will be used.

Physiology of cerebral hemodynamic impairment

Cerebral perfusion pressure (CPP) is defined as the difference between
mean arterial pressure and the venous back-pressure or intracranial pres-
sure, since venous back-pressure is usually negligible. For patients with
arterial occlusive disease, the perfusion pressure is essentially equal to 
the mean arterial pressure. Arterial lesions, such as stenoses or complete
occlusions, can result in a significant reduction in the pressure in the distal
arterial territory [4,5]. The degree of reduction will depend on the degree
of stenosis and, most importantly, the adequacy of collateral sources of
blood flow. For example, some patients with complete occlusion of a
carotid artery have normal perfusion pressure in the distal hemisphere
because of circle of Willis collaterals [6].

Direct measurements of CPP in humans are not practical, and therefore
indirect methods of assessment have been developed [7]. These methods
are based on the normal compensatory hemodynamic and metabolic
responses of the cerebral circulation to reduced perfusion pressure. Our
knowledge of these responses is primarily from studies involving acute
and global reductions in mean arterial pressure in animal models and
humans. The extent that they are valid in humans with chronic regional
reductions in CPP is not completely defined and remains an active area 
of ongoing investigation. Emerging empirical evidence, discussed in 
later sections, shows that the presence of some of these compensatory
responses predicts an increased risk of stroke in patients with cerebrovas-
cular disease.

Two compensatory mechanisms to acute reductions in CPP have been
established in both animals and humans: autoregulation and increased
oxygen extraction fraction (OEF) [8,9]. As CPP falls within the auto-
regulatory range, cerebral blood flow (CBF) is maintained at near normal 
levels by reflex vasodilatation of resistance arterioles, a phenomenon
known as autoregulation (Fig. 6.1) [8,10]. CBF falls only at a slight rate
through the autoregulatory range [11,12]. Consequently, as the metabolic
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Fig. 6.1 Model of hemodynamic and metabolic responses to reductions in cerebral
perfusion pressure. Point A represents baseline. The distance between points A and B
represents the autoregulatory range. The distance between points B and C represents
exceeded autoregulatory capacity where cerebral blood flow (CBF) falls passively as a
function of pressure. Point C represents the exhaustion of compensatory mechanisms
to maintain normal oxygen metabolism and the onset of true ischemia. Cerebral blood
volume (CBV) may not change [13,32] or may increase [31,77,78] within the
autoregulatory range (between A and B). Once autoregulatory capacity is exceeded
(between B and C), CBV may increase slightly (10–20%) [13,32], remain elevated
[77,78] or continue to increase (up to 150%) [31]. CBF falls slightly, down to 18%,
through the autoregulatory range (between A and B) [11,79]. Once autoregulatory
capacity is exceeded, CBF falls passively as a function of pressure down to 50% of
baseline values (between B and C). Oxygen extraction fraction (OEF) increases
slightly, up to 18%, with the reductions in CBF through the autoregulatory range
(between A and B) [13]. After autoregulatory capacity is exceeded and flow falls up 
to 50% of baseline, OEF may increase up to 100% from baseline [80]. CMRO2: The
cerebral metabolic rate for oxygen consumption remains unchanged throughout this
range of cerebral perfusion pressure (CPP) reduction (between A and C), due to both
autoregulatory vasodilatation and increased OEF [78,80]. Reprinted with permission
from Derdeyn et al. Variability of cerebral blood volume and oxygen extraction: stages
of hemodynamic impairment revisited. Brain 2002; 125: 595–607.
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rate for oxygen in the brain remains constant and the delivery of oxygen
to the brain (CBF multiplied by the arterial oxygen content of the blood) 
is reduced, there is a slight increase in oxygen extraction by the brain 
tissue at the lower limits of the autoregulatory range [13]. With further
reductions in CPP beyond the autoregulatory capacity, CBF will fall pass-
ively as a function of pressure. OEF will increase steeply to support oxygen
metabolism and tissue function [4,9,14]. Oxygen extraction fraction 
can increase to up to 80% from a normal baseline of 30%. Further reduc-
tions in CPP reductions beyond the ability of OEF to compensate for
reduced CBF will lead to true ischemia, with an insufficient delivery of
oxygen to meet metabolic demands. Cellular energy failure will result 
and permanent injury may ensue, depending on the degree and duration
of the ischemia.

Assessment of cerebral hemodynamics

Identification of these compensatory mechanisms in humans with cere-
brovascular disease relies on non-invasive imaging techniques, such as
PET and SPECT. A single measurement of blood flow is not indicative of
hemodynamic status for two reasons. First, nearly normal flow can be
maintained with autoregulatory vasodilatationanormal flow does not
exclude reduced perfusion pressureaand second, reduced CBF may be
due to reduced metabolic demand. This may occur remote from the site 
of ischemic injury, such as with crossed cerebellar diaschisis [15–17] or
after a lacunar infarction (Fig. 6.2). Reduced CBF does not automatically
indicate reduced perfusion pressure, therefore. Consequently, three basic
strategies have been developed for the in vivo assessment of hemodynamic
impairment in humans. The first two are intended to detect pre-existing
autoregulatory vasodilatation. The third relies on direct measurements of
oxygen extraction.

The first strategy relies on paired CBF measurements with the initial
measurement obtained at rest and the second measurement obtained 
following a cerebral vasodilatatory stimulus. Hypercapnia, acetazolamide,
and physiological tasks such as hand movement have all been used as
vasodilatatory stimuli. Normally, each will result in a robust increase in
CBF. If the CBF response is muted or absent, preexisting autoregulatory
cerebral vasodilatation due to reduced cerebral perfusion pressure is infer-
red (Fig. 6.3). The blood flow responses to these vasodilatatory stimuli
have been categorized into several grades of hemodynamic impairment:
(i) reduced augmentation (relative to the contralateral hemisphere or 
normal controls); (ii) absent augmentation (same value as baseline); and
(iii) paradoxical reduction in regional blood flow compared with baseline
measurement. This final category, also called the ‘steal’ phenomenon, can
only be identified with quantitative CBF techniques [18].
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Quantitative or qualitative (relative) measurements of CBF can be made
using a variety of SPECT and PET methods. CBF is defined as the volume
of blood delivered to a defined mass of tissue per unit time, usually ex-
pressed in milliliters of blood per 100 g of brain per minute [ml/[100 g ·
min)]. Most of the commonly employed SPECT techniques employ a vari-
ety of compounds that are nearly completely extracted from the blood on
their first pass through the cerebral circulation and trapped in the tissue.
Commonly used first-pass compounds include 99mTc-labeled ethylene 
cysteine dimmer (99mTc-ECD) and hexamethylpropyleneamine oxime
(99mTc-HMPAO), as well as iodine-133-labeled N-isopropyl-p-[123I]-
iodoamphetamine (123I-IMP) (Fig. 6.3). The amount of measured activity
in different regions linearly reflects the regional CBF at the time of injection.

Fig. 6.2 Lacunar infarction causing
hemispheric reduction in metabolism
(Fig. 6.2A, CMRO2, right image,
white arrows) and flow (Fig. 6.2A,
CBF, left image). This patient had a
normal computed tomography (CT)
scan and normal CMRO2 on a prior
positron emission tomography (PET)
examination. Repeat PET study
(shown here) demonstrated interval
development of reduced hemispheric
CMRO2 and cerebral blood flow
(CBF). A repeat CT scan showed a
new, clinically silent lacunar
infarction in the head of the caudate
nucleus (B, white arrowhead).

(A)

(B)
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With the long half-life of these compounds, scanning can be performed
hours after injection and the acquisition can be prolonged to increase
counting statistics. Relative CBF compared with other brain regions can 
be determined simply as the ratio of regional radioactivity. When com-
bined with an arterial time–activity curve obtained at the time of injection,
quantitative CBF values can be calculated. Some inaccuracies due to
imperfect tissue-trapping occur. SPECT CBF measurements can also be
obtained with inhalation of xenon-133 [19,20]. Xenon-133 is a freely dif-
fusible gas and washes out of the tissue quickly. Pulmonary concentra-
tions of xenon-133 are often used instead of arterial time–activity curves
for the calculation of quantitative CBF. PET methods can use intra-
venously injected 15O-labeled water or inhaled 15O-labeled carbon dioxide
to measure absolute or relative values of CBF [21–23]. Inhaled 15O-labeled
carbon dioxide is rapidly converted to 15O-labeled water in the blood by
carbonic anhydrase. These scans are obtained either immediately after a
bolus injection (for water) or in a steady-state situation over several 

Fig. 6.3 Impaired vasodilatatory response to acetazolamide by 99mTc ethylene cysteine
dimmer (ECD) single-photon emission computed tomography (SPECT). This is an 18-
year-old woman angiographic evidence of Moya Moya phenomena affecting the right
distal internal carotid artery. Baseline SPECT study (top row) shows symmetric activity
between the hemispheres, indicating no difference in relative cerebral blood flow
(CBF). After vasodilatatory challenge with acetazolamide (lower row), there is a
reduction in CBF in the right middle cerebral artery territory (white arrows), relative
to CBF in the contralateral hemisphere. Images courtesy of Ronald van Heertum MD,
Columbia University College of Physicians and Surgeons.
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minutes (for carbon dioxide). Both PET methods provide accurate meas-
urements of low values of CBF but underestimate high flows due to
incomplete first-pass extraction of water. Thus, they are appropriate for
studies of ischemia or hypoperfusion. These problems can be overcome
using 15O-labeled butanol, as it is completely extracted. PET images
obtained using either the 15O-labeled water or 15O-labeled carbon dioxide
methods can be used for both relative and absolute CBF measurements.
The radioactivity in the images is linearly proportional to CBF, so relative
CBF can be calculated from regional radioactivity ratios. As with SPECT,
quantitative CBF is obtained using arterial time–activity data.

The paired CBF measurements used to assess for vasodilatatory capacity
may be relative or quantitative. A common term in the literature for the
provocative tests of vasodilatatory capacity is ‘cerebrovascular reserve’
(CVR). With absolute measurements of CBF, this is frequently calculated
as: CVR (%) = 100 × (CBFpost stimulus – CBFbaseline)/CBFbaseline. Because of
the tomographic nature of the CBF measurements, CVR can be calculated
regionally for different arterial territories. When relative CBF techniques
are used, a change in a calculated asymmetry index is often used to deter-
mine vasodilatatory capacity [24]. This is the amount of measured activity
in one brain region expressed as a percentage of the amount of activity in
the contralateral, normal brain region or in the unaffected cerebellum.
The change in the index after vasodilatatory challenge relative to baseline
asymmetry is calculated.

The second strategy of hemodynamic assessment uses either the 
measurement of regional cerebral blood volume (CBV), alone, or in com-
bination with measurements of CBF in the resting brain in order to detect
the presence of autoregulatory vasodilatation (Fig. 6.4). CBV is defined as
the volume of intravascular blood within a defined mass of tissue and is
generally expressed as ml of blood per 100 g of brain. SPECT techniques
generally use 99mTc-labeled albumin or red cells [25,26]. CBV can be 
measured by PET with either trace amounts of C15O or 11CO [27]. Both
carbon monoxide tracers label the red blood cells. Blood volume is calcu-
lated using a correction factor for the difference between peripheral vessel
and cerebral vessel hematocrit. The CBV/CBF ratio (or, inversely, the
CBF/CBV ratio), mathematically equivalent to the vascular mean transit
time, may be more sensitive than CBV alone for the identification of
autoregulatory vasodilatation [13]. It may be less specific, however, [28].
The CBV/CBF ratio may increase in low flow conditions with normal per-
fusion pressure, such as hypocapnia. One issue that remains controversial
is to what extent autoregulatory vasodilatation of arterioles gives rise to
measurable increases in the cerebral blood volume [29]. Experimental
data have produced conflicting results [30–32]. The identification of
increased CBV in patients with carotid occlusion almost certainly reflects
autoregulatory vasodilatation, however, [29].
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The last strategy relies on direct measurements of OEF to identify
patients with regions of increased oxygen extraction (Fig. 6.4). At present,
regional measurements of OEF can be made only with PET using 15O-
labeled radiotracers. A scan is obtained after inhalation of 15O-labeled
oxygen. Both steady-state and bolus inhalational methods have been 
successfully employed and validated [22,33–35]. Quantitative measure-
ments of OEF by either PET method require independent measurements
of CBF and CBV [22,23,35,36]. The quantitative value for the regional
oxygen metabolism (CMRO2) can then be calculated from an equation
using OEF, CBF and arterial oxygen content. A count-based method of 
relative OEF estimation has also been successfully used [33,37]. This
method does not require an arterial line for time–activity data or a CBV
scan to correct for intravascular, unextracted labeled oxygen.

Fig. 6.4 Severe hemodynamic impairment: increased oxygen extraction fraction
(OEF). This positron emission tomography (PET) scan shows increased cerebral 
blood volume (CBV)aindicating autoregulatory vasodilation (CBV) in a patient 
with unilateral carotid occlusion. Mean vascular transit time (MTT), mathematically 
equal to the ratio of CBV to cerebral blood flow (CBF) and another indicator of
autoregulatory vasodilatation, is also increased. This is insufficient to maintain flow,
however, and flow is reduced (CBF, arrows). In this situation, the brain can increase
the fraction of oxygen extracted from the blood (OEF) in order to maintain normal
oxygen metabolism (CMRO2) and brain function.
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The regional analysis of the hemodynamic images generated by the
techniques described above is variable. The raw, unprocessed images 
consist of actual counts of measured radioactivity. These images are often
smoothed with a filtering algorithm to produce images that are visually
interpretable. When quantitative measurements of CBF, CBV, or OEF are
desired, the images are processed using mathematical programs to convert
the measured counts into hemodynamic or metabolic values for each pixel
in the image. Other data are also required for metabolic processing, includ-
ing arterial time–activity data, as well as other physiological information
such as hematocrit and arterial oxygen content for some calculations.
Regions of interest encompassing many pixels are drawn by hand on the
images or placed using stereotactic coordinates. The accuracy of measure-
ments in small regions is affected by the statistical distribution of radio-
activity (noise), image resolution, and partial volume effects. To reduce
these problems, data from several regions within a vascular territory, such
as the middle cerebral artery, may be averaged. The decision regarding
whether a region is abnormal may be made by comparing the measured
counts or values from a particular region with similar regional data from
normal control subjects, or from the normal contralateral hemisphere.
Investigators have used many different approaches for these analyses,
including absolute values, or hemispheric ratios of absolute or relative 
values. The boundaries of the normal range can be set by using 95%
confidence limits from normal control subjects or by the actual range of
values observed in the normal subjects.

Association of hemodynamic impairment with clinical
and imaging findings

There appear to be a few clinical and imaging findings that are highly 
predictive of severe hemodynamic impairment. The sensitivity of these
findings is often poor, however: most patients with severe hemodynamic
impairment do not have them. For example, the clinical syndromes of
limb-shaking or postural TIAs, while stongly associated with hemodyn-
amic impairment [38,39], are rare. Few patients with severe hemodyn-
amic impairment have these symptoms, however. Similarly, the findings
of linear white matter infarcts in the centrum semiovale or corona radiata
are specific, but relatively insensitive, indicators of abnormal hemodyn-
amics in patients with carotid artery occlusion [40–42]. The same is true
for angiographic and other anatomical imaging studies. These methods
identify the presence and degree of stenosis or occlusion and the patterns
of collateral flow. However, this information simply demonstrates the
highways of cerebral blood flow and not the traffic. There are significant
associations between different patterns of collateral flow and hemodynamic
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impairment, but the ability of these tests to identify reliably individual
patients with severe hemodynamic compromise is poor [43]. Several stud-
ies have examined the relationship between hemodynamic abnormalities
and patterns of collateral flow. Associations between certain patterns,
such as extensive pial collateralization or absence of circle of Willis collat-
erals, and severe hemodynamic impairment have been reported in large
series of patients [43–45]. Some findings, such as pial collateral flow to the
insula, appear to highly specific, but insensitive [43], while others, such as
absent circle of Willis, appear to be sensitive, but not specific markers of
hemodynamic impairment [45].

Association of hemodynamic impairment with 
stroke risk

Most TIAs involve the carotid territory [46,47]. Patients presenting with
TIAs commonly have stenotic or completely occlusive lesions of the carotid
artery or its branches. In a consecutive series, Bogousslavksy et al. found
> 75% stenosis or occlusion of the carotid artery in 29% of 250 patients
presenting with carotid TIAs and studied by catheter angiography [48].

Many TIAs and strokes are due to arterial emboli arising from athero-
sclerotic plaque [49]. However, there is emerging evidence that the pres-
ence of reduced perfusion pressure (hemodynamic compromise) is an
independent risk factor for ischemic stroke [50–52]. It is possible that
there is a synergistic effect between an active, embologenic plaque and
severe hemodynamic impairment in producing a permanent ischemic
injuryaembolic material may be more likely to cause permanent damage
in brain tissue that is already maximally compensating for pre-existing
low pressure [52–54].

The relative role of hemodynamic and embolic factors in the patho-
genesis of stroke in patients with stenosis of the common carotid artery
bifurcation may be a moot point, as surgical endarterectomy is proven 
to be an effective treatment for the reduction in stroke risk, regardless of
the presumed mechanism [55]. Currently, there are no proven effective
treatments for many patients with other lesions, such as those with com-
plete occlusion of the carotid artery or intracranial arterial stenosis or
occlusion. Rational development of preventative treatments in these
patients depends on an understanding of the importance of hemodynamic
factors in the pathogenesis of stroke.

Several SPECT and PET studies have evaluated the association of hemo-
dynamic impairment with subsequent ischemic stroke in patients with
cerebrovascular disease [51,52,56–59]. As these imaging tests are indirect
techniques, empiric proof is required to demonstrate that any of these
hemodynamic or metabolic abnormalities is an independent risk factor for
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subsequent stroke [7]. Many of the published investigations relating
hemodynamic impairment to stroke risk have significant methodolog-
ical flaws, limiting the conclusions that can be drawn from them [7]. For
example, many studies have included both symptomatic and asymp-
tomatic patients, as well as patients with stenoses and occlusions. The risk
of stroke in these different populations may be quite variable. In addi-
tion, none of these studies has separately analyzed their data for patients 
presenting with TIAs. Consequently, there are few data regarding the 
frequency of hemodynamic impairment in patients presenting with TIA
and different degrees and locations of arterial stenosis and occlusion.

SPECT studies

Three prospective studies have used SPECT techniques to investigate
hemodynamic stroke risk in patients with occlusive cerebrovascular dis-
ease, with variable results. All three studies included patients with prior
TIAs and strokes. No subgroup analysis for patients with TIAs was reported
for any of the three. The two studies with negative results both used 123I-
IMP SPECT measurements of relative cerebral blood flow before and after
acetazolamide injection. In the study by Hasegawa et al., 51 symptomatic
and asymptomatic patients with different lesionsastenoses and occlusions
of intra- and extra-cranial arteries, were followed for a mean of 18.5
months [56]. Twenty of the 51 patients had reduced vasodilatatory capa-
city. No strokes occurred during the follow-up period. In the second study,
by Yokota and several authors from the previous study, 105 symptomatic
patients with severe stenosis or occlusion of the internal carotid or pro-
ximal middle cerebral artery were studied [57]. The number of patients
presenting with TIA was not reported. Fifty-five patients had evidence 
of a reduced blood flow response to acetazolamide by 123I-IMP SPECT. 
Ten ipsilateral strokes occurred during a median follow-up period of 
2.7 yearsafive in the 55 patients with reduced vasodilatatory capacity and
five in the 50 patients with normal vasodilatatory capacity.

The single positive study used 133Xe SPECT to measure absolute CBF
before and after injection of acetazolamide [58]. They enrolled 77 symp-
tomatic patients, including 42 with TIAs, and complete occlusion of the
internal carotid artery (n = 62) or middle cerebral artery (n = 15). They
categorized their patients into four groups: (1) normal CBF and normal
CVR in the middle cerebral artery territory; (2) normal CBF and reduced
CVR; (3) reduced CBF and reduced CVR; and (4) reduced CBF and 
normal CVR. Sixteen total and seven ipsilateral strokes occurred during a
mean follow-up period of 3.5 years. Six total and four ipsilateral strokes
occurred in the 11 patients in group 3. The risk of total and ipsilateral
stroke was significantly higher in these patients than in the other three
groups combined.
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PET studies

As with the SPECT data, published PET studies of cerebral hemodynamic
impairment and stroke risk have not separately analyzed data for patients
presenting with TIA. Three studies have been reported, one negative study
using measurements of CBV and CBF and two positive studies using OEF
measurements. In this section we will present the data from these three
studies, followed by re-analysis of our data from the St Louis Carotid
Occlusion Study (STLCOS) for patients presenting with TIA.

Powers et al. reported hemodynamic and stroke-risk data on 30 retros-
pectively identified symptomatic patients with severe carotid stenosis or
occlusion [60]. All had normal head computed tomographic examinations
after presenting with TIA or minor stroke. Nine patients had normal
CBV/CBF ratios and normal OEF. One of these nine patients suffered an
ipsilateral stroke within a year of presentation. One of the 16 patients with
increased CBV/CBF ratios had an ipsilateral stroke. None of the five
patients with increased OEF suffered an ipsilateral stroke.

Two studies have investigated the relationship between OEF and stroke
risk. Both reported a positive association. Yamauchi reported 52 symp-
tomatic patients with stenoses and occlusions of the carotid artery and
intracranial arteries [51]. Twelve patients were censored because of 
surgical revascularization. At 1 year, two of the 33 patients with normal
OEF had suffered an ipsilateral stroke, compared with four of seven 
with increased OEF. The difference in stroke occurrence was statistic-
ally significant (P = 0.005). No multivariate analysis was performed. The
strongest evidence for an association between increased OEF and stroke
risk was provided by the STLCOS [52]. This was a blinded, prospective
study of 81 patients with symptomatic carotid occlusion that also specific-
ally assessed the impact of other risk factors. Increased OEF was identified
in 39 of the 81 patients on study enrollment. During a mean follow-up
period of 3.2 years, 11 of the 13 total ipsilateral strokes occurred in the 
39 patients with increased OEF. The risk of all stroke and ipsilateral
ischemic stroke in symptomatic patients with increased OEF was sign-
ificantly higher than in those with normal OEF (log rank P = 0.005 and 
P = 0.004, respectively). Multivariate analysis of 17 baseline stroke risk
factors confirmed the independence of this relationship. The age-adjusted
relative risk conferred by increased OEF was 6.0 [95% confidence interval
(CI) 1.7, 21.6] for all stroke and 7.3 (95% CI 1.6, 33.4) for ipsilateral
ischemic stroke.

These two studies differed in the OEF methodology used to determine
hemodynamic status. Yamauchi et al. used absolute measurements of OEF.
Re-analysis of their data after 5 years of follow-up showed significance
only when absolute hemispheric OEF values were used, not for hemi-
spheric ratios of absolute values [59]. We investigated the use of the three
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different techniques of OEF analysisaabsolute OEF, hemispheric ratios of
absolute OEF, and hemispheric ratios of the count-based OEF method
[61]. We compared their performance for the prediction of stroke risk for
our STLCOS data. All three methods were predictive of stroke risk, de-
pending on the threshold value used to separate normal from abnormal.
The count-based method appeared to be the most sensitive and specific of
the three methods by receiver–operating curve analysis.

Of the 81 symptomatic patients enrolled in the STLCOS, 33 presented
with TIAs. Twelve of these 33 patients presented with amaurosis fugax
and the remaining 21 with cerebral TIAs. Increased OEF was identified in
nine of the 21 patients with cerebral TIAs and in three of the 12 patients
with ocular TIAs. Three ipsilateral strokes occurred during a mean follow-
up period of 2.2 years. All three patients had increased OEF and cerebral
TIAs. The risk of ipsilateral stroke in patients with increased OEF and any
TIA (P = 0.01) or cerebral TIA (P = 0.03) was significantly greater than in
patients with normal OEF by the log rank statistic. The Kaplan–Meier plot
of stroke risk for patients with any TIA is shown in Fig. 6.5.

Fig. 6.5 Kaplan–Meier cumulative stroke-free survival curve for St Louis Carotid
Occlusion Study (STLCOS) transient ischemic attack (TIA) patients. No strokes were
observed during follow-up in the 21 symptomatic patients with normal oxygen
extraction fraction (OEF) on enrollment. Three strokes occurred in the 12 patients
with increased OEF (P = 0.01).
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Changes in hemodynamic status over time

Both SPECT and PET have also been used to investigate the changes in
hemodynamic status over time in patients with chronic hemodynamic
impairment. Both vasodilatatory capacity and OEF and CBF can improve
over time, presumably due to improved flow through collateral channels.
Whether all patients are capable of this improvement is not clear. Animal
studies of experimental carotid occlusion have shown an improvement 
in vasodilatatory capacity over time and an increase in diameter of collat-
eral vessels [62,63]. Hasegawa and colleagues reported improvement in
vasoreactivity in three of 20 patients with atherosclerotic cerebrovascu-
lar disease studied with 123I-IMP SPECT and an acetazolamide challenge
[56]. Repeat PET studies were performed in 10 patients with increased
OEF enrolled in the STLCOS [64]. These patients were selected from the
28 patients with increased OEF and no interval stroke. Follow-up PET 
was performed between 12 and 59 months after enrollment. The ratio 
of ipsilateral to contralateral OEF improved from a mean of 1.16 to 1.08 
(P = 0.022). This improvement was a function of time: greater reduc-
tions were seen with longer duration of follow-up (P = 0.023, r = 0.707).
The ratio of ipsilateral to contralateral CBF improved from 0.81 to 0.85 
(P = 0.021). No change in CBV or CMRO2 was observed. The absolute
cerebral metabolic rate for glucose metabolism was reduced in the ipsilat-
eral hemisphere (P = 0.001 compared with normal controls) but the ratio
of CMRO2/CMRGlc was normal, indicating no increase in glycolytic
metabolism in the patients with chronic hypoperfusion.

Secondary endpoint studies

SPECT and PET measurements of hemodynamic factors have been used 
as secondary endpoints to assess the effects of medical or surgical inter-
vention on cerebral hemodynamic status. This literature is extensive, but
inconclusive with regard to actual impact on patient outcome. In addition,
none of these studies has separated patients with TIAs from those with
stroke.

Superficial temporal artery to middle cerebral artery (STA-MCA) bypass
is an effective means of improving hemodynamic and metabolic status in
patients with atherosclerotic occlusion of the common carotid, internal
carotid, or middle cerebral artery. The operation consistently improves
OEF in patients with increased OEF at baseline [65–67]. The ratio of CBV
to CBF, an indicator of autoregulatory vasodilatation, may remain abnormal
in some of these patients [67,68]. However, as discussed above, the specific-
ity of this ratio for autoregulatory vasodilatation is unclear. Improvement
in both CBF and vasodilatatory capacity measured by SPECT after STA-
MCA bypass surgery has also been reported [69].
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Similarly, the ability of carotid endarterectomy to improve hemodyn-
amic status has also been amply documented [70–72]. Angioplasty and
stenting is also effective in this regard (Fig. 6.6) [73]. One area of active
research regarding carotid revascularization procedures and hemodyn-
amics is the prediction and management of post-procedural hyperperfu-
sion hemorrhage [74]. These events tend to occur in patients with severe
hemodynamic impairment, high-grade stenoses, and recent ischemic
symptoms. They may be related to an impairment in autoregulatory cap-
ability due to long-standing reductions in CPP and chronic autoregulat-
ory vasodilatation. The ability of PET or SPECT to predict hyperperfusion
hemorrhage reliably has not been proven.

Fig. 6.6 Reversal of abnormal increased oxygen extraction fraction (OEF) after
angioplasty for a symptomatic intracranial internal carotid artery stenosis. The top row
of images (immediately before angioplasty) shows the reduction of cerebral blood flow
(CBF) and compensatory increase in OEF in the hemisphere distal to the stenosis. The
lower row of images acquired 36 h after angioplasty shows the improvement in CBF
and OEF. Reprinted with permission from Derdeyn et al. Neurosurgery 2001; 48:
436–440 [73].
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Clinical therapeutic trials

The presence of increased OEF has been proven as an independent pre-
dictor of subsequent stroke in patients with symptomatic carotid occlusion
in two rigorous prospective studies [51,52]. Extracranial–intracranial
(EC/IC) bypass surgery can effectively reverse this hemodynamic abnorm-
ality [65,67,75,76]. A randomized trial of EC/IC bypass limited to pati-
ents with increased OEF is currently underway: the Carotid Occlusion
Surgery Study (W. J. Powers and W. Clarke). The goal of this study is to
test the hypothesis that surgical anastomosis of the superficial temporal
artery to the middle cerebral artery when added to best medical therapy
can reduce by 40%, despite perioperative stroke and death, subsequent
ipsilateral ischemic stroke (fatal and nonfatal) at 2 years in patients with
recently (≤ 120 days) symptomatic internal carotid artery occlusion and
ipsilateral increased OEF measured by PET. We will test this hypothesis 
by conducting a randomized, nonblinded, controlled trial in 372 patients 
randomized to surgery or best medical therapy. A similar trial is ongoing in
Japanathe Japanese EC/IC Bypass Trial (JET, Ogawa, principal investiga-
tor), using SPECT to identify patients for randomization.

Conclusion

SPECT and PET provide unique information regarding the hemodynamic
status of patients with TIAs and occlusive arterial lesions. These tools have
been used extensively in a variety of different clinical investigations and
have proven prognostic value in certain specific clinical situations involv-
ing patients with TIAs and complete occlusion of a carotid artery. Presently
the major research applications of SPECT and PET can be grouped into
three categories: natural history studies of hemodynamic impairment 
and stroke risk, secondary endpoint studies of different interventions on
hemodynamic impairment, and clinical trials of therapy for specific pati-
ent populations at risk of stroke due to hemodynamic factors. If these 
trials are successful, these tools will become important in guiding therapy
in selected patients with TIA.
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Cerebrovascular Ultrasound
Janet L. Wilterdink

Ultrasound principles

Cerebrovascular imaging makes use of two ultrasound techniques: 
B-mode imaging and Doppler ultrasound. B-mode imaging or real-time
brightness-modulated sonography images tissue and vessel structure in 
a two-dimensional gray scale display. The display is generated from the
amplitude of reflected sound waves which are modified by tissues with
different acoustic impedance. Axial resolution and lateral resolution depend
on the emitted ultrasound frequency and in general are insufficient to
quantify accurately the degree of arterial narrowing. The B-mode image 
is used to guide the Doppler ultrasound examination and to provide infor-
mation about vessel anatomy and plaque characteristics.

Doppler ultrasound employs the Doppler principle: the shift in fre-
quency of sound waves reflected from red blood cells moving within a 
vessel is proportional to their velocity. The Doppler spectrum therefore is 
a waveform of arterial blood flow in real time. Specific characteristics of
the Doppler spectrum help to identify the artery of its origin. For example,
the internal carotid artery (ICA) has a low-impedance high-capacitance
spectrum characterized by smooth systolic upstroke and presence of dia-
stolic flow. These distinguish it from the high-resistance spectrum which
characterizes the external carotid artery (ECA) (Fig. 7.1). Because velocity 
is inversely proportional to lumen diameter, focal increases in blood cell
velocity suggest focal narrowing. Quantification of arterial narrowing is
most reliably obtained by criteria that utilize elevations in peak systolic
velocity, end diastolic velocity, mean velocity, or some combination
thereof, as measured by the Doppler spectrum.

Color Doppler flow imaging superimposes a two-dimensional color-
coded real-time Doppler image of intravascular blood flow on the gray
scale B-mode image of vessel anatomy, with the degree of color satura-
tion correlating with the flow velocity (Fig. 7.2). Color flow imaging 
does not clearly improve test accuracy but does improve the efficiency 
and probably the reproducibility of the test by making anatomy easier to 
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visualize and directing the technician to high-yield areas in the artery for
Doppler sampling.

Carotid duplex ultrasound

Carotid duplex ultrasound (CDUS), as its name suggests, combines the
two ultrasound modalities of B-mode imaging and Doppler waveform
analysis described above to examine the cervical carotid arteries.

Carotid atherosclerosis

The most important role of CDUS in a patient with transient ischemic
attack (TIA) is to identify carotid atherosclerotic plaque as the cause for 

Fig. 7.1 Doppler spectral waveforms. (Above) External carotid artery, a high resistance
signal characterized by abrupt systolic upstroke, rapid declination and low diastolic
flow. (Below) Internal carotid artery, a capacitance signal characterized by a more
gradual systolic upstroke and decline and more diastolic flow.
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the TIA and thereby identify patients who will benefit from carotid end-
arterectomy to prevent further sequelae.

Atherosclerotic plaque with narrowing of the carotid bifurcation is
believed to be causative in 15–25% of patients with anterior circulation
TIA or stroke [1–4]. The pathogenesis of most TIA or stroke resulting 
from cervical atherosclerosis is believed to result from embolization of
material from the atherosclerotic plaque surface. Therefore, while severe
carotid disease is often described as ‘hemodynamically significant’, flow
limitation per se is believed to cause the minority of ischemic symptoms

Fig. 7.2 Color Doppler images of diseased carotid bifurcations. (Above) Severe stenotic
narrowing by echolucent plaque (arrow). The color Doppler image quickly directs the
technician to the high-velocity flow jet within the lumen. (Below) Mild stenotic
narrowing. In this case the areas of highest color saturation (shown here as brightest
white) direct the technician toward areas of Doppler sampling that will contain the
highest velocities, allowing for consistent, reproducible results.
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resulting from carotid disease. All patients with TIA whose symptoms are
potentially referable to the territory of the ICA should be evaluated for
atherosclerotic carotid disease, as no subsets of clinical symptoms or signs,
such as carotid bruit, are reliable in either selecting or excluding patients
for such evaluation [5].

While CDUS provides much information about the carotid plaque,
including plaque content and surface characteristics, it is the degree of
carotid narrowing that best correlates with pathological findings and other
imaging modalities (conventional and magnetic resonance angiography).
More importantly, the degree of carotid narrowing influences prognosis;
data correlating degree of stenosis and stroke risk are well established 
in both asymptomatic and symptomatic individuals [6,7]. The North
American Symptomatic Carotid Endarterectomy Trial (NASCET) not only
confirmed the relationship between degree of stenosis and stroke risk
(Table 7.1), but also found that the benefit of carotid endarterectomy, as
measured by relative risk reduction of recurrent stroke, also increased
with increasing stenosis [8–10]. These data allow sophisticated analysis of
risk and benefit in patients with TIA who are found to have an ipsilateral
carotid stenosis between 50 and 99%.

Given the importance of degree of carotid narrowing to clinical decision
making, the sensitivity, specificity, and accuracy of CDUS in this regard are
critical. Analysis of CDUS results in the carotid endarterectomy trials drew
attention to the widely varying performance of CDUS in this regard
[11,12]. This theme continues to be echoed in the plethora of studies
reported in the literature since. Interpretation of this literature, however,
is complicated by the different CDUS criteria used, different angiographic
(or other gold standard) criteria used, variable adjustment for verifica-
tion and other forms of bias, and whether CDUS sensitivity for a specific

Table 7.1 Influence of percent stenosis on stroke risk and risk reduction from surgery
in NASCET [8–10]

Annual ipsilateral stroke Relative risk reduction from 
% Stenosis rate in medical group* carotid endarterectomy, %

90–99 0.21 75

80–89 0.17 63

70–79 0.11 63

50–69 0.041 29

30–49 0.035 20†

*Calculated from 2 and 5 years cumulative incidence rates using – 1/a (ln(1 – b) where
a = years followed and b = cumulative incidence rate.
†Nonsignificant.
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‘cut-off point’ of stenosis (e.g. less than vs. greater than 70%) was meas-
ured or whether for the entire range of stenoses. Older studies may also 
be limited by older technology. Results have also improved in more recent
years by the recognized need for individual, laboratory-specific, on-going
validation of CDUS criteria.

Commonly used CDUS criteria include peak systolic velocity (PSV) 
in the ICA, end diastolic velocity (EDV) in the ICA and/or the ratio of 
the PSVs in the ICA to the common carotid artery (CCA). The latter has
the theoretical advantage of taking into account hemodynamic changes
and/or equipment-specific variables that might influence recorded blood
velocities within the carotid system that are unrelated to focal narrowing
[13]. However, variations in velocity along the CCA can make this tech-
nique subject to variability as well [14]. While systematic investigation by
two groups suggest that ICA PSV is the single best criterion [15,16], others
find that ICA to CCA PSV ratios work best in their laboratory [17,18],
while still others use combined PSV and EDV criteria [19]. These differ-
ences probably reflect the technique and experience of the ultrasono-
grapher as well as the equipment used [20–22]. Individual laboratory 
validation studies should be done to determine their site-specific best
CDUS criteria for categorizing disease severity.

The performance of CDUS criteria will necessarily be specific to the
angiographic criterion for measurement of stenosis which is used for 
its validation. The most commonly used angiographic criterion for this
purpose is that used by NASCET investigators, as this criterion is easily
applied, reproducible, and has been correlated with clinical outcomes with
and without surgery. This method compares the residual lumen diameter
at the most stenotic site with that in the normal ICA distal to the stenosis
[23]. Close to 90% or better sensitivity and specificity of CDUS in identify-
ing categories of surgical disease as so defined appear to be widely achiev-
able [24–31]. However, this quality of performance cannot be taken for
granted and results may fall far short, in part because not all laboratories
do the recommended audits and validation studies [31–36].

Laboratories also may choose criteria which elevate sensitivity over
either specificity or accuracy in order to produce the best clinical outcome
for patients [28,37]. This type of analysis requires that criteria be specific
to clinical scenario as the relative importance of sensitivity and specificity
is different for asymptomatic and symptomatic patients. For example,
because failure to identify a > 70% stenosis in a symptomatic patient car-
ries a high excess stroke and death risk of almost 17%, a high sensitivity
(few false negatives) of the test criterion is more important than either
specificity or accuracy to the patient’s outcome. Using published outcome
data and receiver–operator characteristic analysis, test criteria can be
developed that maximize patient outcome for the specific clinical situa-
tion [37–39].
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Not surprising, given the wide spectrum of CDUS performance reported
in the literature, are the differing opinions whether CDUS can be used alone
to select patients for endarterectomy [25,40–44], or whether it should be
used instead to select patients for conventional angiography for definitive
diagnosis of disease severity [32–34,45,46]. Many have concluded that
concordant CDUS and magnetic resonance angiography results are suf-
ficiently accurate to avoid invasive testing [45,47,48], while others argue
that magnetic resonance angiography contributes little to nothing over
CDUS results [29,41]. It is logical to conclude that this decision depends
not only on locally measured CDUS sensitivity and specificity but also on
local performance of magnetic resonance angiography and local risks of
conventional angiography.

Plaque characteristics, whether visualized by CDUS, angiography, or
pathological specimens, have long interested investigators in their potential
for identifying unstable lesions that have a high risk of causing imminent
stroke. However, clinical investigations have been somewhat disappoint-
ing. Surface characteristics, most notably carotid plaque ulceration, seen
on pathological specimens have correlated quite variably with symptom-
atic vs. nonsymptomatic lesions [49]. Correlation of plaque ulceration
seen on CDUS with that seen pathologically is also imperfect [50–52].
Similarly, ultrasound characteristics of plaque content such as intraplaque
hemorrhage and lipid cores, both represented on B-mode ultrasound as
echolucent regions within the plaque (Fig. 7.2), have been found by some
but not others to predict either pathological findings, symptomatic status
or prognosis [49,52–57]. Both ulceration and echolucency are more com-
mon in more severely stenotic lesions, perhaps explaining why neither 
of these findings appear more compelling in determining prognosis than
does percentage stenosis [58,59]. Higher resolution imaging and efforts 
to standardize interpretation of plaque characteristics may make these
investigations more consistently fruitful in the future [60].

Non-atherosclerotic disease of carotid bifurcation

Non-atherosclerotic disease of the cervical carotid system is far less com-
mon and therefore contributes a much lower percentage to the overall
burden of stroke and TIA. Nonetheless, as the treatment and prognosis 
are quite different for these entities, it is important for the clinician to 
be aware of them and their ultrasound characteristics. These include
Takayasu’s arteritis, radiation angiopathy, carotid artery dissection and
fibromuscular dysplasia.

In general the duplex findings in non-atherosclerotic diseases are non-
specific, difficult to distinguish clearly from the more common athero-
sclerotic narrowing, and require further, more diagnostic imaging with
magnetic resonance and/or conventional angiography. However, certain
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CDUS patterns may be noteworthy. For example in Takayasu’s arteritis,
CDUS findings typically include a long segment of diffuse, homogeneous,
circumferential vessel wall thickening in the proximal CCA, often sparing
the internal and external carotid arteries [61,62]. This contrasts with the
more usual eccentric appearance of narrowing by atherosclerosis which 
is most common in the ICA at the level of the bifurcation. Fibromuscular
disease, in contrast, typically involves the cervical ICA more distally, at 
the C1, C2 level, often too high for high-quality duplex examination,
while radiation arteropathy will vary depending upon the level of radia-
tion therapy [63,64].

Carotid artery dissection may have distinctive findings on CDUS includ-
ing a tapered lumen distal to the bulb, a floating intimal flap, a double
lumen and/or intralumenal membrane [65–67]. When such findings are
found they may be diagnostic, but often the CDUS examination reveals
only nonspecific abnormalities of narrowing or occlusion, or may even be
unremarkable [67,68]. However, when the diagnosis is made, whether by
CDUS or conventional or magnetic resonance angiography, CDUS may be
helpful in following such lesions; the Doppler spectrum normalizes over
weeks to months in about two-thirds of patients [67,68].

Giant call arteritis most commonly affects the branch arteries of the ECA,
including the superficial temporal artery and occipital arteries, giving rise
to TIA of the eye (amaurosis fugax) or permanent blindness. Less com-
monly, cerebral TIA or stroke may occur when the cervical internal carotid
and vertebral arteries are involved. The most common site of involvement
is just before these arteries become intracranial. Giant cell arteritis is sus-
pect in elderly individuals with TIA who have a prodrome of headache 
and systemic symptoms of arthralgias, malaise, fatigue, and weight loss.
With a sensitivity of 73% and specificity of 100%, color duplex ultrasono-
graphy of the temporal arteries shows a characteristic dark halo around
the lumen, believed to represent arterial wall edema, in patients with tem-
poral arteritis [69].

Pitfalls of CDUS

The many advantages of CDUS include that it is non-invasive, relatively
inexpensive, well tolerated and potentially portable. It is equally import-
ant for the clinician to be aware of limitations and potential pitfalls in
CDUS diagnosis of carotid atherosclerosis. First, it is less accurate at quan-
tifying degrees of stenosis < 50%; this is less problematic for the clinician
because at present there is no clinical imperative for quantifying these
lower degrees of stenoses.

More problematic is distinguishing carotid occlusion from highly
stenosed but still patent arteries. This is a clinically important distinction 
as both prognosis and management of these lesions differ. CDUS diagnoses
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carotid occlusion by failing to identify a signal from that artery. This 
has inherent problems. Confidence in the diagnosis can be improved by
finding other ultrasound abnormalities, such as the presence of collateral
flow patterns on transcranial Doppler, and longitudinal pulsation of the
artery. ‘Internalization’ of the ECA may either help the technician or pre-
sent another opportunity for diagnostic confusion. This phenomenon
occurs when the ECA supplies collateral flow to the ipsilateral cerebral
hemisphere when the ICA is occluded; hence the ECA waveform takes 
on characteristics ofaand the artery may be misidentified asaa normal
ICA. Techniques of temporal tapping (transmission of tapping over the
superficial temporal artery are reflected downstream in the ECA) and
observation of external carotid artery branches usually prevents the 
technician from making this error. Nonetheless, severe but non-occlusive
narrowing may be found in 5–15% of arteries when CDUS has diagnosed
carotid occlusion [70–73]. While magnetic resonance angiography has
similar difficulties in differentiating the nearly from the completely
occluded artery, combining the two tests may reduce the error rate [48].
Further complicating this issue is the fact that on occasion, the ‘gold stand-
ard’ angiography may misclassify an artery as completely occluded when
CDUS correctly indicates patency [71,74].

Increased blood flow velocities are not specific to arterial narrowing and
at times represent increased collateral flow. When the carotid artery con-
tralateral to the diseased artery provides collateralization via the anterior
communicating artery, elevated velocities seen in that cervical carotid
artery may lead the technician to mistakenly diagnose or overestimate
stenosis there [75–77].

Clearly, the expertise and experience of ultrasonographer is critical to
the accurate performance of CDUS [20,22]. Equipment also influences
test results [21]. Because the test results rely so heavily on the technician
and the machine used, validation studies with adjustment of diagnostic
criteria should be regularly performed in individual laboratories
[12,20,22,31,35,78–80]. This is a standard for ultrasound laboratory
accreditation, yet accreditation is not widely required, audits are not 
universally performed and the performance of a given laboratory may 
be unknown to the clinician relying on its test results.

Vertebral duplex ultrasound

The elements of the vertebral duplex ultrasound examination and inter-
pretation are similar to those for CDUS, but it is more challenging. The
vertebral artery is more difficult to image than the carotid as it lies deeper
and runs through the C1–C6 vertebral processes which block ultrasound
transmission (Fig. 7.3). The low lying origin of the vertebral artery, which
is the predominant site of cervical vertebral artery stenosis, is difficult to
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visualize, especially on the left where it is seen in only 70–86% of patients
[81–84]. Limited imaging also makes it difficult to distinguish congenital
hypoplasia or aplasia from disease. It should be remembered also that
increased flow velocities within the vertebral system may also result from
increased collateral blood flow in the presence of a flow-limiting stenosis
in the carotid system.

The contribution of proximal vertebral atherosclerosis to TIA and stroke
is poorly quantified. Cervical vertebral disease is less common and less
severe than carotid disease; and is also less likely to be symptomatic than
intracranial vertebrobasilar disease [85]. At present, limitations in the 
vertebral duplex examination preclude quantification of vertebral artery
stenoses, although sensitivity for detection of disease > 50% has been
reported to be as high as 80%, albeit in very experienced hands [86].

Similar to CDUS and carotid dissection, the ultrasound findings for 
vertebral dissection, while often abnormal (75–86%), are uncommonly
specifically diagnostic [87–89]. The diagnosis is more surely made by mag-
netic resonance or conventional angiography. Cases are described where
the more specifically diagnostic bilumenal blood flow is seen, but these are
the exception rather than the rule [88,90]. However, when abnormalities
are found on ultrasound, it may be a useful modality for following the
patient for resolution [89,91].

Vertebral duplex ultrasound has more success in detecting flow alter-
ations due to subclavian steal syndrome [92]. This phenomenon occurs as
a result of obstruction of the proximal subclavian artery or brachiocephalic
trunk and may produce vertebrobasilar TIAs often in association with upper

Fig. 7.3 Color Doppler image of a normal appearing vertebral artery. Flow is
discontinuously seen between the vertebral processes (arrows).
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extremity activity (Fig. 7.4). On ultrasound, retrograde flow in the ipsilateral
vertebral artery may be manifest, occurring without activation procedures,
or it may be latent, occurring in response to post-ischemic hyperemia 
of the upper extremity. The latter may be reproduced in the laborat-
ory allowing for real-time imaging of vertebral artery flow alterations.
Vertebral artery flow reversals may also be evaluated by transcranial
Doppler [93]. Subclavian steal is usually a benign syndrome; most (85%)
are asymptomatic, and 50% of those with vertebrobasilar TIAs remit spon-
taneously [94,95].

A small number of patients experience vertebrobasilar TIAs due to
mechanical compression of the vertebral arteries by the vertebrae during
extremes of rotation, flexion or extension. The vertebral duplex examina-
tion is an ideal diagnostic modality for this syndrome, as vertebral artery
flow alterations may be reproduced by head-turning maneuvers per-
formed during the ultrasound examination [96–98].

Right  
subclavian 
artery 

Right vertebral artery  

Left vertebral artery 

Basilar artery  

Left CCA 

Left 
subclavian 
artery

Right  CCA 

Fig. 7.4 Schematic demonstrating subclavian steal phenomemon. With obstruction 
in the left subclavian artery, the duplex examination will reveal normal anterograde
blood flow in the right vertebral artery and either manifest or latent retrograde blood
flow (coded blue on color flow imaging) in the left vertebral artery.
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Transcranial Doppler ultrasound

In transcranial Doppler (TCD) ultrasound, low-frequency pulsed Doppler
ultrasound allows acquisition of Doppler waveforms through ‘bone win-
dows’ in the skull but does not allow B-mode imaging. The transorbital
window allows access to the ophthalmic artery and carotid siphon, the
temporal window, the middle, anterior and posterior cerebral arteries, 
and the occipital window, the vertebral and basilar arteries. Within each
window, vessels are identified by direction of blood flow, depth of insona-
tion, probe position, and spectral waveform characterisitics (Fig. 7.5). 
So-called transcranial Doppler imaging which makes use of color-coded
Doppler techniques described earlier increases confidence in vessel iden-
tification. It is important for the clinician to be aware that limited segments
of these intracranial arteries are available to TCD examination. Moreover,

Fig. 7.5 Schematic demonstrating fundamental technique of the transcranial Doppler
(TCD) examination. Arteries are insonated through ‘bone windows’. Shown here are
the temporal and transoccipital windows. Arteries in each window are identified by
probe position, depth of insonation and direction of arterial blood flow (see Fig. 7.6).
MCA, Middle cerebral artery; ACA, anterior cerebral artery; PCA, posterior cerebral
artery; VA, vertebral artery; BA, basilar artery.
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temporal bone window thickening occurs in 5–25% of patients, limit-
ing access to the middle, anterior and posterior cerebral arteries [99–
103], and in many individuals only a portion of the basilar artery can be
isonated [104].

Intracranial atherosclerosis

An important role for TCD in the TIA patient is to identify large-artery
atherosclerosis within the insonated arteries as the cause of stroke [105,106].
Intracranial atherosclerosis is increasingly recognized as an important
cause of stroke, especially in other countries and within minority groups
within the USA (blacks, Asians and women) in whom it contributes an
overall higher burden to ischemic stroke than it does for white males
[107,108]. The impetus for identifying intracranial atherosclerosis in 
TIA patients will be furthered by the development of stroke prevention
treatments (such as angioplasty) specific to this disease, but even now 
its diagnosis may spare patients from having invasive, risky and/or expens-
ive tests, in search for alternative diagnoses.

As with duplex ultrasound of the cervical arteries, the diagnosis of 
arterial narrowing is made using standardized criteria of increased blood 
flow velocities which are specific to the artery in question. Similarly too,
the diagnosis of arterial occlusion is made by undetectable signals, which is
even more problematic in this ‘blind’ examination. Unlike the plethora of
studies which compare CDUS and angiography, validation studies for TCD
are quite limited. These studies are challenged by the fact that the perfor-
mance of the ‘gold standard’ angiography is more limited intracranially
than extracranially, as it is more difficult to obtain unobstructed images 
of the diseased artery in more than one plane. There is also even less una-
nimity regarding TCD criteria for diagnosis or classification of intracranial
stenosis, with PSV, EDV, and mean flow velocity and other more subject-
ive parameters all used. For diagnosing intracranial atherosclerotic disease
of varying severity, the range of reported sensitivities are 73–100% and
specificities 89–99% [99,102,103,109–113]. These studies are limited in
some cases by retrospective definitions of interpretation criteria and other
methodological flaws. A true understanding of TCD’s utility in diagnosing
this disease awaits further study.

Cervical carotid atherosclerosis

TCD is also complementary to CDUS for the diagnosis of severe cervical
ICA disease. TCD may detect collateral flow patterns downstream to severe
ICA disease that both increase confidence in the CDUS findings and may
be useful to the surgeon in planning carotid endarterectomy (Fig. 7.6 and
Table 7.2). The prevalence of collateral flow patterns seen on TCD increases
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ICA ICA

Fig. 7.6 Schematic of the circle of Willis demonstrating transcranial Doppler (TCD)
evaluation of collateral blood flow patterns. On the left, normal direction of blood flow
is depicted in the arteries at the sites of TCD examination. On the right, distal to the left
internal carotid artery (ICA) occlusion, collateral blood flow to the left hemisphere is
being supplied by the contralateral ICA via the anterior communicating artery. The
TCD examination will show flow reversal in the insonated portion of the left anterior
cerebral artery (ACA) and increased blood flow velocities in the right ACA.

Table 7.2 Collateral flow patterns seen on transcranial Doppler (TCD) downstream
from severe internal carotid artery stenosis or occlusion

Source of collateral flow TCD findings References

Contralateral internal Reversed flow direction in the [102, 114, 118, 
carotid artery via the anterior ipsilateral ACA 120, 153–155]
communicating artery Increased velocity in the 

contralateral ACA

Ipsilateral external carotid Reversed flow direction in the  [102, 118, 120, 
artery via the ophthalmic ipsilateral ophthalmic artery 153, 156–159]
artery

Either vertebral artery Increased blood flow velocities  [102,120,155,160]
in the vertebral and basilar 
arteries and/or proximal PCA
Detection of posterior 
communicating artery blood flow

ACA, Anterior cerebral artery; PCA, posterior cerebral artery. 
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with the degree of narrowing, being most common distal to complete 
arterial occlusion. Extracranial carotid compression may increase the sen-
sitivity of TCD to detect collateral flow patterns but requires special experi-
ence and may be risky or contraindicated in some patients [114–117].
Other TCD findings downstream from carotid narrowing reflect slow or
altered flow and usually require 80–100% proximal narrowing to become
significantly prevalent (Table 7.3). The use of these TCD findings individu-
ally or as part of a TCD ‘battery’ has a sensitivity for detecting > 70% ICA
stenosis of 79–95% and may improve the sensitivity and specificity of the
ultrasound examination over CDUS alone in the diagnosis of severe carotid
disease [118–120].

Cerebrovascular reactivity refers to changes in blood flow velocity seen
on TCD in response to hypercapnea and/or administration of acetazo-
lamide. This is not a routine part of the TCD examination. However,
findings of decreased cerebrovascular reactivity in patients with symp-
tomatic but not asymptomatic cervical carotid stenosis suggest that it may
have a future role in selecting high-risk patients for carotid endarterec-
tomy [121,122].

Acute cerebral ischemia

TCD findings may help predict prognosis in patients who present 
early with acute neurological deficit consistent with TIA or stroke. The
presence of middle cerebral artery (MCA) occlusion or blood flow velocity
reduction is associated with lower rate of early clinical improvement, 
particularly if this finding persists [123–126]. A low-resistance MCA
waveform on TCD may also suggest the presence of leptomeningeal col-
lateral flow, a pattern which has been associated with less severe neuro-
logical deficits [126,127]. Investigators are studying the efficacy of TCD 

Table 7.3 Hemodynamic transcranial Doppler findings distal to severe carotid
narrowing

Absent ophthalmic artery [120,161]

Absent carotid siphon signal [118,120]

Diminished MCA pulsatility [102, 118, 120, 155, 158, 162]

Decreased velocity MCA (absolute or relative to contralateral side) [114, 154, 158, 162, 
163]

Decreased velocity ophthalmic artery [157]

Diminished MCA flow acceleration [102,118,120,157,164]

MCA, Middle cerebral artery.
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in selecting patients for and monitoring patients after thrombolytic ther-
apy [105,125,128].

Advances and future applications in cerebrovascular
ultrasound

Microemboli detection by Doppler ultrasound refers to the appearance 
of high-intensity transient signals (HITS) within the Doppler spectrum.
Investigators have correlated the frequency of HITS to symptomatic vs.
asymptomatic carotid lesions [129,130], high-grade vs. low-grade carotid
lesions [131], the presence vs. absence of cardioembolic source [132–134],
the recency of symptoms [134–137], and treatment [138]. Microemboli
are seen at higher rates during vascular procedures such as carotid
endarterectomy, carotid angioplasty, cardiac catheterization, cardiover-
sion and bypass surgery, and in some studies predict cerebrovascular 
complications [83,129,139–143]. Bilateral vs. unilateral microemboli may
distinguish between large artery vs. cardiac embolic sources [144]. In one
small series it appeared predictive of future ischemic events in already
symptomatic patients with high-grade ICA stenosis [145]. These investiga-
tions suggest that monitoring for emboli may have a future role in
defining high-risk lesions and identifying patients for specific treatments,
but a specific clinically useful role has not yet been defined.

Power Doppler ultrasound provides an image of carotid arterial blood
flow in either two or three dimensions. Power Doppler displays the
strength of the Doppler signal reflecting the density of moving red blood
cells rather than their velocity as in color flow imaging. It has superior 
signal-to-noise ratio and has the advantage over other ultrasound tech-
niques of providing an image when both the ultrasound image and detec-
tion of Doppler flow are impeded by dense calcification. For characterizing
stenoses between 50 and 99% it has not been shown to be superior to
duplex scanning [30,146–148]. It may offer advantages for characterizing
lower degrees of stenosis, but there is no clinical imperative for doing so at
the present time [30]. Other authors have found this modality to improve
the capability of CDUS to distinguish between nearly occluded and
occluded ICAs [149]. Surgeons may find the image detail provided by
power Doppler useful in planning surgery [147,150].

Contrast enhancement may be provided to the ultrasound examination
by intravenously administered agents containing micro air bubbles that
increase the echogenicity of arterial blood flow. The use of these contrast
agents may enhance the ability of duplex ultrasound to determine patency
in arteries that otherwise appear occluded [149,151]. This has not been
found to be the case by others [152]. Contrast may also improve the rate of
successful insonation through the temporal windows by TCD and the yield
of detecting disease [123,128].
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Cardiac Diagnostic Studies
Marco R. Di Tullio, Shunichi Homma

Introduction

Embolism from a cardiac source is thought to account for 15–20% of all
ischemic strokes. Cardioembolism is also likely to account for a substantial
proportion of strokes of otherwise undetermined origin, or ‘cryptogenic’
strokes, which often have clinical and neuroimaging features compatible
with or suggestive of embolism, in the absence of a clearly defined source.
Although separate data are not easily available, it is conceivable that 
cardioembolic sources account for a substantial proportion of transient
ischemic attacks (TIA), under the assumption that stroke and TIA share
similar etiological mechanisms.

The search for cardiac embolic sources for stroke/TIA has its cornerstone
in the use of diagnostic cardiac ultrasound studies, also known as echocar-
diography. Transthoracic echocardiography (TTE) has long been the most
widely used technique to search for cardiac embolic sources. In the last 
10 years, however, transesophageal echocardiography (TEE) has comple-
mented, and often replaced, TTE as the preferred technique for such diag-
nosis. TEE is considerably more sensitive than TTE for this purpose [1,2],
and it is estimated that the search of embolic sources currently accounts
for approximately one-quarter of all clinical indications for TEE.

The present chapter will review the use of TTE and TEE for the diagnosis
of cardioembolic sources for stroke/TIA, and some of the therapeutic and
preventive advances that the wide application of these diagnostic modal-
ities has allowed. Cardiac abnormalities that are an established source of
ischemic stroke/TIA will be reviewed, along with some newer putative
risk factors, whose causative role for stroke/TIA, and the related therapeu-
tic options, are under investigation.

Transthoracic vs. transesophageal echocardiography

Although less sensitive than (TEE) for the diagnosis of cardioembolic sources
[1,2], TTE still maintains a role in the diagnostic work-up of patients with
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ischemic stroke. This technique provides information on cardiac anatomy
and function, such as the presence of aortic or mitral valve pathology or
left ventricular dysfunction, which may prove important for the diagnosis.
It is also capable of detecting some cardiac embolic sources (such as left
ventricular thrombus), and is a good screening test for others (patent 
foramen ovale, atrial septal aneurysm).

In the last 10 years, the introduction and widespread use of TEE has
resulted in great improvements in the detection of potential cardiac source
of embolus, providing higher sensitivity than TTE for some diagnoses
[patent foramen ovale (PFO), small valvular vegetations, atrial septal
aneurysm]. TEE has also offered an unprecedented opportunity to identify
other potential embolic sources previously not suspected (left atrial
appendage thrombus and spontaneous echo-contrast, aortic arch athero-
mas, valve strands). Overall, TEE increases the likelihood of identifying a
cardiac embolic source in stroke or TIA patients by two- to four-fold [1,2].
TTE is a good screening technique, and its use is important to exclude
overt cardiac abnormalities, even in patients who have other potential ex-
planations for their cerebrovascular event. On the other hand, TEE should
be preferred in patients in whom the cerebral event mechanism remains
unknown after a thorough diagnostic work-up, and in those in whom 
the likelihood of an abnormality not detectable by TTE is high (such as 
left atrial appendage thrombus in atrial fibrillation, or aortic arch plaques
in elderly patients with diffuse atherosclerotic disease).

In the following paragraphs, the contribution of TTE and TEE to the
detection of cardioembolic sources will be discussed, both for established
sources and for newly discovered ones.

Atrial fibrillation

Atrial fibrillation carries a risk of stroke of about 5% per year, which is two
to seven times greater than that of subjects in normal sinus rhythm [3–5].
When atrial fibrillation is associated with rheumatic heart disease (espe-
cially mitral stenosis), the risk increases by up to 17 times [6]. Among the
conditions associated with an increased risk of cerebrovascular events,
atrial fibrillation is one of the greatest offenders, and it is estimated that
one out of six of all strokes occurs in patients with atrial fibrillation [7].
The prevalence of atrial fibrillation in the population increases with age
(up to 6% and more after the age of 80 years) [2,8], with consequent par-
allel increase in the associated risk of cerebrovascular events. At any age,
the risk of stroke further increases, up to 10–12% per year [9,10], when
atrial fibrillation coexists with such risk factors as congestive heart failure,
coronary artery disease, diabetes mellitus, arterial hypertension and his-
tory of prior thromboembolism. On the other hand, atrial fibrillation in
the absence of organic heart disease or risk factors (so called ‘lone’ atrial
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fibrillation) appears to carry significantly lower risk, especially in younger
patients (approximately 1.3% per year) [10].

Chronic, sustained atrial fibrillation has traditionally been considered 
to carry the highest risk for stroke/TIA. Recently, however, it has become
clear that intermittent, or paroxysmal, atrial fibrillation also carries a 
substantial risk [11], and similar preventive strategies should therefore 
be applied to both conditions.

The mechanism by which atrial fibrillation increases the risk of stroke/
TIA is the increased predisposition to thrombus formation in the left
atrium, with consequent increased risk of embolism. Several clinical trials
have shown a benefit of treatment with warfarin and, to a lesser extent,
aspirin for the prevention of thromboembolic complications. Adjusted-
dose warfarin, aiming for an International Normalized Ratio (INR) of
2.0–3.0, has been proven superior to low-dose warfarin plus aspirin 
in patients at high risk of thromboembolic complications (identified by
one of four criteria: systolic blood pressure > 160 mmHg, previous embolic
events, congestive heart failure or fractional shortening < 25% on echo-
cardiogram, female gender over age 75). In the Study on Prevention in
Atrial Fibrillation (SPAF) III, stroke incidence was four times greater in
patients who received combined low-dose treatment compared with those
on adjusted-dose warfarin treatment (7.9% vs. 1.9% per year) [12]. For
patients with lower risk, treatment with aspirin 325 mg/day was associ-
ated with a relatively low incidence of embolic episodes (2.2% per year,
2.0% being strokes), with the notable exception of patients with a history
of hypertension, who had a greater embolic event rate (3.6% per year).
Recently, risk-based guidelines for stroke prevention have been jointly
issued by the American Heart Association, the American College of
Cardiology and the European Society of Cardiology [13]. According to
these guidelines, adjusted-dose anticoagulation with INR between 2.0 and
3.0 is recommended in high-risk patients (patients over 75 years of age,
especially women; patients over the age of 60 with diabetes mellitus or
coronary artery disease; all patients with risk factors for thromboembol-
ism such as heart failure, left ventricular ejection fraction < 35%, history
of hypertension, prior thromboembolism, rheumatic heart disease, pros-
thetic heart valves, thrombus detected by echocardiography). Patients
with rheumatic heart disease or prosthetic valves require stronger antico-
agulation (INR between 2.5 and 3.5 or higher). Patients at lower risk (age
60–75 years and no risk factors with thromboembolism) can be treated
with aspirin 325 mg/day.

TTE is a useful test in patients with atrial fibrillation, allowing the evalu-
ation of the mitral valve and of the dimension of the left atrium, whose
dilatation is associated with increased frequency of thrombus formation.
TTE can also allow the detection of thrombus in the body of the left atrium
(Fig. 8.1). However, most thrombi in patients within atrial fibrillation
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form within the appendage of the left atrium, which is rarely visualized 
by TEE. This, along with the possibility to visualize spontaneous echo-
contrast (SEC) in the atrium, makes TEE a much more sensitive diagnostic
technique in patients with atrial fibrillation (see paragraph on left atrial
appendage thrombus and SEC).

Left ventricular thrombus

Myocardial infarction (MI) and dilated cardiomyopathy are the conditions
most frequently associated with left ventricular thrombus formation. TTE
is commonly used for the detection of left ventricular thrombus (Fig. 8.2),
and allows the visualization of thrombi of a few millimeters in thickness.
Its sensitivity for this diagnosis is not inferior to that of TEE, even because
most ventricular thrombi tend to form in the apical region of the ventricle,
which may or may not be adequately visualized by TEE in all patients.
Therefore, the use of TEE to search for a left ventricular thrombus should
be reserved to patients with suboptimal TTE views.

In the first month following an acute MI, the incidence of stroke is
between 2% and 3%, with half of the events occurring in the first 5 days
after the cardiac event [14]. The risk of stroke/TIA is considered to be 
elevated in the first 3–6 months, later declining to pre-MI levels. Residual
left ventricular dysfunction, atrial fibrillation, a history of systemic or pul-
monary embolism, arterial hypertension and prior stroke all increase the
stroke risk [14]. The risk of stroke/TIA is mainly related to the formation 

Fig. 8.1 Apical four-chamber view by transthoracic echocardiography in patient with
atrial fibrillation. A large thrombus (arrow) is seen on the posterolateral wall of the left
atrium. LV, Left ventricle; RV, right ventricle; LA, left atrium; RA, right atrium.
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of thrombus in the infarcted area, and its subsequent embolization to the
brain. Anterior wall infarction carries a much higher rate of thrombus 
formation than inferior wall infarction. The rate of thrombus formation
following anterior infarction is estimated at 25–30%, compared with ap-
proximately 5% after inferior infarction. However, some data also exist
that do not support an association between infarction location and stroke
risk [15], suggesting than mechanisms other than thrombus formation
(arrhythmias, ventricular dysfunction) may also contribute to the increased
risk of cerebral events post-MI.

TTE is widely used to search for left ventricular thrombus in patients
post-MI. Morphological features of the thrombus such as size, protrusion
and mobility can be assessed, which are important to evaluate the throm-
boembolic potential. For high-risk patients, prophylaxis with warfarin
aiming for an INR of 2.0–3.0 is recommended [16]. The duration of 
anticoagulation is generally limited to the first 6 months, and aspirin is
generally administered after that time. Long-term anticoagulation can 
be considered in patients at persistently high risk. In the ASPECT trial, 
systemic anticoagulation resulted in a 40% reduction in stroke risk over 
3 years, although with an increase in the frequency of major hemorrhagic
complications [17]. Long-term anticoagulation appears especially bene-
ficial in patients with decreased left ventricular ejection fraction, who
have especially high risk of cerebrovascular events [18].

Only sparse information is available on the frequency of thrombus 
formation and the incidence of cerebral embolization in patients with
dilated cardiomyopathy. The frequency of embolic events is generally

Fig. 8.2 Large apical mural thrombus (arrows) by transthoracic echocardiography,
apical two-chamber view. Spontaneous echo-contrast (smoke haze) is also visible
within the ventricle. LV, Left ventricle; MV, mitral valve.
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thought to parallel the deterioration in left ventricular function, but in the
Study of Left Ventricular Dysfunction (SOLVD) [19] this relationship was
observed only in women. Although data from randomized clinical trials
are lacking, systemic anticoagulation with an INR of 2.0–3.0 is generally
recommended in patients with previous episodes of thromboembolism,
documented left ventricular thrombus, or atrial fibrillation [20]. Aspirin
may be an effective therapeutic alternative in patients with dilated cardio-
myopathy, but without these additional risk factors [18].

Valvular vegetations

Infective endocarditis is by far the most common etiology of vegetations
on the aortic and mitral valves. Endocarditis is associated with a 20–40%
chance of embolic events, 65% of which involve the central nervous 
system [21]. Almost one-quarter of patients with acute endocarditis and 
at least one vegetation on TEE will have a cerebral embolic event [22], and
the risk is especially high when the mitral valve is involved [21–23].

TTE, although very specific for the diagnosis of endocarditis, has sensit-
ivity of only 50–60%. TEE is much more sensitive for this diagnosis [24],
besides allowing the evaluation of vegetation morphological characteris-
tics (Fig. 8.3) that increase the risk of embolization (size > 10 mm, mobil-
ity, texture, and involvement of more than one leaflet) [22,23,25,26]. The
embolic potential of various microorganisms appears to be similar [25], with
the possible exception of an increased risk from Staphylococcus aureus [23].

The risk of cerebral embolization from endocarditis is highest in the 
initial day and decreases rapidly after the institution of effective antibiotic

Fig. 8.3 Detail of valvular vegetation (arrow) on the left ventricular side of the aortic
valve (AV) by transesophageal echocardiography.
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treatment [25], from 13 per 1000 patient-days during the first week to 1.3
per 1000 patient-days after 2 weeks of treatment [21]. Surgery is usually
reserved for complications such as intractable congestive heart failure, 
cardiac abscess, recurrent embolization or persistently positive blood 
cultures despite antibiotic treatment [21]. Early surgery is also warranted
in the case of fungal endocarditis, and often for infections by Pseudomonas
aeruginosa, Brucella and Coxiella species [21].

Early surgery may also be indicated in patients with prosthetic valve
endocarditis, especially when the microorganism involved is S. aureus [21].
However, surgery for acute prosthetic endocarditis is a high-risk proce-
dure with considerable morbidity and mortality, especially in the case of
mitral involvement [27].

TEE is of special importance for the diagnosis of prosthetic valve endo-
carditis. In the case of endocarditis in the mitral position, vegetations 
tend to form on the atrial side of the prosthesis (Fig. 8.4A,B), which is 
not well visualized by TTE because of the interposition of the prosthesis
itself between the ultrasound beam and the vegetation. TEE should 
therefore be obtained in all patients with suspected prosthetic valve 
endocarditis.

Cardiac tumors

Although rare (< 0.2% of unselected autopsy series) [28], primary cardiac
tumors, and especially myxomas and papillary fibroelastoma, are associ-
ated with high frequency of embolic events. Approximately 75% of all
cardiac tumors are benign, and 50% of those are myxomas. Three out of
four myxomas originate from the left atrium, and especially from the fossa
ovalis area of the interatrial septum [29]. Due to this preferential location,
myxomas tend to embolize to the systemic circulation, and especially to
the brain. It is estimated that 30–40% of all myxomas will embolize [29],
to the cerebral circulation in > 50% of cases. Embolization may be caused
by tumor fragmentation, or secondary to superimposed thrombus forma-
tion and dislodgement. Morphological features of the myxoma affect the
embolic risk, as large, mobile myxomas are more likely to embolize, as 
are myxomas whose surface consists of many fine, villous excrescences,
than myxomas with polypoid aspect [29]. Although TTE can identify large
myxomas with great accuracy, TEE is invaluable for the detection of small
tumors and for the definition of the aforementioned morphological 
characteristics of the tumor. Surgical resection of the tumor to prevent
embolization is recommended in all cases of myxomas, and especially
when high-risk morphological appearance is observed.

Papillary fibroelastomas are also frequently associated with cerebral
embolism. Embolic events are often the first clinical manifestation of these
tumors, due to their preferential location on highly mobile valve leaflets.
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Surgical resection is indicated for fibroelastomas, with oral anticoagula-
tion usually reserved to cases in which surgery is contraindicated [30].

Malignant primary tumors of the heart, such as angiosarcoma and rhab-
domyosarcoma, are rare. Metastatic cardiac tumors are 20–40 times more
frequent than primary tumors [29]. For the assessment of the associated
embolic risk, the same considerations made for benign tumors on the use-
fulness of TEE and TTE apply. TEE is also invaluable in the assessment of
tumor extension to adjacent structures and blood vessels, which may be
critical for the decision about surgical treatment.

Fig. 8.4 Vegetation on a mechanical prosthesis in a patient status post mitral valve
replacement (MVR). (A) During systole, the vegetation is seen attached to the atrial
aspect of the mitral annulus. (B) During diastole, the vegetation prolapses through the
prosthesis and into the left ventricle. LA, Left atrium; LV, left ventricle.

(A)

(B)
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Left atrial appendage thrombus and spontaneous 
echo-contrast

As mentioned earlier, most thrombi in patients with atrial fibrillation form
in the atrial appendage, an antero-lateral recess that is infrequently visual-
ized by TTE, but is imaged in all patients by TEE (Fig. 8.5).

A thrombus in the left atrial appendage (Fig. 8.6) is present in 10–20%
of patients with atrial fibrillation undergoing TEE [31]. The prevalence of

Fig. 8.5 Example of visualization of the left atrial appendage (LAA) by transesophageal
echocardiography.

Fig. 8.6 Left atrial appendage thrombus (arrow) by transesophageal echocardiography.
LV, Left ventricle; LA, left atrium; MV, mitral valve.



Cardiac Diagnostic Studies

197

thrombus is higher in patients with chronic atrial fibrillation (27%), but 
is also substantial in atrial fibrillation of less than 3 days duration (14%)
[31]. In patients with atrial fibrillation and a recent embolic event, a
prevalence of up to 40% has been reported [32]. In the case of patients
presenting with a recent embolic episode, frequency of thrombus between
chronic and intermittent atrial fibrillation appears to be similar [31].

Mitral stenosis, severe left ventricular dysfunction, left atrial dilata-
tion, or the presence of a prosthetic mitral valve are all associated with an
increased frequency of thrombus in the left atrial appendage [33].

A thrombus in the left atrial appendage increases the risk of cerebrovas-
cular events by three times [34]. TEE is invaluable to diagnose the pres-
ence of thrombus and therefore guide the treatment. Oral anticoagulation
with warfarin is associated with thrombus resolution in up to 80% of 
cases [35].

Patients with left atrial thrombus are at high risk of stroke/TIA after
electrical cardioversion of atrial fibrillation, as restoration of the con-
tractile activity of the appendage may dislodge a pre-existing thrombus.
Prophylactic anticoagulation for at least 3 weeks before cardioversion is
usually adopted, followed by several more weeks of treatment after the
restoration of sinus rhythm. Recently, TEE has been used to shorten the
duration of anticoagulation precardioversion. In patients with no throm-
bus on TEE, cardioversion can be safely performed after a few days of 
anticoagulation, also reducing the incidence of bleeding complications
[36]. However, anticoagulation following the cardioversion is necessary,
as thrombus may form during a period of ‘stunning’ of the atrium, and
embolize once the normal atrial activity resumes.

SEC, or swirling, smoke-like echodensities seen within a cardiac 
chamber, signals the presence of stagnant blood flow. Although SEC can 
occasionally be seen by TTE in the left ventricle of patients with severely
reduced ventricular function (Fig. 8.2), its detection in the left atrium is
difficult by TTE because of the considerable distance between the ultra-
sound transducer and the atrium. Because of the proximity of the esopha-
gus to the left atrium, and of the higher frequency of the transducer used,
TEE is very sensitive in detecting SEC in the left atrium. SEC is present in
over 50% of patients undergoing TEE for atrial fibrillation [37]. SEC is
rarely observed in normal sinus rhythm (approximately 2% of patients
undergoing TEE), and almost invariably in the presence of a significantly
dilated left atrium with depressed function [38]. SEC predisposes to
thrombus formation [34], and is associated with a three- to four-fold
increase in risk of ischemic stroke/TIA [34,37].

Oral anticoagulation decreases the risk of stroke associated with SEC
[34,37]. In the SPAAF III trial [34], adjusted-dose warfarin treatment with
an INR of 2.0–3.0 was associated with a stroke incidence of 4.5% per year,
compared with 18.2% per year for treatment with low-dose warfarin plus
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aspirin. Adjusted-dose warfarin was also associated with reduced throm-
bus formation in patients with spontaneous echocontrast (4% vs. 15%).

Proximal aortic atheromas

The presence of large atheromas in the proximal portion of the aorta has
been shown to be associated with an increased risk of cerebral embolic
events in patients over the age of 60 years. In a large autopsy study [39],
patients who had died from ischemic stroke had a significantly higher 
frequency of ulcerated atheromas in the proximal portion of the aorta
than patients who had died from other neurological diseases (26% vs.
5%). TEE was then used to search for these atheromas in vivo. Several
TEE-based studies, using a case–control [40–42] or a prospective cohort
design [43,44], have confirmed the role of aortic atheromas as risk factors
for cerebrovascular events. The increase in stroke risk in these studies has
varied as a consequence of different definitions of atheroma and different
study populations, ranging from 2.6-fold to nine-fold. Large or mobile
arch atheromas have also been shown to increase the risk of cerebral
embolic events in patients undergoing cardiopulmonary bypass, or other
invasive procedures on the ascending aorta, such as cardiac catheteriza-
tion or intra-aortic balloon pump placement.

The risk of cerebrovascular events has been related to the thickness of
the atheroma, with 4 mm or 5 mm chosen as threshold of increased risk in
different studies [40–43]. The transverse portion of the aorta, or aortic
arch, has been extensively studied, because it is the area from which the
head vessels depart. This region can at times be visualized by TTE using a
suprasternal or supraclavicular approach (Fig. 8.7), but TEE is far more
sensitive for the detection of small atheromas in the region. By TEE, the
thickness of the atheroma can easily be measured (Fig. 8.8), which can be
used for risk stratification. Also, the presence of complex morphological
features, such as ulceration (Fig. 8.9) and mobile components (Fig. 8.10A,B)
can be studied. The assessment of atheroma morphology is of prognostic
importance, since the presence of ulceration or superimposed mobile
thrombus has been shown to increase the risk of cerebrovascular events
by up to 17 times [44]. On the other hand, the presence of calcification
within a plaque has been associated with decreased embolic risk [45].

Preventive measures to decrease the risk of cerebrovascular events in
patients with aortic atheromas are largely based on preliminary evidence,
in the absence of prospective randomized clinical trials. Some authorities
recommend that systemic anticoagulation with warfarin, aimed at achiev-
ing an INR between 2.0 and 3.0, should be used in patients with ulcerated 
or mobile atheromas [34], which carry higher embolic risk. The need for
systemic anticoagulation is more controversial in the case of noncomplex
atheromas, although some data exist supporting its usefulness in plaques
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over 4 mm in thickness [45]. Surgical removal has been attempted for
atheromas with large mobile components, but this operation has high risk
of cerebral embolization [46], and should be reserved for highly selected
cases. Preventive treatment with lipid-lowering or antiplatelet agents,
although conceivably useful to stabilize the plaque and inhibit platelet

Fig. 8.8 Measurement of atheroma thickness in the mid portion of the aortic arch. The
thickness (0.498 cm) is displayed in the upper right corner.

Fig. 8.7 Visualization of the aortic arch by transthoracic echocardiography,
suprasternal view. The proximal portion of the aorta (AO) is visualized. The take-off 
of the left carotid artery (LCA) and of the left subclavian artery (LSA) is seen.
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aggregation on it, has not been adequately tested in randomized, con-
trolled clinical trials.

Patent foramen ovale and atrial septal defect

A PFO is present in 20–25% of normal adults. A PFO may act as a conduit
for paradoxical embolization, or embolization to the systemic arterial 
circulation of fragments of a thrombus originating in the systemic venous
circulation.

PFO has been shown to be associated with an increased risk of cere-
brovascular events, especially those that occur in the absence of other
apparent explanations (cryptogenic strokes) [47,48], often seen in people
below the age of 55 years [47]. Paradoxical embolization is considered 
to be the mechanism for stroke or TIA occurring in patients with PFO 
and no other obvious causes. However, the only direct demonstration 
of paradoxical embolization as the culprit mechanism is the presence 
of thrombus in the PFO (Fig. 8.11), which is an occasional finding. In 
the majority of cases, embolization through a PFO is diagnosed on the
basis of the combined information provided by the clinical picture, com-
patible neuroimaging evidence, absence of other potential causes, and
presence of predisposing conditions (deep venous thrombosis, Valsalva-
like maneuvers preceding the event, etc.). Additional elements can 
corroborate the diagnosis of paradoxical embolization through the PFO.
Large PFO size (> 2 mm) has been shown to be associated with increased
frequency of cryptogenic stroke [49], and with a greater frequency of
superficial infarcts, suggestive of embolic mechanism, on brain imaging

Fig. 8.9 Magnified view of a complex arch atheroma. A large ulceration (arrow) is seen
on the lumenal surface.
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[50]. The presence of a deep venous thrombosis [51], or of an associated
prothrombotic state may lend further support to the diagnosis of para-
doxical embolization.

A PFO is usually diagnosed by TTE with aerated saline injection, docu-
menting the passage of microbubbles from the right to the left cardiac
chambers. TTE represents a good screening test for PFO presence, although
its sensitivity is only 65–70% of that of TEE with contrast injection [52].
The difference in sensitivity affects especially the ability of TTE to detect
small PFOs [52], whose importance as risk factors for cerebral ischemia

Fig. 8.10 Large complex atheroma of the aortic arch. (A) In horizontal plane, a large
atheroma is visible (arrow), which was highly mobile in real-time imaging. (B) The
corresponding longitudinal view shows the spatial relationship between the atheroma
(arrow) and the take-off of the left subclavian artery (arrowhead).

(A)

(B)
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may be lower [52]. TEE, however, provides additional information on
PFO size and morphology that is not obtainable by TTE. The actual separa-
tion of the two components of the interatrial septum (septum primum and
septum secundum) can be clearly visualized in at least 70% of patients
with PFO [52], especially with the aid of Valsalva maneuver or cough to
increase the right-sided pressures (Fig. 8.12A,B).

Moreover, with contrast-TTE the exact location of a small shunt (PFO
vs. intrapulmonary shunt) may be difficult to distinguish. With TEE, the
actual shunt location is visualized, and the quantification of its magnitude
is more accurate (Fig. 8.13). Therefore, while contrast-TTE is a good
screening test to identify relatively large PFOs, TEE is more sensitive for
smaller PFO detection, and should be performed when the assessment of
PFO morphology and degree of shunt is important, e.g. when entertaining
the possibility of surgical or transcatheter PFO closure.

The preventive measures to adopt in patients with cerebral ischemic
events and a PFO are largely empiric. Warfarin or aspirin have been used,
with stroke or TIA recurrence rates ranging from 4.7% to 6.7% per year
[53–55] in studies with different patient populations and nonrandomized
treatment assignment. In a recently published study on cryptogenic stroke
patients below 55 years of age [56], the recurrence rate of stroke/TIA on
aspirin treatment was low (2.3% at 4 years). The relative efficacy of 
warfarin and aspirin in a large population of stroke patients unselected 
by age has been tested in the randomized PFO in Cryptogenic Stroke 
Study (PICSS), a multicenter study on 630 stroke patients undergoing TEE 
sponsored by the National Institute of Neurological Disorders and Stroke

Fig. 8.11 Mobile thrombus (arrow) at the end of a funnel-shaped patent foramen 
ovale by transesophageal echocardiography (longitudinal view). LA, Left atrium; 
RA, right atrium.
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(NINDS). In that study [57], the two-year stroke recurrence rate was simi-
lar in patients treated with warfarin or aspirin (16.5% vs. 13.2%; hazard
ratio 1.29, 95% confidence interval 0.63–2.64, p = 0.49), regardless of PFO
size and coexistence of an atrial septal aneurysm.

Surgical closure of the PFO has been performed in patients unwilling or
unable to be anticoagulated. Stroke or TIA recurrence rates, in relatively
small series, have been close to 0% in younger patients [58–60], but up 
to 18% per year in patients over 45 years of age [58–60]. Percutaneous
transcatheter PFO closure has recently been performed using several 
different devices, with recurrent neurological event rates ranging from

Fig. 8.12 Visualization of patent foramen ovale by transesophageal echocardiography.
(A) At baseline, the interatrial septum is visualized without evident opening. (B)
During Valsalva maneuver, septal separation becomes visisble (arrow). LA, Left
atrium; RA, right atrium; AO, aorta.

(A)

(B)
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2.2% to 6.3% per year in the most recent series [61–63]. The long-term
safety record of these closing devices remains to be established.

Unlike a PFO, which in most cases allows for a right-to-left intracardiac
shunt only when the pressure in the right atrium exceeds the pressure in
the left atrium, an atrial septal defect (ASD) is an interatrial orifice that
remains open at all times (Fig. 8.14), allowing continuous bidirectional
blood shunting between the atria. ASD has been much less studied than

Fig. 8.14 Atrial septal defect (secundum type) by transesophageal echocardiography.
An orifice is seen (arrow) at the fossa ovalis level of the interatrial septum. LA, Left
atrium; RA, right atrium; AO, aorta; PA, pulmonary artery.

Fig. 8.13 Positive contrast study in patient with a patent foramen ovale. Septal
separation is noted, and microbubbles are seen crossing from the right atrium into the
left atrium.
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PFO as a potential risk factor for stroke/TIA, as a consequence of its much
lower frequency in the general population. Right-to-left shunt, and there-
fore paradoxical embolization, is possible, and becomes more frequent
when right ventricular failure develops, predisposing to thrombus forma-
tion in the right-sided cardiac chambers. Also, atrial fibrillation is a fre-
quent complication of ASD, greatly adding to its thromboembolic risk.
Surgical or transcatheter closure of the ASD before the development of
these complications has the potential to decrease markedly the risk of
stroke/TIA associated with an ASD.

Atrial septal aneurysm

An atrial septal aneurysm (ASA) is the displacement of more than 10 mm
of a portion of the atrial septum into one or both atria during the cardiac
cycle. An ASA can occasionally be diagnosed by TTE (Fig. 8.15), but is
more often detected by TEE, given the close proximity of the esophagus to
the atria (Fig. 8.16). ASA is uncommon in the general population, having
been detected in 2.2% of 363 normal subjects undergoing TEE [64], but is
three- to four-fold more frequent in patients with cerebral ischemic events
[64,65]. In a group of 245 patients with stroke and normal carotid arteries,
the prevalence of ASA was reported to be > 25% [66]. When an ASA is
present, an associated PFO is found in 54–70% of cases [64,67]. The stroke
mechanism associated with an ASA is thought to be mediated through the
PFO in most cases [64], but in-situ thrombus formation is also possible,
although less frequent. In a series of 195 patients with TEE-detected ASA,

Fig. 8.15 Visualization of atrial septal aneurysm (arrow) by transthoracic
echocardiography. Apical four-chamber view. LV, Left ventricle; RV, right ventricle;
LA, left atrium; RA, right atrium.
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thrombus was visualized in only two cases [67]. However, the association
of ASA and PFO seems to carry a greater risk of cerebrovascular events
than either condition alone [53,67,68]. PFO characteristics (i.e. larger size
of PFOs when associated with ASA), as well as ASA characteristics (thick-
ness, mobility, ability to redirect the blood flow toward the PFO) might
play a role in explaining this observation. Increased atrial vulnerability, and
therefore predisposition to develop atrial fibrillation, has also been des-
cribed in patients with atrial septal abnormalities (ASA, PFO, or both) [69].

Antiplatelet agents or systemic anticoagulation with warfarin have been
used as secondary prevention of cerebrovascular events in patients with
ASA, mostly on an empirical basis. A recently published study of young
cryptogenic stroke patients treated with aspirin showed no recurrence of
stroke or TIA over 4 years in 10 patients with isolated ASA, a low recur-
rence rate in 216 patients with isolated PFO (2.3% over 4 years), but a
much higher rate in 51 patients with both conditions (15.2% over 4 years)
[56]. More data are needed on the comparative efficacy of other prevent-
ive approaches.

Valve strands

Filamentous strands are frequently observed by TEE on the mitral and
aortic valves (Fig. 8.17), especially in elderly people. Their frequency has
varied in the literature, the highest reported frequency in a population
undergoing TEE being 40–45% [70]. Valve strands have been shown to be
associated with an increased risk of stroke or TIA in several case–control
studies [71–73]. However, the prospective follow-up of patients in whom
strands were an incidental TEE finding showed a later incidence of 1–2%

Fig. 8.16 Visualization of atrial septal aneurysm (arrow) by transesophageal
echocardiography.
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on an average follow-up of 4 years [70]. In elderly patients with a recent
prior stroke, mitral valve strands were not associated with an increased
risk of recurrent cerebrovascular events [73]. Therefore, it is not clear
whether valve strands represent a risk factor for cerebrovascular events, or
a marker of other conditions predisposing to them. The need for prevent-
ive treatment in patients with valve strands as an isolated TEE finding is
therefore questionable.

TIA and coronary artery disease

It is a matter of debate if the occurrence of a cerebral ischemic event, and
especially a transient one such as a TIA, should prompt the search for 
cardiovascular manifestations of atherosclerosis, and especially coronary
artery disease. This issue has been raised by the observation of increased
incidence of cardiac ischemic events in patients who had a TIA. In 129
consecutive patients with TIA, 24% mortality from MI over 6 years has
been reported, a rate significantly greater than that of patients with minor
strokes (6%) [74]. In 390 patients with TIA secondary to atherosclerotic
vascular disease, the 5-year cumulative rate of MI or sudden death was
only slightly lower than that of fatal and nonfatal cerebral infarction
(21.0% vs. 22.7%) [75]. In 132 patients with cerebral ischemia and no prior
cardiac history, coronary artery disease was detected in nine (6.8%) [76].

The increased frequency of cardiac events in patients with TIA may be
due, at least in part, to an increased frequency in them of cardiovascular risk
factors, and especially arterial hypertension [74]. However, in a prospect-
ive case–control study on 280 TIA patients and 399 control subjects with

Fig. 8.17 Small filamentous strands (arrow) on the atrial side of the mitral valve (MV).
LA, Left atrium; LV, left ventricle.
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comparable cardiovascular risk factor burden, TIA was found to be associ-
ated with later incidence of MI even after adjustment for age, race, sex and
other pertinent cardiovascular risk factors [77].

From the combined information described above, it appears that an
evaluation for coronary artery disease should probably be recommended
in patients with TIA secondary to carotid artery disease, or when other
manifestations of atherosclerosis, such as the presence of significant aortic
arch atheromas, are present. Stress testing, either by exercise or by admin-
istration of pharmacological agents such as dobutamine or dipyridamole,
coupled with a cardiac imaging technique like transthoracic echocardiogra-
phy or radionuclide scan, appears as the best option for the non-invasive
assessment for coronary artery disease in this group of patients.

Conclusion

The growing awareness of the role of cardioembolism as a mechanism 
for cerebral ischemic events, and the widespread use of TTE and TEE to
search for cardiac and aortic embolic sources, have resulted in recent years 
in a more rational approach to the prevention of recurrent events. The
identification of newer cardioembolic sources, made possible especially by
the use of TEE, has led to the reduction of the number of cases considered
of unknown origin, and has opened the field to the search of effective
therapeutic and preventive strategies.
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Coagulation Studies
Karen Furie, Peter J. Kelly, J. Philip Kistler

Hypercoagulability and ischemic cerebrovascular 
disease

Although thrombosis is the fundamental pathological entity in ischemic
stroke, the mechanism of coagulation and embolization in ischemic cere-
brovascular disease is still being defined. Aberrant regulation of thrombosis
and fibrinolysis appears to play a critical role in cardioembolic stroke as well
as in the evolution of atherosclerotic plaque from ‘stable’ to ‘vulnerable’
[1]. These mechanisms may not be entirely distinct. In addition, although
less common, there are primary and secondary hypercoagulable states
that may lead to spontaneous thrombosis of intra- or extracranial cerebral
vessels [2,3]. In addition to arterial thrombosis, established hypercoagul-
able disorders predominantly predispose to venous thromboembolism
which can result in stroke due to venous sinus occlusion. It has been estim-
ated that 1% of all strokes and 4% of ‘stroke in the young’ are due to dis-
orders of the coagulation system [4–10]. This is probably an underestimate
of the true contribution of coagulation to other stroke mechanisms.

In cases of transient ischemia (TIA) or stroke without a definite mechan-
ism, i.e. nonlacunar symptoms in the absence of large-vessel atherosclerosis
or a cardioembolic source, there may be a greater imperative for additional
coagulation testing. These ‘cryptogenic’ embolic cases, which account for
up to 40% of all strokes, are most likely to have demonstrable coagulation
abnormalities [11,12]. Identification of a prothrombotic tendency can sign-
ificantly affect therapeutic decision making and long-term prognosis.

Figure 9.1 is a simplified scheme depicting the interplay of intrinsic 
and extrinsic factors on the coagulation system and the subsequent impact
on ischemic stroke risk. In the vast majority of cases, cerebral ischemia is
probably the result of a prothrombotic state superimposed on an under-
lying cardiac anomaly or intrinsic atherosclerotic vascular disease. Less
often, thrombus can develop spontaneously in the absence of a structural
defect causing in-situ thrombosis or embolism. The mechanism of vascular-
bed specific hemostasis in cerebral vessels remains poorly understood at

CHAPTER  9



Coagulation Studies

215

present [13]. It should be noted that, paradoxically, factors which increase
thrombosis will also increase fibrinolysis, although primary hypofunction-
ing of the fibrinolytic system results in thrombus formation.

Coagulation disorders are often classified as primary or secondary.
Genetic polymorphisms or mutations are responsible for primary hyper-
coagulability. Secondary causes of a prothrombotic state due to increased
thrombus formation or reduced fibrinolysis include hepatic failure,
nephrotic syndrome, sepsis, malnutrition, malignancy, pregnancy, and
oral contraceptives [5,14]. Thrombin generation has also been shown to
increase with age [15,16].

Hemostatic markers may also play a prognostic role in patients who
have a TIA or risk factors for cerebrovascular disease. In patients with a
TIA, F1.2, a marker of thrombin generation, has been predictive of time to
ischemic stroke, myocardial infarction, or vascular death [17,18]. Studies
have demonstrated that the hemostatic system is activated in conditions
associated with an increased stroke risk: hypertension, atrial fibrillation,
mitral stenosis, and cardiomyopathy [16,19,20,20–29]. Of those factors
related to atherosclerotic disease, fibrinogen has been found most consis-
tently to be an independent predictor of cerebrovascular and cardiovascu-
lar events [30–33].

Selecting patients for coagulation testing

Primary coagulation disorders are a relatively uncommon mechanism of
TIA and ischemic stroke due to arterial occlusion [4–14]. Routine coagula-
tion testing on all patients would be costly and would not be expected to
yield many abnormal or clinically relevant results. In order to maximize
the utility of such testing, it is important to select patients with a high
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pretest probability of having a disorder of coagulation. Clinical features
suggestive of a coagulation derangement are listed in Table 9.1.

It is important to recognize that acute thrombotic events, in which there
is active thrombin generation and fibrinolysis, will result in abnormal levels
of coagulation factors [34–43]. Coagulation factors are also activated as
acute-phase reactants in infection or inflammation. Studies have shown
that acute ischemic stroke, particularly stroke due to cardioembolism, is
accompanied by higher levels of thrombin–antithrombin complex, D-dimer,
and tissue plasminogen activator, reduced functional antithrombin III and
plasminogen [34–43]. Therefore, if levels are checked in the acute phase and
found to be abnormal, they should be repeated in approximately 12 weeks
in order to confirm a sustained derangement. Suggested coagulation studies
for screening high-risk patients can be found in Table 9.2.

Table 9.2 Suggested coagulation screen

Protein C, protein S, antithrombin III
Immunological assays of total and free protein S
Functional assay for proteins C and S
Activated protein C resistance/factor V Leiden
Fibrinogen
D-dimer
Platelet count
Hematocrit
ELISA for anticardiolipin antibody
Clotting assay for lupus anticoagulant
Homocysteine
Factor VIII
Prothrombin gene G20210A mutation
Thrombin time
Fibrinogen

Table 9.1 The hypercoagulable state: clinical features

Absence of conventional stroke risk factors
Family history of venous thromboembolism or early cardiovascular/cerebrovascular 

disease
Thromboembolism involving multiple organs
Livedo reticularis
Hepatic or renal failure
Malignancy
Sepsis
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Hereditary thrombophilias

Although rare, hereditary thrombophilias can manifest with transient
cerebral ischemic symptoms, particularly in the young [44,45]. The classic
inherited thrombophilias which could potentially be implicated involve
factors in the natural anticoagulant system and are transmitted in an auto-
somal dominant pattern. The natural anticoagulant pathway is activated
when thrombin binds to thrombomodulin, activating protein C. Activated
protein C inactivates Va and VIIIa, thereby inhibiting thrombosis. Activ-
ated protein C resistance can be measured using a clotting assay and then
followed up by a genetic test for factor V-Arg506Gln (factor V Leiden).
This mutation does not destroy, but rather, slows activated protein C-
mediated inactivation and leads to excess thrombin formation [46,47].
Protein S serves as a catalyst for activated protein C.

Protein C is a vitamin K-dependent serine protease expressed by end-
othelial tissue, which inactivates factors Va and VIIIa, and inhibits tissue
plasminogen activator inhibitor-1. In a type I deficiency, the quantity of
protein C is diminished, whereas in a type II deficiency, the function is
reduced despite normal levels. Protein S is a vitamin K-dependent plasma
glycoprotein that acts as a cofactor to protein C, inactivating factors Va and
VIIIa. In the circulation, protein S exists in two forms, a biologically active
free form and a complex form bound to complement protein C4b [48–52].

There are three forms of congenital protein S deficiency: type I, low 
levels of free protein S and normal levels of bound protein S; type IIa, low
levels of free protein S and low levels of bound protein S; and type IIb, nor-
mal levels of free protein S and normal levels of bound protein S [52–56].

Finally, antithrombin is a plasma protein which inhibits virtually all of
the coagulation enzymes, primarily factors Xa, IXa, and IIa, but also factors
XIIa, XIa and the VIIa–tissue factor complex. As with protein C deficiency,
there are two types of antithrombin deficiency, one reduction in quantity
(type I), and another related to decreased function (type II) [57–60].

A compelling family history of recurrent venous thromboembolism or
ischemic cardiovascular events, particularly at a young age, should alert the
clinician to the possibility of a deficiency state [44–60]. Protein C and S 
deficiencies can cause warfarin-induced skin necrosis. A deficiency in anti-
thrombin III can manifest with heparin ‘resistance’. Quantitative and func-
tional assays should be tested in the ‘baseline’ state, i.e. in the absence of an
acute thrombotic event or acute infection in order to prevent confounding.
Confirmatory studies should be repeated 2 weeks after a positive screen [14].

Long-term anticoagulation is the mainstay of therapy for patients with a
life-threatening thrombotic episode, more than one spontaneous throm-
botic episode, thrombosis in an unusual location, i.e. cerebral venous
sinus, or a thrombotic episode with a documented genetic defect. Patients
with asymptomatic or provoked thrombosis should be prophylaxed with
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anticoagulation in high-risk situations, i.e. surgery or pregnancy. Warfarin
should be initiated with a heparin overlap. Screening of family members
should be strongly considered.

Antiphospholipid antibodies

The antiphospholipid antibodies, anticardiolipin antibody and lupus 
anticoagulant, have been associated with TIAs and cerebral infarctions
due to both in-situ thrombosis and embolism [61]. These antibodies, lupus
anticoagulant which circulates freely and anticardiolipin antibody, bound
to β2-glycoprotein 1, inhibit protein C and protein S, increase platelet
aggregation and adhesion, and inhibit vasodilatation. More common in
patients with system lupus erythematosus, these antibodies can occur spo-
radically and appear to play a role predominantly in stroke in the young
(age < 50). Medical conditions, i.e. infections and autoimmune disorders,
as well as medications such as procainamide, hydralazine, and phenoth-
iazines have been linked to antiphospholipid antibodies [62–65].

Antiphospholipid antibody syndrome, in its fulminant form, Sneddon’s
syndrome, can present with recurrent venous thromboembolism, TIA or
stroke, miscarriage, and livedo reticularis. Although antibodies have been
detected in older patients with conventional vascular risk factors, it is
unclear whether the presence of antibodies, particularly at low levels, has
ramifications for treatment or outcome in this population [66].

Positive ELISA tests should be confirmed through repeat testing in 8–12
weeks. The significance of elevated IgM titers in isolation is unknown. The
level of IgG titer does have prognostic significance, with higher titers con-
veying a greater risk of ischemic events [61,67]. Case series have iden-
tified F1.2 as a potential marker of thrombotic potential in patients with
antiphospholipid antibodies [68]. Patients who present with antiphospho-
lipid antibodies in the setting of symptoms suggestive of cerebral ischemia
should undergo a transthoracic echocardiogram to look for evidence of
marantic endocarditis. A platelet count should be checked as immune
thrombocytopenic purpura (ITP) has also been found in association with
antiphospholipid antibodies [69].

Treatment options are antiplatelet or antithrombotic therapy [70]. The
optimal therapy has yet to be definitively determined, but results of the
multicentre Antiphospholipid Antibodies in Stroke Study (APASS) will
compare aspirin to warfarin [International Normalized Ratio (INR) 1.4–2.8]
for the secondary prevention of noncardioembolic stroke [70]. The target
INR with warfarin therapy remains controversial, but higher degrees of
anticoagulation may be necessary in patients with the fulminant antiphos-
pholipid syndrome [71]. Plasmapheresis has been employed to reduce 
the burden of circulating antibodies and should be considered if patients
continue to have ischemic symptoms despite maximal medical therapy.
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Fibrinolysis

Tissue plasminogen activator (tPA) and urokinase convert plasminogen 
to plasmin in the circulation. This activation is inhibited by plasminogen
activator inhibitor-1 (PAI-1). Plasma levels of tPA and PAI-1 are highly
correlated and may be elevated as part of an acute-phase reaction. In addi-
tion, PAI-1 levels increase in the presence of conventional vascular risk
factors, a potential confounder [72]. Cross-sectional studies have found
tPA elevated in patients with cerebrovascular disease [72,73,73]. Results
from the prospective Physicians Health Study showed that tPA levels in
men free of overt cardiovascular disease at baseline but who subsequently
suffered a stroke were higher than in controls matched for age and smok-
ing. The age-adjusted relative risk. for thromboembolic stroke in men with
baseline tPA > 95th percentile of control values was 3.89 (95% confidence
interval 1.83, 8.26) [74].

Homocysteinemia

Recent studies have shown a link between homocysteine (Hcy) levels and
activation of coagulation. Levels of tissue factor, tissue factor pathway
inhibitor, and thrombin–antithrombin complex correlate with Hcy levels
in patients with ischemic heart disease [75]. The prothrombin fragment,
F1.2, is a marker of thrombin generation. In patients with coronary artery
disease, F1.2 and Hcy levels have been shown to be highly correlated 
(r = 0.46, P < 0.0001) with plasma F1+2 levels increasing across quartiles
of Hcy [76]. The relationship between the level of Hcy and F1.2 has also
been demonstrated in venous thromboembolic disorders [77,78].

Hcy also affects the fibrinolytic system, reducing tissue plasminogen
activator binding by as much as 65%, and specifically inhibiting the tPA
binding domain of annexin II [79]. Tissue plasminogen activator mass,
plasminogen, and PAI-1 levels have been shown to be increased, but tPA
activity decreased, in response to methionine loading [80].

A thermolabile variant of methylenetetrahydrofolate reductase (MTHFR)
was described in 1988. A single base-pair substitution in the human
MTHFR gene results in expression of the thermolabile MTHFR variant and
results in hyperhomocysteinemia [81]. Unique because of its low activity
at body temperature and drastic reduction in activity after heating, this
thermolabile MTHFR variant is highly prevalent in populations with pre-
mature vascular disease [82,83]. Thermolabile MTHFR activity has been
reported in 17% of premature coronary artery disease patients compared
with 5% of controls [84].

Mild hyperhomocysteinemia is more prevalent in individuals homozy-
gous for TT, compared with CT heterozygotes and controls with the CC
wild type [85–88]. The relationship between genotype and level of Hcy is
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contingent upon plasma folate status, as elevated total Hcy occurs prim-
arily in TT homozygotes whose folate concentrations are in the lower half 
of the reference range [85–88]. There have been conflicting reports with
regard to the association between MTHFR genotype and risk of stroke. A
study of a patients with early onset (age < 49 years) ischemic stroke found
a two-fold independent increased risk of stroke associated with TT geno-
type [89]. In other international populations, the odds ratios have ranged
from 1.6 (Irish, Italian) to 3.4 (Japanese) [90–92].

The potential interaction of hyperhomocysteinemia with other stroke
risk factors in different stroke subtypes remains to be clarified. A Swedish
study of hyperhomocysteinemic stroke patients found significantly higher
total Hcy concentrations in all stroke subtypes (lacunar, large-artery dis-
ease, cardioembolic and hemorrhagic) compared with controls, with no
difference in mean concentrations between subtypes [93]. In contrast to
these results, a more recent Australian study found that hyperhomocys-
teinemia was associated with large-vessel atherothrombotic and lacunar
subtypes, but not cardioembolic strokes [94].

A recent case report demonstrates the thrombotic potential associated
with an inherited disorder of Hcy metabolism. A 47-year-old woman pre-
sented with symptoms, signs, and a magnetic resonance imaging study
consistent with an acute right middle cerebral artery infarction [95]. Carotid
duplex ultrasound revealed hypoechoic signal at the internal carotid origin,
consistent with intralumenal thrombus. Plasma Hcy was 279 µmol/l
(normal < 15 µmol/l). Genotype analysis revealed a cystathionine beta
synthase (CBS) I278T heterozygous mutation (with presumed unidentified
CBS mutation compound heterozygosity, I278T/?), without the MTHFR
677C→T substitution. Serum folate, B6 and B12 were normal. Following
vitamin and anticoagulant treatment, Hcy normalized and carotid thrombus
resolved. An asymptomatic sister has severe hyperhomocysteinemia and
CBS I278T mutation. Conventional hypercoagulable studies were normal.

Hcy levels should always be drawn in the fasting state since they vary
based on the protein content in a meal. Vitamin B12, a cofactor in Hcy
metabolism, should routinely be checked, since Hcy levels are expected to
be elevated in vitamin B12 deficiency states.

Vitamin therapy with folate, vitamin B6, and when appropriate, vita-
min B12, can reduce Hcy levels; however, there have been no studies to
date which have demonstrated that vitamin supplementation directly
reverses the secondary effects on the hemostatic system or reduces the risk
of TIA or stroke.

Von Willebrand factor

Megakaryocytes and endothelial cells synthesize von Willebrand factor
(vWF). Activation of vWF at the site of vascular injury leads to binding of
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fibrin that is then transglutaminated by factor XIII resulting in covalent
crosslinking, which stabilizes the clot. The vWF also mediates the incorpor-
ation of platelets into thrombus. Elevations in vWF have been associated
with an increased risk of ischemic stroke [96–98]. The levels of vWF are
elevated in conditions that have a high risk of stroke, such as atrial fibrilla-
tion, high-grade carotid stenosis, and hyperhomocysteinemia. Levels of
vWF have also been shown to be higher in patients with a greater burden
of small vessel/lacunar strokes [96].

The vWF gene, located on chromosome 12, is 180 kb in length and 
has 52 exons. Single nucleotide polymorphisms (–1793 C/G, –1234 C/T,
–1185 A/G, –1051 G/A) in the promoter region of the vWF gene, affecting
vWF levels, have been identified [99]. There appears to be an interaction
between age and expression of the genotypes. Individuals > 40 years of age
with the CC/AA/GG genotypes have the highest mean plasma levels of
vWF, with CT/AG/GA being intermediate, and TT/GG/AA lowest [100].
The Thr789Ala polymorphism is associated with coronary artery disease
and plasma vWF levels in diabetic patients [101].

Fibrinogen

Fibrinogen is the most consistent hematological marker of stroke risk
[30–33]. It is a 340-kDa glycoprotein consisting of three non-identical
polypeptides linked by disulfide bonds. Fibrinogen may play a role in
atherogenesis by contributing to mechanical vascular wall injury, hyper-
viscosity and platelet activation. Genetic mutations of fibrinogen may in-
crease the level of fibrinogen or result in fibrinogen more resistant to lysis.

Three genes located on the long arm of chromosome 4 encode fibrino-
gen’s three polypeptides [102]. Data are conflicting regarding the associa-
tion of specific polymorphisms in the promoter region of fibrinogen and
the risk of cerebrovascular disease. The β448 genotype has been associated
with cerebrovascular disease in women [103]. The βC/T 148 genotype 
has been linked to carotid atheroma [104]. Other studies examining the
association between fibrinogen, its polymorphisms, and association with
cardiovascular disease have failed to demonstrate an association between
fibrinogen polymorphisms and cardiovascular disease despite a direct effect
on serum fibrinogen levels [105].

Other prothrombotic genes

Several hypercoagulable states under genetic control have been associated
with cardiovascular disease and may affect risk of stroke. In a Japanese
population, the platelet-activating (PAF) acetylhydrolase polymorphism,
which results in a deficiency of the enzyme responsible for inactivating
PAF, was found to be a risk factor for stroke [106]. The glycoprotein (GP)
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receptor IIIa polymorphism P1A2 appears to convey a higher risk of
ischemic stroke in Caucasian women with an identifiable cause of stroke
[107]. There also appears to be an increased frequency of the GP IIIa P1A2
allele in young patients with atherothrombotic stroke [108].

Despite a role in venous thromboembolism, neither the prothrombin
20210A allele nor factor V Leiden appears to be associated with a higher
risk of myocardial infarction [109–116]. The prothrombin G20210A 
polymorphism, which increases prothrombin levels, has been associated
with increased risk of stroke in young female smokers [117,118]. The 
prothrombin polymorphism increases prothrombin activity by producing
greater quantities of thrombin, not by increasing the rate of prothrombin
activation (i.e. no increase in F1+2) [119]. Factor V Leiden may be associ-
ated with a higher rate of recurrent venous thromboembolism, but the
studies are conflicting [120,121]. The presence of multiple prothrombotic
genes (i.e. protein S, antithrombin III, prothrombin G20210A, factor V
Leiden) appears to convey higher risk than a single polymorphism [113,114].

Trousseau’s syndrome

Armand Trousseau first described the syndrome of malignancy-associated
hypercoagulability in 1865, and it has since come to be known as Trousseau’s
syndrome. Most commonly associated with adenocarcinomas, patients
with malignancy have a wide range of coagulation abnormalities including
increase F1.2, thrombin–antithrombin complex, plasmin–α2-antiplasmin,
and D-dimer (Table 9.3) [120–122].

As in all cases of secondary hypercoagulability, the focus of therapy
should be directed at resolving the underlying cause, i.e. excising or 
treating the malignancy [123]. If patients have documented coagulation
abnormalities or meet the criteria for a clinical hypercoagulable state,
long-term anticoagulation may be required, although the role of monitor-
ing coagulation in the clinical management of cancer patients has not been

Table 9.3 Coagulation activation markers in malignancy

Elevated fibrinopeptide A (FPA)
Elevated F1.2
Elevated thrombin–antithrombin complex
Elevated D-dimer
Increased fibrinogen
Increased platelet count
Disseminated intravascular coagulation (DIC)
Antiphospholipid antibodies
Activated protein C resistance
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fully elucidated [124,125]. It is also important to recognize that patients
with malignancy may have other more conventional stroke risk factors
which need to be considered [126].

Conclusion

The relationship between disorders of coagulation and venous throm-
boembolism is well established, but our understanding of their contribu-
tion to arterial disease, and cerebrovascular disease in particular, is still
emerging. Novel factors in the coagulation system and their genetic 
determinants will be closely scrutinized in the next decades as they are
potential markers of preclinical disease. The potential impact on reduc-
ing ischemic stroke risk, particularly stroke of an embolic etiology, may 
be tremendous with early intervention. At present, we remain relatively
naive as to how one or more prothrombotic tendencies interact within a
given patient. Existing antithrombotic therapies provide an opportunity to
intervene and reduce risk of recurrent thrombosis, and future develop-
ments offer the promise of safer and more effective treatments.
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Antiplatelet Therapy
Michael J. Schneck

Introduction

Antiplatelet therapy represents the first-line therapy for medical preven-
tion of recurrent stroke following either a stroke or transient ischemia
attack (TIA). It is the preferred agent for strokes and TIAs as a result of
atherothrombotic disease and is an option for those patients who, by the
nature of their cerebrovascular event, would be candidates for anticoagu-
lation but cannot be anticoagulated because of other medical contraindi-
cations. Indeed, anticoagulation still plays a role in stroke prevention [1].
Data from the WARSS and SPIRIT studies would suggest, however, that
the role of anticoagulation in stroke prevention should be restricted to
defined indications such as cardioembolic strokes and hypercoaguable
states [1–3]. For all other indications the ‘antiplatelet agents’ are preferred.

Aspirin remains the paradigm in support of evidence for antiplatelet
therapy for stroke prevention following TIAs or ischemic stroke [4]. Over
the past decade, however, several new agents have been developed that
offer a greater opportunity for efficacy with relatively good side-effect
profiles though at a higher expense to the individual. The general indica-
tions for these antiplatelet agents are similar with the relative merit of
each agent a subject of debate. It should be noted here that many of the
clinical trials to evaluate antiplatelet agents in prevention of recurrent
cerebral ischemia were performed for patients who had clinically defined
stroke. Only a few of the trials included patients with TIAs along with
stroke patients or restricted enrollment to patients with transient cerebral
ischemia. Nevertheless, it is appropriate to discuss some of these stroke 
trials for prevention of recurrent cerebral ischemic events in this chapter
since the underlying etiology of an incident transient ischemic event or
completed stroke are often similar and clinical strategies for prevention
should follow the same pattern regardless of whether the ischemic event
results in a completed infarct. Currently, there are four antiplatelet drugs
available for use in North America for patients with cerebral ischemia:
aspirin, ticlopidine, clopidogrel, and sustained-release dipyridamole (DP)
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(used in combination with low-dose aspirin). Although each of these
agents ultimately antagonizes platelet aggregation as their primary mech-
anism for prevention of thrombus, they have different mechanisms and
side-effect profiles.

Aspirin

Aspirin is the common name for acetylsalicylic acid (ASA). It was origin-
ally designed as a synthetic pain reliever at the turn of the century because
of the recognized properties of its natural analog, salicin, derived from 
willow bark [4–7]. Aspirin was first suggested, however, as a prophylactic
agent for prevention of stroke and myocardial infarction (MI) at mid cen-
tury but its role in cardiovascular prophylaxis was not widely accepted for
another two to three decades when its mechanism became better under-
stood [7,8]. As elucidated, by John Vane, both the anti-inflammatory and
antiplatelet activities of aspirin occur because of irreversible inhibition of
cyclooxygenase activity [6,9]. Small doses of aspirin (up to 100 mg) can
irreversibly block platelet cyclooxygenase with rapid onset of action and
maximal peak effect within approximately 20 min. Blockade of cyclooxy-
genase then results in reduced synthesis of thromboxane A2 that is neces-
sary for both platelet activation and vasoconstriction. Because platelets
cannot synthesize new protein, the resulting inhibition persists through
the 7–10-day life span of the affected platelets and though platelet adhe-
sion is not affected, aggregation is impaired clinically manifested as a pro-
longed bleeding time.

Paradoxically, aspirin at higher doses may actually increase the risk of
thrombus formation. Vascular endothelium produces the proaggregant
thromboxane A2. In addition, however, prostaglandin (PGI2) (prostacy-
clin) is also produced and this compound inhibits platelet aggregation and
vasodilatation. There has been some suggestion, therefore based on animal
models and clinical trials, that at higher doses, via an effect on the endothelial
wall, aspirin may actually predispose patients to thrombosis [4,10,11].

Many patients cannot tolerate aspirin. The drug is contraindicated for
patients with known hypersensitivity or allergic reactions to both salicy-
lates or other nonsteroidal anti-inflammatory drugs (NSAIDs). In particu-
lar, some patients with a history of asthma may have associated aspirin
hypersensitivity reactions [12]. Up to 20% of patients with asthma may
have intolerance to aspirin or NSAIDs. Many patients will experience
minor gastrointestinal (GI) discomfort related to aspirin therapy. Coated
aspirin or lower dose aspirin may ameliorate the minor GI side-effects 
but do not eliminate the risk of GI bleeding [13–15]. GI bleeding can be a
significant problem for stroke patients receiving aspirin, with an estimated
2–3% rate of bleeding for these patients which represents an approxim-
ately two- to three-fold increase in risk [13–16].
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There have been many prospective randomized trials testing the efficacy
of ASA vs. placebo for patients at high risk of ischemic stroke. In 1977,
Fields and colleagues reported on 178 patients with hemispheric TIAs who
were not referred for carotid endarterectomy (the selection of patients for
surgical or medical treatment was not done on a randomized basis) [17].
Patients were treated with 650 mg ASA twice daily or placebo. They found
that the number of unfavorable outcomes (death, cerebral or retinal infarc-
tion, or failure to reduce the number of TIAs in a 3-month period) was
significantly reduced at 6 months in the ASA-treated group. However, 
no difference was found in the individual endpoints of ischemic stroke,
retinal infarction, or death. Subsequently, in one of many of his landmark 
trials, Barnett and colleagues demonstrated that, for patients with ‘threat-
ened stroke’ randomized to aspirin, sulfinpyrazone, a combination of these
two drugs, or placebo, men on aspirin had a significant reduction in risk of
cerebrovascular events [18]. Sulfinpyrazone conveyed no additional risk
reduction. In this Canadian Cooperative Study (CCS) of 585 patients who
had a cerebral or retinal TIA, aspirin reduced the risk of recurrent TIA,
stroke or death by 19% (P < 0.05) and stroke or death by 31% (P < 0.05).
No benefit was seen in risk reduction for women taking aspirin but, as
with most of the early antiplatelet studies, the number of female subjects
enrolled was too few to draw any definitive conclusion.

Three other important landmark aspirin trials of patients with TIA that
were performed over 15 years ago compared different doses of aspirin.
The United Kingdom Transient Ischemic Attack (UK-TIA) trial random-
ized 2435 patients with minor stroke or TIA in the precomputed tomo-
graphy era to either 600 mg of aspirin twice daily (high dose), 300 mg of
aspirin once daily (medium dose), or placebo [19,20]. Overall, aspirin pro-
vided a 15% odds reduction in preventing stroke, MI or vascular death
compared with placebo. The authors noted no difference in risk reduction
between medium and high-dose aspirin, but there was a significant
decrease in GI side-effects. The Swedish Aspirin Low dose Trial (SALT)
then demonstrated that low-dose aspirin (75 mg) vs. placebo also con-
veyed a similar risk reduction of 18% for prevention of stroke or death 
(P = 0.02) in 1360 patients with TIA or minor stroke [21]. The third study,
the Dutch TIA trial, compared very low-dose aspirin (30 mg daily) with
medium-dose aspirin (283 mg daily) for patients with minor stroke or TIA
[10]. The authors commented on the rationale for their trial by observing
that the first Antiplatelet Trialists Collaboration (ATC) showed medium 
to high-dose (300–1500 mg daily) aspirin was effective in reducing the
risk of recurrent vascular events [22]. However, low-dose aspirin might 
be even more effective because of the observation of different effects of 
low-dose aspirin on inhibition of thromboxane A2-induced platelet aggre-
gation without affecting the aforementioned endothelial prostacyclin-
induced effects [10]. This trial found minimal differences between very
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low-dose and medium-dose aspirin. Close to 15% of patients on low-dose
aspirin had a stroke, MI or death from vascular causes, whereas 15.2% on
the medium-dose regimen had a recurrent event. However, there were
fewer adverse events on low-dose aspirin including fewer GI side-effects
and bleeding complications. The authors concluded that very low-dose
aspirin is as effective as medium-dose aspirin for patients with TIA or
stroke for prevention of recurrent stroke.

Despite the above data, many North American neurologists had been
reluctant to utilize lower doses of aspirin. From in vitro studies, Helgason 
et al. had suggested that certain patients responded better to high vs. low-
dose aspirin [23]. Data from the Canadian Cooperative Study and a post hoc
analysis from the North American Symptomatic Carotid Endarterectomy
Trial (NASCET) were also very persuasive in supporting the use of higher
dose aspirin [14,18,24]. The NASCET trial had suggested that patients had
fewer recurrent strokes on higher dose aspirin (650–1300 mg daily) vs.
low or medium-dose aspirin (81–350 mg daily). A subsequent random-
ized trial of low vs. high-dose aspirin following carotid endarterectomy
failed to support the NASCET post hoc analysis, however. In fact, the oppo-
site was the case, as the Aspirin and Carotid Endarterectomy (ACE) trial
found that low-dose aspirin was associated with fewer postoperative vas-
cular events [25]. The ACE trial has been frequently used as a justification
for low-dose aspirin in stroke prevention. There are caveats about this 
trial that need to be raised, however. Among these are that the low-dose
regimen in the ACE trial should really be considered as a justification 
for ‘medium-dose’ aspirin. Also, the extrapolation of data from a short-
term postendarterectomy trial to long-term cerebrovascular prophylaxis
following an incident TIA must be viewed with caution.

The most recent trial incorporating patients with minor stroke or TIA is
the European Stroke Prevention Study 2 (ESPS2) [26]. This trial is dis-
cussed in further detail in the dipyridamole section below and is a large
multicentre randomized comparison of sustained-release DP or low-dose
aspirin (50 mg daily) singly or in combination vs. placebo. For the patients
on aspirin only, the relative risk reduction was 18% for nonfatal stroke or
death. This finding is in line with prior aspirin TIA trials using both a high
or low-dose regimen.

In general, the benefits of aspirin reported in all of the above-described
trials are consistent with the large meta-analyses presented in the Aspirin
Trialists’ Collaboration [22,27]. By the 1994 ATC report, 145 trials of anti-
platelet therapy vs. control, in approximately 70 000 high-risk and 30 000
low-risk patients, were analyzed. Eighteen of the trials enrolled stroke or
TIA patients for a total of close to 12 000 subjects with a mean of approx-
imately 650 patients per study. By comparison, most of the ‘modern’ indi-
vidual cerebrovascular trials have enrolled between five and 10 times the
number of subjects. The results of the 1994 ATC suggest an overall odds
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reduction of approximately 20–25% in stroke/TIA or other vascular events.
For patients with an incident stroke or TIA, there was a 23% odds reduction
in nonfatal stroke but there was no significant reduction in fatal stroke risk.

Subsequent meta-analyses encompassing the modern trials have con-
firmed the findings of the ATC and have reported a significant odds reduc-
tion of approximately 15% for the prevention of stroke as well as prevention
of a composite vascular disease endpoint compared with placebo [4,28–31].
There appeared to be no differences in risk reduction between low, medium
or high-dose aspirin regimens in any of the meta-analyses.

Thienopyridine derivatives

As thienopyridine derivatives, both ticlopidine and clopidogrel have a 
similar mechanism of action [4,9,11,32]. The two agents are chemically
very similar, with clopidogrel differing only by the addition of an acetate
moiety on the benzyl ring of ticlopidine. These agents inhibit platelet
aggregation through ADP-induced modification of the GPII/IIIa glycopro-
tein receptor on the platelet membrane that is critical in binding platelets
to fibrinogen during platelet activation. Both agents require metabolism 
in the liver for their antiaggregant activity and then irreversibly inhibit
platelet aggregation. Ticlopidine inhibits platelet function within 24–48 h
of administration that peaks at 3–7 days. The standard daily dose is 250 mg
twice daily, though some patients who experience GI side-effects may 
be tried on 250 mg once daily. Compared with ticlopidine, clopidogrel 
displays dose-related inhibition of platelet aggregation with the recom-
mended 75-mg once-daily dose being equivalent to 250 mg twice daily of
ticlopidine. For clopidogrel the onset of action is more rapid at about 2 h,
although peak inhibition occurs with a similar time-course to ticlopidine.

The major limitation of ticlopidine is its side-effect profile [29,32–35].
GI side-effects of diarrhea, dyspepsia and nausea are fairly common and
are frequent reasons for discontinuation of ticlopidine. Rash is also a com-
mon side-effect. In addition, ticlopidine has two serious adverse hemat-
ological effects. These are neutropenia and thrombotic thrombocytopenic
purpura (TTP). Serious, though reversible, neutropenia occurs in 0.9% of
all patients on ticlopidine. TTP, though less common, is estimated to occur
in one of every 5000 ticlopidine users [36]. Because of the risk of these
serious adverse events, complete blood count monitoring is required every
2 weeks for the first 3 months of ticlopidine use with annual blood counts
thereafter. Thus, as a result of these side-effects, ticlopidine is no longer
considered a ‘first-line antiplatelet agent’ [29].

Overall, clopidogrel is a much safer drug than ticlopidine, with a safety
profile similar to that of aspirin [4,11,29,32]. GI side-effects are, in fact,
relatively uncommon and neutropenia does not appear to be an issue with
this agent. Athough it is rare and much less common than with ticlopidine,
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there is some concern, however, about TTP with this agent [37]. Interes-
tingly, the clopidogrel-associated TTP appears to occur early in the course
of therapy, whereas ticlopidine-induced TTP can occur later in the course
of therapy [37]. No routine blood monitoring is needed with clopidogrel,
although the clinician should keep the possibility of TTP in mind if there
are suggestive symptoms.

The rationale for the use of the thienopyridines in either stroke or TIA
was established at the beginning of the last decade. At that time, the
Canadian American Ticlopidine Study (CATS) and the Ticlopidine Aspirin
Stroke Study (TASS) were published [33,38,39]. The CATS study com-
pared ticlopidine with placebo in 1053 patients with completed ischemic
stroke with mean follow-up of 2 years and showed significant relative risk
reduction (RRR) of 23% (P = 0.02) in the combined endpoint of stroke,
MI or vascular death (RRR 23%, P = 0.02) [38]. Of greater relevance to
this discussion, the TASS study looked at 3069 patients enrolled within 
3 months of a TIA or minor stroke with mean follow-up of 3.4 years with
endpoints of stroke and stroke or death compared with high-dose aspirin
(1300 mg/daily) [33]. The TASS study found a RRR of 21% (P = 0.024) in
favor of ticlopidine for nonfatal stroke and 12% RRR (P = 0.048) in favor
of ticlopidine for stroke or death. Because of the previously mentioned
predominantly GI side-effects, there was a significant drop-out rate in
TASS. A subgroup efficacy analysis, however, suggested that for those
patients who were able to stay in the trial until the end of the study or until
a stroke endpoint was reached, there was an even greater RRR of 27% 
in favor of ticlopidine (P = 0.011). Additional post hoc analyses had sug-
gested that non-whites, women, patients with vertebrobasilar symptoms,
patients whose initial event occurred on other antithrombotic agents such
as aspirin, and patients without high-grade carotid stenosis were thought
possibly to derive greater risk reduction with ticlopidine [40]. In particu-
lar, African-Americans were thought to derive particular benefit with
ticlopidine in the TASS study with a more favorable safety profile as 
well [41]. Therefore in 1995, the African American Antiplatelet Stroke
Prevention Study (AAASPS) was initiated and enrollment was recently
completed [42]. Though a study of patients with completed stroke rather
than TIA, this study of ticlopidine vs. moderate-dose aspirin may cause
resurgence in the use of ticlopidine if a favorable risk–benefit profile is
demonstrable.

Clopidogrel was actually designed as a specific replacement for ticlopi-
dine because of the latter agent’s adverse safety profile. There are, how-
ever, limited data about the use of clopidogrel for patients who have
sustained a TIA. The use of clopidogrel in this population must be extra-
polated from the Clopidogrel vs. ASA in Patients at Risk of Ischemic Events
(CAPRIE) [43]. This was a large multicenter randomized trial of patients
with atherosclerotic vascular disease who were randomized to either
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clopidogrel or medium dose (325 mg) of aspirin. A total of 19 185 patients
with MIs, peripheral vascular disease or stroke were enrolled up to 
6 months after the initial event. There were 6431 patients with ischemic
strokes and 40% of these strokes were described as lacunar infarcts. 
For the CAPRIE study, primary endpoint being reduction of stroke, MI, or 
vascular death, there was an absolute risk reduction of 0.5% per year with
a RRR of 8.7% (P = 0.043) in favor of clopidogrel for all subjects enrolled.
When a secondary analysis was performed restricted only to the 6431
stroke patients enrolled in CAPRIE, there was an absolute risk reduction 
of 0.6% per year for the primary endpoint with a RRR of 7.3% that was
not, however, statistically significant [28,34]. The absolute risk reduction
of stroke alone for these stroke patients was also not significant at 0.5%
annually. Paradoxically, only the patients entering the study with periph-
eral arterial disease sustained a large benefit from clopidogrel compared
with aspirin. However, an important caveat of all these subgroup analyses
was that the study was designed with power to discover a difference only
for the primary endpoint for all patients enrolled rather than for the 
individual cerebrovascular, cardiac, or peripheral vascular subgroups.

Though currently there are no other supporting data regarding the use
of clopidogrel in patients with either stroke or TIA, there is some corrobor-
ating information from a series of trials in patients with coronary heart 
disease, some of which have been recently published [44,45]. These trials
(CLASSICS, CURE, CREDO and COMMIT) would suggest that the com-
bination of clopidogrel and aspirin is more effective than aspirin alone in
patients following placement of coronary stents, patients with unstable
angina, or MI. Based on these cardiovascular trials, the current trend is
toward combination antiplatelet therapy with the thienopyridines. The
CURE (Clopidogrel in Unstable Angina to Prevent Recurrent Events)
study in patients with unstable angina or non-Q wave MI reported that
the combination of clopidogrel and aspirin provided a 20% RRR in fatal
and nonfatal cardiovascular events (including stroke and MI) compared
with aspirin alone (P = 0.001) with an absolute risk reduction of 2.1% [46].
Given the 38% relative excess rate of bleeding complications seen with
combination therapy in CURE, some have argued, however, that the CURE
results may not be applicable to patients with cerebrovascular disease [47].
The MATCH (Management of Atherothrombosis with Clopidogrel in High-
risk Patients with Recent Transient Ischaemic Attack or Ischaemic Stroke)
study will provide similar data in over 7000 patients with cerebrovascular
disease on combination therapy vs. clopidogrel alone and may give a bet-
ter perspective about the appropriate role for clopidogrel and for combina-
tion therapy in patients with TIAs [44]. Another study, the Prevention of
Small Subcortical Strokes study, is planned to begin in 2003 and this trial
will evaluate aspirin vs. aspirin and clopidogrel in patients with lacunar
stroke, as well as testing two different blood pressure regimens.
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Dipyridamole

Antithrombotic effects of DP are mediated through multiple pathways by
increases in platelet cyclic AMP levels and blockade of adenosine uptake,
as well as direct potentiation of prostacyclin synthesis in both the platelets
and vascular endothelium with potentiation of prostacyclin-induced
antiplatelet aggregation [11,48]. This results in a reversible inhibition of
platelet thrombus aggregants, though there is no effect on bleeding times
or in vitro platelet aggregation. Immediate-release DP has a rapid onset of
action, with peak concentrations developing within approximately 1 h, but
a trough below which therapeutic action is detected occurs within 4–6 h
of the first dose. As a result, immediate-release DP requires four to six
times a day dosing. The development of a sustained-release preparation
has allowed for twice daily dosing with maintenance of adequate trough
levels for optimal antiplatelet effect. The sustained-release preparation 
is available in Europe singly or in combination with aspirin. In the USA,
only the combination agent of aspirin (25 mg) and sustained-release DP
(200 mg) is Food and Drug Administration (FDA) approved as a twice-
daily regimen for prevention of stroke for patients with stroke or TIA.

The side-effect profile of this combination therapy reflects the individ-
ual components, with no significant increase in side-effects due to com-
bination therapy above and beyond those attributable to either aspirin 
or DP alone [49]. Headache is probably the largest barrier to use of this
agent and relates to the vasodilatator effects of DP. There was an excess 
of 15.3% of subjects complaining of headache (P < 0.001) who received
sustained-release DP alone or in combination in the second European
Stroke Prevention Study (ESPS2) with a drop-out rate of 6% attributable
to headache on DP in this study. Headache seemed to occur in the early
phase of treatment and subjects reported that headache appeared to wear
off over time. Diarrhea (P < 0.001) and vomiting (P = 0.046) were the
other side-effects attributable to DP. The incidence of GI or other bleeding
complications was, however, mainly reflective of the aspirin treatment
and 65% of the subjects with some form of bleeding complication had
been on aspirin combination or monotherapy. Only 14% of the bleeding
complications in ESPS2 were deemed to be severe or fatal and close to
80% of those subjects had been on aspirin (singly or in combination).

The use of DP in stroke prevention actually dates back, similar to aspirin,
over 30 years. When the data for all vascular events were pooled in the
Antiplatelet Trialists meta-analyses, DP had a 23% odds reduction for
stroke, MI, or vascular death compared with placebo in 10 reported trials
[22,27]. There was also a 28% odds reduction for this combined endpoint
of stroke, MI, and vascular death in the 34 trials comparing a combination
of DP and aspirin with placebo. The AICLA and Toulouse TIA studies were
two early studies of cerebrovascular disease that demonstrated a benefit 
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of immediate release DP and aspirin vs. placebo for stroke prevention
[26,30,48,50]. The largest of these studies was ESPS-1, published in 1987,
that suggested a combination of high-dose aspirin and DP could provide 
a significant stroke risk reduction of 38% in patients with TIA or minor
stroke [51]. Several small stroke or TIA studies in the 1970s and 1980s
failed to show definitive efficacy for immediate-release DP (in combina-
tion with aspirin) vs. aspirin alone, however. High withdrawal rates and
small sample sizes limited these early trials. Thus, the question of whether
DP, alone or in combination with aspirin, had any real benefit remained
unresolved until the second European Stroke Prevention Study (ESPS2).

ESPS2 was a double-blind placebo-controlled randomized trial with a
factorial design comparing low-dose ASA alone (25 mg twice daily), DP
alone (200 mg twice daily), a combination of ASA plus DP, or placebo with
primary endpoints of stroke and death and secondary endpoints of stroke,
MI, or vascular death in over 6600 patients [26,49,52,53]. Approximately
one-quarter of the patients enrolled in this study had an atherothrombotic
TIA. In ESPS2, the risk of stroke was reduced by 18% for ASA alone 
(P = 0.013), 16% for DP alone (P = 0.039) and 37% for the combination
(P < 0.001) compared with placebo. There was a RRR for stroke of 23%
favoring the combination compared with ASA alone (P = 0.006). The risk
of stroke and/or death was reduced by 13.2% for ASA alone (P = 0.016),
15.4% for DP alone (P = 0.015) and 24.4% for the combination (P < 0.001).

The composite endpoint of stroke, MI, or sudden death was a pre-
specified secondary endpoint [53]. The risk reduction for this composite
endpoint was 32.6% (P < 0.001) for combination therapy compared 
with placebo. Combination therapy was also more effective than aspirin
alone with a RRR of 21.9% (P = 0.003) or DP alone with a RRR of 23.3%
(P = 0.01), though much of the benefit seemed to be driven by the number
of recurrent stroke events.

TIA and stroke or TIA were also prespecified secondary endpoints
[26,53]. Stroke or TIA occurred in 1526 subjects and TIA only in 824 sub-
jects and the combination therapy provided a 36% risk reduction that 
was highly significant (P < 0.001) compared with placebo and was equally
significant compared with aspirin or DP monotherapy.

The conclusions of ESPS2 were therefore that combination of ASA plus
ER-DP has the advantage of being more effective than ASA in preventing
stroke in high-risk patients. When these results were pooled with the
other DP/aspirin trials in cerebral vascular disease, a 25% reduction in the
odds of nonfatal stroke and 18% reduction in the odds of all vascular
events were reported [29]. The ESPS2 results were driven by the nonfatal
stroke endpoints. As such, whether the benefits of this combination are
applicable to patients at high risk of cardiac events and vascular death is
unproven. Additionally, though the odds ratios described for the low-dose
aspirin arm in ESPS2 are compatible with similar data for stroke patients
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reported by the Aspirin Trialists Collaboration, some concern remains,
however, in the USA about whether the 50-mg daily dose of aspirin used
in this trial is sufficient for patients with previous ischemic heart disease.

Comparative discussion of antiplatelet treatment
options

There are no available trials that directly compare ticlopidine, clopidogrel,
or sustained-release DP with each other. The relative benefits of any of
these agents in prevention of recurrent stroke are typically a matter of
‘expert opinion’. As noted earlier, even the dose of aspirin remains con-
troversial. Traditionally, Europeans have used lower doses of aspirin than
North American vascular neurologists, with many of the European vascu-
lar neurologists recommending aspirin doses as low as 30 mg/day [54].
Prior to the updated United States FDA recommendations, many North
American vascular neurologists (including this author) would prescribe
up to 1300 mg of aspirin per day with the typical approach being medium-
dose aspirin (325 mg daily). As a result of the theoretical arguments that
higher dose aspirin may actually promote thrombogenesis, the lack of
clinical trial data to support the use of higher doses of aspirin despite the 
in vitro observation of ‘aspirin nonresponders’ at lower doses, and the
increase in minor GI side-effects at higher doses, the aspirin wars must be
declared in favor of the low-dose camp. With the current FDA prescribing
guidelines for aspirin in prevention of recurrent stroke now in a lower
range (50–325 mg daily), there is a greater acceptance of low-dose aspirin
(typically 81 mg in the USA) [55]. However, an interesting paradox has
seemingly arisen. Anecdotally, cardiologists in the past had prescribed 
81 mg of aspirin daily for MI prevention but have recently shifted to 
325 mg alone or in combination with other agents. Thus, from the cardio-
logy perspective, where stroke neurologists had previously ‘overdosed’
their patients on aspirin, currently some stroke specialists are underdosing
their patients.

This dilemma in part reflects this lack of direct comparison between
varying doses of the different antiplatelet agents. As a result, there are
attempts to make indirect comparisons based on interpretations from
studies with different sample sizes, inclusion criteria and choice of end-
points that compared aspirin (with or without placebo) against the newer
antiplatelet agents.

Advocates of the thienopyridines point out that atherosclerosis is a 
systemic vascular disease and the cause of death in most stroke patients 
is a cardiac event. They therefore argue that antiplatelet agents should
reduce the risk of both stroke and MI [45]. The counter argument is that
the rate of MI in the first 2 years post stroke is low [56]. Therefore, the
most critical issue for patients with TIA or stroke is prevention of recurrent
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cerebrovascular disease, especially because of patient concerns about post-
stroke disability [56,57]. This school of thought argues that prevention of
coronary heart disease, while relevant, is most appropriately regarded as 
a secondary endpoint when attempting to make comparisons of clinical
efficacy between drugs.

Tables 10.1, 10.2 and 10.3 illustrate the relative merits of each of the
available antiplatelet agents in the USA. Based on the ACCP guidelines
(January 2001), aspirin, clopidogrel and the combination of sustained-
release DP are all acceptable first-line agents for stroke prevention [29].
The merits of aspirin rest primarily with its cost. Since aspirin is very 
inexpensive, many physicians will first use aspirin for patients who have
experienced a TIA due to atherothrombotic disease or who have experi-
enced a cardioembolic event but are not candidates for warfarin, if the
patient has never been on any prior antiplatelet agent. Compared with

Table 10.2 Relative comparisons of efficacy of thienopyridines and dipyridamole vs.
aspirin for the endpoint of recurrent stroke in cerebrovascular disease patients

Relative Absolute Numbers 
risk reduction risk reduction needed to treat

Ticlopidine* 500 mg/daily 21% 2.5 1 : 40

Clopidogrel† 75 mg/daily 8% 0.8 1 : 125

Aspirin and sustained release 23% 3.0 1 : 33
dipyridamole‡ 50/400 mg daily

Data are derived from the TASS*, CAPRIE†, and ESPS2‡ trials.

Table 10.1 List of available antiplatelet agents with cost and side-effect comparisons

Mechanism Side-effect profiles Cost per month*

Aspirin Inhibits GI side-effects < $3 (< £1.70)
cyclooxygenase predominate

Ticlopidine Inhibits platelet Diarrhea, nausea, $130.64 (£74.63)
ADP receptor anorexia, neutropenia,

TTP

Clopidogrel Inhibits platelet Similar to aspirin with $96.44 (£55.09)
ADP receptor less GI side-effects.

Possible TTP

Aspirin and sustained- Mixed action Headache, GI $88.50 (£50.56)
release dipyridamole (see text) side-effects

*Based on figures from PriceProbe, 2000. GI, Gastrointestinal; TTP, thrombotic
thrombocytic purpura.
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placebo, however, the RRR is only 15% for prevention of recurrent stroke.
Furthermore, though the risk of significant GI bleeding is only about
1–2%, minor GI irritation is a frequent patient complaint. Therefore,
clopidogrel and sustained-release DP are worthy of consideration even for
patients with TIAs who have not previously been on aspirin.

The major advantage of clopidogrel compared with aspirin is the side-
effect profile. There are significantly fewer GI side-effects and a somewhat
lower risk of GI bleeding. This agent is particularly useful in those patients
who are aspirin allergic or aspirin intolerant, as there does not seem to be
any allergic cross-reactivity, and it is therefore the drug of choice in aspirin-
intolerant patients. The dilemma for those who prescribe clopidogrel is
that the RRR for stroke, MI or vascular death compared with aspirin was
only about 7% for the over 6000 patients enrolled in the CAPRIE study
who had a stroke as their initial entry event into that study, and this finding
of itself was not statistically significant. Still, despite its significant expense
and relatively lower benefit, overall this has been the most popular of the
prescription antiplatelet agents (possibly because of its dual use for cardiac
disease). In the year 2000, it was among the top 50 brand-name drugs by
retail sales and top 100 drugs by number of prescriptions in the USA. In
fact, there were more prescriptions for clopidogrel than prescription enteric-
coated aspirin (which, however, is also available over the counter in the
USA) [58]. Combination therapy using clopidogrel and either 81 mg or
325 mg of aspirin is also increasingly popular. Though there is no direct
evidence to support this approach in patients with cerebrovascular disease,
this author favors using clopidogrel in combination with aspirin as opposed
to clopidogrel monotherapy because of the indirect evidence in extra-
polation from the coronary disease trials and the ESPS2 observations that 
combination antiplatelet therapy is more effective than antiplatelet mono-
therapy. When clopidogrel is used in combination with aspirin, the 81-mg
dose of aspirin is probably preferable to minimize bleeding complications.

Table 10.3 Relative comparisons of efficacy of thienopyridines and dipyridamole vs.
aspirin for the endpoint of stroke, myocardial infarction or vascular death for patients
with cerebrovascular disease

Relative Absolute Numbers
risk reduction risk reduction needed to treat

Ticlopidine* (500 mg daily) 9% 2.3 1 : 43

Clopidogrel (75 mg daily) 7.3% 1.0 1 : 100

Aspirin and sustained-release
dipyridamole* (50/400 mg daily) 22% 3.6 1 : 28

*A secondary endpoint of the TASS and ESPS2 trials, respectively.
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Although ticlopidine was shown to have significant RRR compared with
high-dose aspirin, its significantly greater side-effect profile including the
high-risk complications of neutropenia and TTP and also the high cost of
even the generic form of ticlopidine and the added cost and inconvenience
of required blood testing, precluded its inclusion as a first-line antiplatelet
agent in the ACCP guidelines. In addition to the potential hematolog-
ical side-effects, the almost two-fold increased frequency of the so-called
minor GI side-effects of diarrhea, nausea and anorexia as well as the risk of
rash are real barriers to compliance with the use of ticlopidine. Starting 
at 250 mg once daily for the first week can minimize some of these side-
effects, but they are still relatively frequent. The recent finding that ticlopi-
dine was not superior to aspirin in the African American Antiplatelet
Stroke Prevention Study also dampens enthusiasm for ticlopidine [59].

The last of the FDA-approved antiplatelet agents, sustained-released 
DP in combination with low-dose aspirin, is possibly the most effective 
of the antiplatelet therapies in stroke prevention according to the ACCP
guidelines [29]. Furthermore, it is considered to have a side-effect profile
deemed equally favorable with aspirin or clopidogrel, though this is based
on indirect comparison of the clinical trials. Indeed, the risk of significant
bleeding complications was no greater than low-dose aspirin in the ESPS2
trial. The major barriers to its widespread use are an increased risk of
headache, the continued hesitancy of North American physicians toward
low-dose aspirin, and cost to the individual patient. The headache, in par-
ticular, can be a significant limiting factor in the use of this agent, and
though this side-effect often resolves within a few weeks of initiation of
therapy, the symptom can be of such severity as to mandate immediate
discontinuation. Prophylactic treatment with acetaminophen or starting
with one capsule at bedtime can decrease the frequency of headache.
Drug-related headache can be a significant concern for those patients with
premorbid symptoms of migraine-type headache or who had their TIA or
stroke onset accompanied by headache. However, based on a need-to-
treat analysis, the combination of sustained-release DP and low-dose
aspirin is highly cost-effective compared with aspirin for managed-care and
other preferred formulary lists [60]. Using a need-to-treat ratio of 1 : 33
[with the annual cost of this drug per patient of approximately $1060
(£605)] for the prevention of recurrent cerebrovascular events and an
assumed annual direct and indirect cost of stroke of approximately 
$50 000 (£28 550), there is a net gain in terms of cost per stroke averted.
Therefore, for moderate to high-risk patients who have sustained a TIA,
the sustained-release DP/aspirin combination is appropriate even if the
patient has not previously been on aspirin alone.

Sustained-release DP without aspirin is not available for use in the USA
and so patients who are aspirin intolerant cannot receive the sustained-
release DP/aspirin drug. Immediate-release DP might be considered an
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option for those aspirin-intolerant patients. However, this preparation is
not approved for stroke prevention in the USA and, in order to achieve an
adequate therapeutic level, frequent multiple high daily doses would 
be necessary. In aspirin-intolerant patients, a thienopyridine is therefore
indicated.

Conclusion

An antiplatelet regimen is the preferred medical therapy for patients with
atherothrombotic cerebrovascular disease or for patients with cardioem-
bolic stroke or TIA for whom anticoagulation is contraindicated. There are
now a number of different options available and the choice of a specific
drug depends on relative efficacy for cerebrovascular or cardiovascular
prophylaxis vs. cost and potential for side-effects and tolerability by the
individual patient.

Although data regarding therapy for patients who had a transient
ischemic TIA are not available for clopidogrel, it is appropriate to extra-
polate from the stroke data. There is no theoretical argument against the
use of this agent in patients with TIAs, and in the future more informa-
tion will be forthcoming about the role of clopidogrel in patients with TIA
and the benefit of combination therapies that include clopidogrel. A direct
head-to-head trial comparing aspirin and extended release dipyridamole
vs. clopidogrel began in 2003 (PROFESS Trial).

Based on the available evidence, the ACCP guidelines suggesting a 
possible greater benefit for combination therapy with sustained-release
dipyridamole and low-dose aspirin appear reasonable and some vascular
neurologists would argue that this agent should represent the first-line
medical therapy for patients who have sustained an atherothrombotic
stroke assuming cost to the individual patient is not an issue. Other vascu-
lar neurologists would favor clopidogrel as first-line therapy, if cost to the
patient is not an issue, considering its dual cerebrovascular and cardiac
benefits. Otherwise, even though aspirin is possibly less effective than 
the prescription antiplatelet agents, its low retail cost and proven efficacy
for different vascular beds still make it an appropriate first-line agent for
cerebrovascular risk reduction.
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Role of Oral Anticoagulants
Richard K.T. Chan, Seemant Chaturvedi, Patrick Pullicino

There is uncertainty as to whether anticoagulation is beneficial or harmful
for patients with transient ischemic attacks (TIAs). There are very few 
clinical trials that address the management of TIAs, and of these, none 
has sufficient statistical power to provide unequivocal evidence to support 
or refute the use of anticoagulation. The current chapter will discuss the
rationale for the use of anticoagulation in specific clinical situations.

General considerations

The main pathogenic mechanisms of TIAs appear to be embolism, in-situ
thrombosis or hypoperfusion. Penetrating artery spasm is another poten-
tial cause [1]. Anticoagulants are used to prevent the formation of throm-
bus along diseased endothelial surfaces, thus reducing the potential for
embolism in the arterial system and preventing intralumenal thrombosis
that may compromise cerebral blood flow. By inhibiting the prothrombotic
arm of the coagulation/fibrinolysis homeostatic mechanisms, anticoagu-
lants also allow spontaneous thrombolysis in patients who already have
intralumenal or intracardiac thrombus.

Anticoagulants can be divided into two main groups. Unfractionated hep-
arin, low-molecular-weight heparins and heparinoids exert their effect by
inhibiting the activity of factor IIa (thrombin), Xa and XIa through their action
on antithrombin III. Warfarin and other associated oral anticoagulants pre-
vent carboxylation (that is dependent on vitamin K) of key coagulant fac-
tors, thereby rendering coagulation ineffective. Heparin and related agents
are discussed in a separate chapter. Oral anticoagulants are the preferred
agents for long-term anticoagulation and will be the focus of this chapter.

The most common, and potentially serious, adverse effect of antico-
agulants is hemorrhage. Thus, anticoagulation should be avoided in the
following situations:
• patients with a bleeding diathesis (hemophiliacs, thrombocytopenia);
• patients with a bleeding tendency (e.g. peptic ulcers, recent major
surgery, cerebral amyloid angiopathy);
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• patients in whom hemorrhage could be potentially fatal (e.g. enlarging
aortic aneurysm, intracranial aneurysm);
• patients with high risk of intracranial hemorrhage (e.g. poorly con-
trolled hypertension, previous intracerebral hemorrhage).

Any potential benefits from anticoagulation could be offset by the 
associated hemorrhagic side-effects. In the case of patients with definite 
stroke, the risk of hemorrhagic transformation of the infarction often
equals or exceeds the risk of recurrent stroke. However, the risk of intrac-
erebral hemorrhage among patients with TIA is probably low, since the
volume of infarcted brain tissue is small, if any. If anticoagulation is con-
templated, a computed tomography scan of the head is mandatory since
patients with chronic subdural hematoma may present with TIA-like
episodes [2].

Early studies of oral anticoagulation in TIAs

Perkin reviewed the studies of anticoagulation for TIA prior to 1980 [3].
There have been four randomized [4–7] and six nonrandomized studies
[8–13]. The randomized trials included relatively small numbers of patients
and showed no difference between warfarin and placebo. Three studies
compared warfarin with aspirin with or without dipyridamole [5–7] and
these showed no difference in stroke rates between patient groups. Eriksson
[14] compared aspirin and dipyridamole with heparin for early treatment
of TIA, followed by warfarin in both groups. Although there was no differ-
ence in stroke or death between the treatment groups, recurrent TIA was
more frequent in the antiplatelet agent group. None of these studies sup-
ported anticoagulation for TIAs.

Recent studies of anticoagulation in patients with
TIA/stroke

In general, one can consider the use of oral anticoagulants for either broad
groups of TIA/stroke patients or for specific pathophysiological conditions.
Two recent studies have examined the use of warfarin for broad groups 
of patients. These will be reviewed first and specific conditions will be dis-
cussed thereafter.

The first large study which was planned for patients with noncardioem-
bolic stroke was the Stroke Prevention in Reversible Ischemia Trial
(SPIRIT) [15]. This trial compared aspirin and warfarin with an Inter-
national Normalized Ratio (INR) of 3.0–4.5. The study was terminated
early due to an excess of major bleeding events in the warfarin group.
There were 36 major bleeding episodes in the warfarin group compared
with only five in the aspirin group. The excess bleeding risk was probably
due to the high level of anticoagulation targeted in this study.
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Another study which compared warfarin and aspirin in a broad group 
of patients did reach the completion stage. This was the Warfarin Aspirin
Recurrent Stroke Study (WARSS) [16]. The WARSS trial was a multicen-
ter study in the USA between 1993 and 2001 which enrolled 2206 patients
with noncardioembolic stroke. Patients with severe carotid stenosis and
scheduled carotid endarterectomy were also excluded. The trial popula-
tion consisted primarily of patients with lacunar stroke (56.1%), large-
vessel atherosclerosis (11.8%), or cryptogenic stroke (26.1%).

The WARSS treatment regimens were either aspirin 325 mg per day or
warfarin with a target INR of 1.4–2.8. Over a follow-up period of 2 years,
17.8% of warfarin patients experienced either death or recurrent stroke,
whereas 16.0% of the aspirin patients reached this outcome (hazard ratio
of 1.13 for warfarin compared with aspirin, P = 0.25). When stroke sub-
types were analyzed, there was no convincing evidence that any of the
subtypes (cryptogenic, large-artery atherosclerosis, etc.) derived benefit
from treatment with warfarin. With the mean daily INR of 2.1 in the
study, there was no increase in the number of major hemorrhages with
warfarin in this study.

The ‘bottom line’ of this study was that in a broad group of patients with
diverse stroke mechanisms, there was no advantage seen with an oral
anticoagulant. Thus, clinicians must consider if warfarin is advantageous
for more specific conditions.

Anticoagulation for specific disease states

There are some situations in which anticoagulation is either preferred over
antiplatelet agents for TIAs or where anticoagulants are still being investig-
ated for stroke prevention. They include conditions that are associated
with a high risk of conversion to stroke or that have the potential to lead to
severe or fatal stroke. The following conditions deserve special mention.

TIA associated with intralumenal or intracardiac thrombus [17]

Patients who have an intralumenal thrombus in the arteries supplying the
brain or intracardiac thrombus are probably at higher risk of developing
stroke following an episode of TIA. The thrombus may fragment, causing
ongoing embolization. In the case of intralumenal thrombus, further growth
of the thrombus may lead to significant stenosis or occlusion, precipitating
a further cerebral ischemic event. Anticoagulation may delay the growth
of the thrombus and, in the case of on-going embolization, anticoagulation
may prevent thrombus propagation from the site of embolic occlusion.
Although there are no data to prove that anticoagulants are beneficial in
these instances, many vascular neurologists would recommend anticoa-
gulation for patients with left ventricular thrombi or intralumenal thrombi
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of the major cervical vessels. In the latter circumstance, follow-up imaging
with either ultrasound or angiography is recommended, since there may
be a severe stenosis underlying the lumenal thrombus and it may be 
warranted to remove the stenotic lesion via endarterectomy.

‘Crescendo TIAs’

‘Crescendo TIAs’ is a clinical syndrome characterized by recurrent, usually
stereotyped episodes of transient neurological dysfunction from a presumed
vascular cause, occurring within a short period of time. Most authorities
believe that crescendo TIAs represent either recurrent embolism to the
affected brain tissue from an unstable, thrombogenic, atheromatous plaque
or intralumenal thrombus, or marginal perfusion of brain tissue distal to a
critical stenosis of the cerebral arteries. Heparin or warfarin had no effect
on outcome in seven patients with the capsular warning syndrome (pure
motor crescendo TIAs) compared with controls [18]. Anticoagulation may
help to prevent embolism from a critical arterial stenosis but definitive
proof of efficacy is lacking.

TIA associated with critical extracranial carotid artery stenosis

Some clinicians believe that patients with critical (99%) stenosis of the
extracranial internal carotid artery or common carotid artery may benefit
from anticoagulation prior to carotid endarterectomy. Anticoagulation 
in this setting may reduce thrombus formation at or near the site of 
maximum stenosis, thereby preventing embolization and maintaining
adequate cerebral perfusion. The efficacy of this approach is not proven
and there is no indication that patients with severe carotid stenosis who
are awaiting carotid endarterectomy will fare any better with anticoagula-
tion compared with aspirin or another antiplatelet strategy. As mentioned
above, in the WARSS trial there was a nonsignificant benefit favoring
aspirin for patients with large-artery stenosis or occlusion [16]. Thus, in
general, warfarin for extracranial stenosis is not recommended.

Short-term anticoagulation for stroke prevention

In some conditions, patients are considered for short-term anticoagulation
(3–12 months) depending on clinical status. These conditions include
postmyocardial infarction and in the setting of arterial dissection.

Myocardial infarction

Patients who experience TIA or minor stroke after myocardial infarction
(MI) may be considered for short-term anticoagulation and even some
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high-risk patients may receive anticoagulation as part of a primary pre-
vention strategy. Cerebral ischemia is thought to be caused by embolism
from a mural thrombus forming on the damaged endocardial surface.
Short-term anticoagulation reduces the risk of development of an intrac-
ardiac thrombus and subsequent embolization [19].

The National Stroke Association commentary on prevention of a first
stroke recommends warfarin treatment following a MI if other conditions
are present such as persistent atrial fibrillation, decreased left ventricu-
lar function (ejection fraction < 28%), or if left ventricular thrombi are
detected in the first few months following MI [20].

The recent Warfarin Aspirin Reinfarction Study (WARIS II) found that
patients receiving either warfarin alone (INR 2.8–4.2) or warfarin (INR
2.0–2.5) and aspirin 75 mg per day following MI had a reduced rate of 
cardiovascular events, including embolic stroke, compared with aspirin
alone (160 mg per day) [21]. For stroke, the aspirin group had 32 events,
compared with 17 in each of the two warfarin groups (P < 0.03). There
was a significantly higher rate of bleeding in the warfarin groups and
therefore, whether an increased use of warfarin following MI is embraced
by cardiologists remains to be seen.

Arterial dissection

Arterial dissections are an important cause of stroke or TIA in young adults.
They can involve either the extracranial or intracranial portions of major
vessels such as the carotid artery or vertebral artery. Although there have
not been any randomized trials to evaluate the treatment of these patients
in terms of differential efficacy of antiplatelet agents vs. anticoagulation,
many vascular neurologists favor the use of intravenous heparin followed
by oral anticoagulation with warfarin (INR 2–3) for these patients [22].
One rationale for this treatment selection is that most ischemic events 
following dissection are believed to be thromboembolic in nature.

The vast majority of patients with dissection will need only short-term
anticoagulation since many dissections heal spontaneously [23]. It is re-
commended that patients be followed with either angiography or a non-
invasive imaging study at 3–6-month intervals and anticoagulation is 
typically discontinued when severe stenosis resolves or when only minor
lumenal irregularities are present.

Long-term anticoagulation for stroke prevention

The major proven indication for long-term anticoagulation for secondary
stroke prevention is for patients with atrial fibrillation [24]. The European
Atrial Fibrillation Trial (EAFT) investigated the use of warfarin, aspirin, or
placebo for patients with nonvalvular atrial fibrillation and a prior TIA 
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or minor stroke. The warfarin group had a substantial reduction in the
annual stroke rate with a INR target of 2.0–3.9. The annual stroke rate was
12% with placebo, approximately 10% with aspirin, and 4% with war-
farin. Therefore, it is clear that if the patient is a safe anticoagulation candi-
date, warfarin is preferred for atrial fibrillation patients with a previous
central nervous system (CNS) embolic event.

TIA associated with intracranial arterial stenosis

Stenosis of the intracranial vertebral, intracranial internal carotid, middle
cerebral, and basilar arteries is a recognized cause of TIA/stroke. The
stenosis disturbs blood flow and, if severe, produces hypoperfusion dis-
tally. Thrombus formation and subsequent embolization are promoted by
the irregular surface of the arterial internal surface and by slow flow distal
to the stenosis. While logical, it is not known if the risk of stroke can be
significantly reduced by anticoagulation. Any potential benefit may also be
offset by the hemorrhagic complications associated with anticoagulation.

Chimowitz et al. conducted a retrospective, nonrandomized analysis of
patients treated with intracranial atherosclerotic disease [25]. In this study,
the intracranial disease was angiographically verified as being between 50
and 99% stenosis. Treatment with aspirin or warfarin was at the discretion
of the local physician. One hundred and fifty-one patients were identified
and stroke was recorded in 59% of patients, with TIA being the qualifying
event in 41%. The degree of narrowing of the symptomatic vessel was
50–69% in 41% and 70–99% in 59% of patients. There was an almost
equal distribution of anterior circulation and posterior circulation lesions.

In the subsequent follow-up, 88 patients were treated with warfarin
and 63 patients with aspirin. The median follow-up time averaged 14.7
months for the warfarin group and 19.3 months for the aspirin group. 
It was found that treatment with warfarin resulted in fewer strokes and
total ischemic events. Major cardiovascular events (stroke, MI, or vascular
death) occurred in 26 aspirin patients during 143 patient years and 
14 warfarin patients during 166 patient years (P < 0.01, log rank test).
Patients with higher degrees of stenosis (70–99%) and those with poster-
ior circulation disease had higher stroke rates.

One should interpret these data with caution, however, since there
have been several instances in which retrospective, nonrandomized data
have not been confirmed in prospective fashion [26]. The current optimal
antithrombotic regimen for intracranial atherosclerosis is not known. The
Warfarin Aspirin Symptomatic Intracranial Disease (WASID) study is an
on-going clinical trial aimed at conclusively determining the best stroke
prevention strategy in this condition [27]. The preliminary results of the
prospective WASID trial did not show benefit of warfarin compared to
aspirin in this population.
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TIA associated with low cardiac output state

Reduced cardiac output, regardless of the presence or absence of con-
gestive heart failure, is associated with a 1–2% annual risk of systemic
embolization, including TIA and stroke [28,29]. There are two main rea-
sons for cerebral ischemia in patients with low cardiac output state. Low
ejection fraction promotes intracardiac thrombus formation due to stasis
within the ventricles, leading to systemic (including cerebral) emboliza-
tion. The low output state may also cause a reduction in cerebral blood
flow and systemic hypoperfusion, leading to regional or global cerebral
hypoperfusion. As is the case in intracranial arterial stenosis, the benefit of
warfarin remains unproven. The Warfarin vs. Aspirin in Reduced Cardiac
Ejection Fraction (WARCEF) Study [30] is a randomized study of patients
with ejection fraction of < 30% in which patients are assigned to warfarin
(INR 2.5–3.0) or aspirin 325 mg per day. This study includes both patients
with prior TIA/stroke and those patients without prior CNS embolism. The
trial is currently in an early stage and results will probaby not be available
for at least 5 years.

TIA associated with hypercoagulable state

Venous thrombosis is common among patients with deficient intrinsic
fibrinolytic factors (protein C, protein S, antithrombin III), but TIAs and
stroke are quite unusual. If no other cause of TIA is detected, clinicians
may consider employing long-term anticoagulation for secondary stroke
prevention.

Patients with antiphospholipid antibody syndrome represent another
potential cause of TIA or stroke. The exact pathogenesis leading to TIA or
stroke in this condition is poorly understood, but it is believed that the
antibodies causes endothelial damage, thus promoting thrombus formation.

Although one previous retrospective study suggested that high-
intensity (INR ≥ 3.0) anticoagulation should be considered in preventing
strokes or other systemic thrombotic event, many vascular neurologists
were skeptical about this finding [31].

The Antiphospholipid Antibodies and Stroke Study (APASS) was a
component of the previously mentioned WARSS trial. In the APASS 
analysis, there was no significant difference in the number of arterial or
venous thrombotic events in patients with an antiphospholipid antibody
or lupus anticoagulant according to whether they received treatment with
warfarin or aspirin [32]. Therefore, unless the patient has multiple features
of the so-called primary antiphospholipid antibody syndrome (previous
spontaneous abortions, venous and/or arterial thromboses, thrombocy-
topenia), the role of anticoagulation is unclear. For patients with low-titer
anticardiolipin antibodies especially, antiplatelet therapy is preferred.
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TIA associated with paradoxical embolism

Occasionally, TIA may be due to emboli from the venous system that enter
the cerebral circulation through a right-to-left shunt in the pulmonary
vasculature, an atrial septal defect [including a patent foramen ovale
(PFO)] or ventricular septal defect. Warfarin has been shown to reduce
the risk of deep venous thrombosis and pulmonary embolism in high-
risk individuals, but its efficacy in preventing stroke from paradoxical
embolism is not proven. A recent multicenter study from France found
that the rate of recurrent stroke in patients with an isolated PFO was low
even with aspirin (300 mg per day) treatment [33]. In this study, 581
patients between ages 18 and 55 years were recruited following a crypto-
genic stroke. With aspirin treatment, the stroke rate at 4 years was 2.3%.
The stroke rate increased with an associated atrial septal aneurysm (ASA)
to 15.2% at 4 years.

Another multicenter study was conducted in concert with the WARSS
trial. The Patent Foramen Ovale in Cryptogenic Stroke Study (PICSS) 
analyzed the outcomes in patients with a PFO who received either aspirin
325 mg per day or warfarin (INR 1.4–2.8) [34]. A PFO was identified in
203 patients and during 2 years’ follow-up, there was a nonsignificant
trend favoring aspirin in prevention of either recurrent stroke or death.
The event rates were 13.2% in the aspirin group and 16.5% in the war-
farin group (P = 0.49). In contrast to the French study, there was no
increase in the event rate among those patients with both a PFO and ASA.

The conclusion of recent studies is that either antiplatelet or anticoagu-
lation treatment can be justified for patients with a TIA/stroke and PFO.
The decision between these treatments should take into account, at a min-
imum, the presence of hypercoagulable states, the age of the patient, and
the bleeding risk of the patient [35].

Conclusion

The role of anticoagulation in the management of patients with TIA has
been insufficiently studied. To a large extent, the role of anticoagulation in
the setting of TIA depends on the putative cause of the TIA and the balance
of the expected benefit (stroke risk reduction) and the associated risk
(hemorrhage). Given that the risk of stroke may be different for patients
with TIA alone and patients with frank cerebral infarction, future second-
ary stroke prevention studies need to include sufficient numbers of patients
with TIA so that the role of anticoagulants can be clearly established. The
major indication at present for anticoagulation in TIA patients is in the 
setting of atrial fibrillation and other high-risk sources of cardioembolism.

For many of the conditions mentioned above, the role of anticoagula-
tion is controversial. With current clinical trials, the appropriateness of
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oral anticoagulation will be clarified in the next decade for important 
conditions such as intracranial atherosclerosis and reduced cardiac ejec-
tion fraction. In the interim, clinicians are advised to use oral anticoagu-
lants in a judicious and cautious manner.
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Heparin and Related Compounds
James F. Meschia

Introduction

Physicians have only recently had reliable evidence to guide decisions about
the use of heparin and related compounds in patients with acute ischemic
stroke. Use of these agents in patients who experience a transient ischemic
attack (TIA) remains a relative blindspot of evidence-based medicine. 
The unfortunate, but predictable, result is excessive variability in clinical 
practice [1]. Randomized clinical trials in acute ischemic stroke may give
important insights into the potential risks and benefits of giving heparin to
patients with TIA, but patients who present with a TIA may respond differ-
ently to treatments with these agents. Future trials may provide additional
evidence that applies more directly to patients with TIA. At present, the
decision to use heparin in patients with TIA is based on extrapolation from
a wealth of stroke trial data and a paucity of TIA trial data.

Pharmacology of heparins and heparinoids

Heparin is a glycosaminoglycan derived from bovine, caprine, ovine, or
porcine intestine. The mean molecular weight of unfractionated (UF) 
heparin is 15 000 Da and ranges from 5000 to 30 000 Da. One-third of 
the molecules in UF heparin contain a pentasaccharide sequence that
exhibits high-affinity binding to antithrombin. Molecules with this penta-
saccharide sequence and a total of 18 or more saccharide units are cap-
able of forming a trimolecular complex consisting of heparin, antithrombin,
and thrombin (also known as factor IIA). Formation of this trimolecular 
complex catalyzes inactivation of thrombin by antithrombin. Heparin
molecules with fewer than 18 saccharides cannot simultaneously bind
thrombin and antithrombin and are incapable of neutralizing thrombin.
However, the smaller heparin molecules retain the ability of the larger
heparin molecules to neutralize factor Xa via antithrombin (Fig. 12.1) [2].

Low-molecular-weight (LMW) heparins are produced by the enzymatic
or chemical depolymerization of UF heparin. The mean molecular weights
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of the various LMW heparin preparations range from 4000 to 6000 Da.
LMW heparins have a greater percentage of molecules with less than 18
saccharides than UF heparin. The antifactor Xa : antifactor IIa activity
ratio is higher in LMW than in UF heparins, which is 1.0 by definition. The
anti-Xa : anti-IIa ratio is a convenient means of comparing various com-
mercially available LMW heparin preparations (Table 12.1).

LMW heparins have distinct pharmacokinetic advantages over UF hep-
arin. The half-life of anti-Xa activity of LMW heparins after subcutaneous
administration is about 4 h, permitting continuous anticoagulation with
daily or twice-daily subcutaneous injections. Because LMW heparins have

Fig. 12.1 Only heparin molecules with a unique pentasaccharide bind to antithrombin
III (ATIII). All ATIII-heparin species inhibit factor Xa, but ATIII–heparin can inhibit
thrombin only if the heparin has at least 13 saccharides in addition to the ATIII-
binding pentasaccharide. Low-molecular-weight heparin preparations have a greater
ATIII-to-thrombin binding ratio than unfractionated heparin.

Table 12.1 A comparison of Anti-Xa/IIa activity in heparin preparations

Drug Anti-Xa/IIa activity

Unfractionated heparin 1 : 1

Dalteparin 2.7 : 1

Nadoparin 3.6 : 1

Enoxaparin 3.8 :1
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a lower affinity for plasma and matrix proteins than their UF counterpart,
a more predictable anticoagulant response can be achieved with a fixed
dose. LMW heparin preparations have improved bioavailability after sub-
cutaneous administration compared with UF heparin. Heparinoids like
danaparoid are a mixture of semisynthetic or natural sulfated glycosamino-
glycans derived from animal sources [3]. For further details regarding
anticoagulation with heparin and related compounds, readers are encour-
aged to refer to the exhaustive review by Hirsh and colleagues [4].

Randomized clinical trials of heparin for acute 
ischemic stroke

There are now several completed trials of heparin and related compounds
in acute ischemic stroke. In a trial performed by the Cerebral Embolism
Study Group, 45 patients with acute cardioembolic stroke presenting within
48 h of onset of symptoms randomly received either early or delayed
treatment [5]. In the early-treatment group, patients received an intra-
venous (i.v.) bolus of 5000–10 000 U of UF heparin followed by a con-
tinuous infusion of heparin for at least 96 h before being treated with 
warfarin. Patients in the delayed-treatment group were not treated 
with heparin but instead were treated with platelet antiaggregants or 
warfarin beginning 10 days after stroke. None of the 24 heparin recipi-
ents had a recurrent stroke or hemorrhage within the 96-h treatment
period. Of the 21 patients who received delayed treatment, two had 
early recurrent ischemic strokes, one had a deep venous thrombosis, 
two had hemorrhagic transformations of their infarct, and three died.
Enrollment was terminated because of an insignificant trend toward 
fewer thromboembolic events in the early-treatment group. The study did
not address whether early anticoagulation reduced neurological impair-
ment or disability.

A randomized trial by Duke and colleagues evaluated UF heparin 
compared with placebo in 225 patients with noncardioembolic stroke [6].
Patients with a neurological deficit that worsened during the first hour of
observation were excluded from the study because of the prevailing belief
at the time that patients with so-called stroke-in-evolution should imme-
diately receive anticoagulation. The study excluded patients with recent
myocardial infarction or valvular heart disease. Five patients with atrial
fibrillation were randomized in the first year of patient recruitment, but
atrial fibrillation subsequently became an exclusion criterion. No differ-
ence was seen in stroke progression or death at 7 days.

In the International Stroke Trial (IST) 19 435 patients were random-
ized in a 3 × 2 factorial design to medium-dose subcutaneous UF heparin 
(12 500 IU twice daily), low-dose subcutaneous heparin (5000 IU twice
daily), or no heparin and aspirin (300 mg daily) or no aspirin [7]. Patients
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and treating physicians were not blinded to treatment allocation. Func-
tional outcome was stratified into four groups based on responses to three
questions: ‘Is the patient alive?’, ‘Do you/they require help from another 
person for everyday activities?’, and ‘Do you feel that you/they have made
a complete recovery from your/their stroke?’. The median time interval
from stroke onset to randomization was 19 h. Sixty-seven percent of
patients had head computed tomography (CT) before randomization. Four
percent of the patients never had head CT during the course of the trial.
There was no significant difference at 14 days between the heparin and
no-heparin groups in the combined endpoint of death or nonfatal stroke
recurrence. Patients allocated to the heparin group had significantly fewer
recurrent ischemic strokes within 14 days (2.9% vs. 3.8%, P = 0.005).
When the medium- and low-dose groups were analyzed separately, the
low-dose heparin group had a significant reduction in the combined end-
point of death or nonfatal stroke recurrence within 14 days (10.8% vs.
12.0%, P = 0.03). There was no difference in the heparin and no-heparin
groups in the percentage of patients who were either dead or dependent at
6 months.

Subgroup analysis of the 3169 patients with atrial fibrillation at baseline
showed that the proportion of patients with atrial fibrillation with fatal or
nonfatal recurrent ischemic stroke within 14 days allocated to UF heparin
12 500 IU BID, UFH 5000 IU BID, and no heparin were: 2.3%, 3.4%, 4.9%
(P = 0.001) [8]. The proportion with symptomatic intracerebral hemor-
rhage allocated to UFH 12 500 IU BID, UFH 5000 IU BID, and no heparin
were: 2.8%, 1.3%, and 0.4% (P < 0.0001). There was no effect on the pro-
portion of patients who were dead or dependent at 6 months.

In the Fraxiparine for Ischemic Stroke Study (FISS), 312 patients with 
a motor deficit due to an acute ischemic stroke were randomized within
48 h of onset of symptoms to one of three treatment groups: nadroparin
calcium at 4100 IU antifactor Xa subcutaneously either once or twice daily
or placebo [9]. After 10 days of the experimental treatment, patients received
aspirin (100 mg/day). CT evidence of hemorrhage, age > 80 years, and
sustained hypertension were among the exclusion criteria. The primary
endpoint was poor outcome, defined as mortality or dependence on others
for performing activities of daily living in the 6 months after randomiza-
tion. There was a significant dose-dependent reduction in the rate of poor
outcome in favor of patients treated with nadroparin calcium twice daily
at 6 months but not at 3 months. Results of this trial could not be repli-
cated, however.

A total of 1281 patients were enrolled in the Trial of ORG10172 in 
Acute Stroke Treatment (TOAST), a randomized double-blind placebo-
controlled trial of danaparoid (also known as ORG10172) given by con-
tinuous i.v. infusion to maintain the anti-Xa activity at 0.6–0.8 IU/ml [10].
Patients were required to have symptoms lasting > 1 h but < 24 h. Cranial
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CT evidence of blood or mass effect, abnormal coagulation studies, throm-
bolytic therapy within the previous 24 h, and mean arterial blood pressure
> 130 mmHg were among the initial exclusion criteria. In the entire trial,
80 patients with a National Institutes of Health Stroke Scale Score (NIHSS)
> 15 (severe stroke) received danaparoid and 80 patients received placebo.
Eleven patients who had a baseline NIHSS > 15 had serious bleeding within
10 days; 10 (91%) of these patients had received danaparoid (P = 0.01).
Because of this safety concern, NIHSS > 15 was added as an exclusion 
criterion early in the trial. Favorable outcomes, defined as a Glasgow Out-
come Scale (GOS) of 1 or 2 and a Barthel Index (BI) > 12, were achieved in
59.2% given danaparoid and 54.3% given placebo (P = 0.07) at 7 days.
Very favorable outcomes, defined as GOS of 1 and BI of 19 or 20, were
achieved in 33.9% given danaparoid and 27.8% given placebo (P = 0.01).
At 3 months, there were no significant differences between the treatment
groups either for favorable or for very favorable outcomes. A subgroup
analysis suggested that danaparoid improved favorable (68.1% vs. 54.7%;
P = 0.04) and very favorable (43.4% vs. 29.1%; P = 0.02) outcomes in
patients with large-artery atherothrombotic stroke at 3 months. There
was no demonstrable benefit, however, for patients with cardioembolic,
lacunar, or cryptogenic stroke.

Tinzaparin in Acute Ischemic Stroke (TAIST) was a three-arm, double-
blind, double-dummy, aspirin-controlled trial of two doses of subcuta-
neous tinzaparin (100 IU/kg anti-Xa daily for 10 days vs. 175 IU/kg anti-Xa
daily for 10 days) [11]. Aspirin was given at 300 mg/day. A total of 1486
patients were randomized. The main entry criterion was an acute ischemic
stroke that could be treated within 48 h of onset. Major clinical exclusion
criteria were age > 90 years, coma, mild stroke, or bleeding tendency. Major
CT exclusion criteria were intracranial hemorrhage or ≥ 5 mm midline shift
of intracranial contents. Follow-up was both clinical and radiographic,
with a protocol-mandated second head CT obtained 10 days after enroll-
ment. The primary endpoint was independence (modified Rankin scale 
of ≤ 2) at 6 months. The rates of independence did not differ among 
the treatment groups. Anticoagulation had the expected effects on deep 
vein thrombosis and symptomatic intracerebral hemorrhage. None of 486
patients randomized to tinzaparin experienced deep vein thrombosis 
compared with nine (1.8%) of 491 patients randomized to aspirin. Seven
(1.4%) of 486 patients in the high-dose tinzaparin group experienced
symptomatic intracerebral hemorrhage compared with one (0.2%) of 491
patients in the aspirin group [odds ratio (OR) 7.15; 95% confidence inter-
val (CI) 1.10, 163]. The effect of tinzaparin on the primary outcome was
not contingent upon clinical subtype of stroke (i.e. whether the patient
had a cardioembolic stroke).

Heparin and Acute Embolic Stroke Trial (HAEST) was a random-
ized, double-blind, double-dummy trial of the LMW heparin compound 
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known as dalteparin (100 IU/kg subcutaneously twice a day) vs. aspirin
(160 mg/day) for the treatment of acute ischemic stroke in patients with
atrial fibrillation [12]. A total of 449 patients were randomized within 30 h
of stroke onset. All patients had electrocardiographic documentation 
of atrial fibrillation either on admission or within 24 h before the stroke.
The median age was 80 years. At 14 days postrandomization, 19 patients
(8.5%) who received dalteparin had a recurrent ischemic stroke compared
with 17 patients (7.5%) who received aspirin. The difference was not
significant. Head CTs were done before randomization and repeated after
7 days and on clinical deterioration. The rate of symptomatic and asymp-
tomatic cerebral hemorrhages detected on CT was 11.6% on dalteparin vs.
14.2% on aspirin (OR 0.79, CI 0.44, 1.43). A combined endpoint including
recurrent ischemic stroke, cerebral hemorrhage, progression of symp-
toms, or death favored aspirin. This raises the question of whether heparin
can be bypassed in patients with atrial fibrillation and stroke. Patients
could potentially receive aspirin initially, followed by direct initiation of
warfarin on day 2 or 3 if a follow-up imaging study does not show hemor-
rhagic transformation.

At the end of all these randomized clinical trials, one is left to conclude
that the use of heparin and related compounds in patients with recent
ischemic stroke provides no net benefit. IST suggests that the modest
reduction in recurrent stroke brought about by subcutaneous heparin is
offset by an increase in the rate of intracerebral hemorrhage. HAEST and
subgroup analyses of IST and TOAST suggest that heparin and related
compounds have no obvious role in the acute management of cardio-
embolic stroke. A subgroup analysis in TOAST suggests that danaparoid
may be of benefit to patients with stroke due to large-vessel atherosclerosis,
but prospective confirmation of this finding is lacking.

Can results of stroke trials be applied to TIAs?

There is a new push to treat stroke as a medical emergency, in part because
tissue plasminogen activator is approved for the treatment of stroke
within 3 h of onset of symptoms. Exploratory analyses of the NINDS rt-PA
(recombinant tissue plasminogen activator) stroke study suggest that even
within this 3-h therapeutic time window, earlier drug delivery leads to
better outcome [13]. The Brain Attack Coalition recommended that the
key elements of a primary stroke center include acute stroke teams, units,
written care protocols, and an integrated emergency response system [14].
Many centers already have well-developed stroke pathways and teams
expediting evaluation of acute ischemic stroke in the emergency depart-
ment [15]. Some centers have emergency physicians who, with specialty
consultation as required, identify patients with acute ischemic stroke and
deliver rt-PA [16]. Other centres are developing mechanisms for remote
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cerebrovascular specialty consultations through teleconferencing [17].
The result of all these efforts is that patients are being identified and evalu-
ated in emergency departments at many centers with greater efficiency,
and treatment decisions can be made within 1 h of presentation.

Communities are being advised to activate the emergency medical service
as soon as a person experiences the symptoms of a stroke. One consequence
of treating stroke as a medical emergency is that TIA is now considered an
acute illness. Many patients with TIA will be free of symptoms by the time
they arrive in the emergency room, while others will have rapidly improv-
ing symptoms. It is not entirely clear how heparin trials in acute ischemic
stroke apply to patients presenting in the emergency room with recent
symptoms of stroke that have either already resolved or are rapidly on 
the way to resolution within 24 h. The justification for heparin in these
patients would be stroke prevention rather than reduction of neurological
deficit.

Randomized clinical trials in acute ischemic stroke show that intracra-
nial hemorrhage is the major risk of giving heparin. It is likely that acute
anticoagulation of patients with TIA carries a lower risk of intracranial
hemorrhage. However, hemorrhagic transformation of an infarct may
remain an important clinical concern when acutely anticoagulating patients
with TIA. Many patients who present with TIA have radiographic evid-
ence of infarction (Fig. 12.2). Several radiographic case series of patients

Fig. 12.2 Bar graph showing the proportion of patients who had evidence of cerebral
infarction detected by head computed tomography or magnetic resonance imaging at
the time of presentation with transient ischemic attack [18–24].
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presenting with TIA show detection rates for cerebral infarction ranging
from 12 to 48% [18–24]. These percentages should be taken as a rough
estimate because of the potential for referral bias, but it is fair to say that
many patients who present with TIA are not entirely free of the risk 
of hemorrhagic transformation of an infarct. Even though roughly 20% of
patients with TIA will have radiographic evidence of infarction, the lesions
tend to be small [25]. Some of these lesions will be cerebral infarcts with
transient symptoms, while others will be chronic infarcts in so-called
silent areas of the brain. The results of the TOAST study suggest that larger
infarcts are more likely to undergo hemorrhagic transformation.

Case series clearly show that heparin is not universally effective in 
preventing cerebral infarction. In a series of 74 patients treated at the
University of Iowa, heparin given by continuous infusion to maintain an
activated partial thromboplastin time (APTT) of 1.5–2.5 times control was
not able to prevent 12 patients (16.2%) from having recurrent TIAs and
five (6.8%) from having cerebral infarction [26]. The clinically meaning-
ful question is whether heparin is superior to aspirin or similar antiplatelet
agents for preventing stroke. This question can only be answered by a
properly controlled clinical trial.

There is very little evidence from randomized clinical trials to guide the
decision to use heparin in patients presenting with a recent TIA. Biller and
colleagues conducted a pilot randomized clinical trial comparing aspirin
with i.v. adjusted-dose heparin in hospitalized patients with recent TIA
[27]. To be eligible, patients had to have at least one TIA within 7 days
before admission. Patients were excluded if they had focal neurological
deficits for more than 24 h, evidence on baseline CT of an intracranial
aneurysm or hemorrhage, or laboratory evidence of a coagulopathy.
Patients in the heparin group received an i.v. bolus injection of 5000 IU of
UF heparin followed by a continuous infusion. The maintenance infusion
of heparin was started at 1000 IU/h and was adjusted to maintain a partial
thromboplastin time of 1.5–2.0 times the baseline value. The heparin was
continued for a minimum of 3 days and a maximum of 9 days. Heparin
was discontinued at the time of cerebrovascular surgery or when main-
tenance therapy was begun. During short-term follow-up, cerebral infarc-
tion occurred in one (3.7%) patient assigned to heparin and four (14%)
patients assigned to aspirin. The difference was not significant, but there
were no hemorrhagic complications noted during the course of the study.

SPIRIT [28] and WARSS [29] suggest that many patients with stroke
derive no added benefit from warfarin vs. chronic antiplatelet therapy.
However, in the restricted subgroup of patients who are best served with
long-term anticoagulation, such as patients who have a mechanical heart
valve or atrial fibrillation, the question is not whether to anticoagulate 
the patient but when. The European Atrial Fibrillation Trial provides com-
pelling evidence that patients with atrial fibrillation and TIA or minor stroke
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should receive long-term anticoagulation [30]. A total of 669 patients with
nonrheumatic atrial fibrillation and a history of TIA or minor ischemic
stroke within the preceding 3 months were randomized to anticoagula-
tion, aspirin or placebo. Physicians were free in their choice of oral antico-
agulation (most choosing Coumadin derivatives) but treatment was
adjusted to obtain an International Normalized Ratio (INR) of 2.5–4.0
(target value 3.0). The combined endpoint was death from vascular dis-
ease, any stroke, myocardial infarction, or systemic embolism. During a
mean follow-up of 2.3 years, the annual rate of outcome events was 8% 
in patients treated with anticoagulants vs. 17% in patients treated with
placebo (hazard ratio 0.53; 95% CI 0.36, 0.79). Anticoagulation was also
found to be superior to aspirin.

In patients with TIA and no evidence of cerebral infarction on head
imaging who have a clear indication for long-term anticoagulation, it may
be advisable to initiate anticoagulation as soon as possible with either UF
or LMW heparin. To date, there have been no adequately powered, ran-
domized trials of bridging therapy with heparin vs. bridging therapy with
aspirin or similar antiplatelet agent. The absolute reduction in stroke risk
for acute bridging anticoagulation is likely to be low. Table 12.2 shows 
the heparin preparations that have a published track record as treatment
for TIA, although not with proven efficacy.

Use of heparin in patients with crescendo TIAs

Crescendo TIAs are recurrent transient cerebral or retinal ischemia of
increasing frequency, duration, or severity [31]. Crescendo TIAs often
involve the same vascular territory. For example, a patient with crescendo
TIAs might present to medical attention after sequentially experiencing
transient blindness in the right eye, transient left facial droop, and tran-
sient left facial droop with left upper extremity paresis. Crescendo TIAs are
commonly associated with large-vessel atherosclerosis. In a series of 47
consecutive patients with crescendo TIAs seen at University of California
San Diego Medical Center, 26 (55%) had anatomically significant disease

Table 12.2 Heparin preparations for which there is a published experience in patients
presenting with transient ischemic attack

Generic name Trade name Dose

Unfractionated a Continuous intravenous infusion with dose
heparin adjusted to an activated partial thromboplastin 

time of 1.5–2.5 times control [26]

Enoxaparin Lovenox 1 mg/kg subcutaneously every 12 h [63]

Nadoparin Fraxiparine 4100 IU anti-Xa subcutaneously every 12 h [36]
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[32]. Many investigators have stressed the importance of expeditious end-
arterectomy in patients with crescendo TIAs and symptomatic carotid
stenosis [31,33–35]. A common recommendation is to give heparin to
patients with crescendo TIAs as a bridge to surgery or long-term anti-
platelet or anticoagulant therapy [36,37]. The American Heart Associa-
tion considers i.v. heparin adjusted to an APTT of 1.5–2.0 times control 
to be a Grade C recommendation [38]. There has not been a randomized
trial of heparin vs. aspirin which specifically focused on patients with
crescendo TIAs. The use of heparin is likely to be of relatively minor clin-
ical importance compared with prompt carotid endarterectomy where
indicated.

Use of heparin in patients with endocarditis

TIAs can rarely occur in the setting of bacterial endocarditis. A review of
the Cleveland Clinic experience over a 12-year period identified 175
patients with neurological complications of bacterial endocarditis [39].
Two (1.1%) had TIA, and in both cases the TIA heralded stroke. A review
of 20 cases of late prosthetic valve endocarditis with neurological compli-
cations at the University of Iowa yielded one (5%) case of TIA [40]. There
has been additional anecdotal report of TIA as the presenting feature of
bacterial endocarditis [41]. Controversy surrounds the use of heparin to
prevent stroke in bacterial endocarditis. As is common when addressing
rare clinical events, there is no randomized trial upon which to base firm
recommendations for treatment. Just as intracranial hemorrhage is the
most feared complication of heparin when used to treat patients with TIA
unrelated to endocarditis, so too is intracranial hemorrhage the most
feared complication of heparin when used to treat patients with TIA in the
setting of endocarditis. However, in endocarditis there is not only the rou-
tine concern of hemorrhagic transformation of an infarct, but also the risk
of intracranial hemorrhage caused by an erosive arteritis or rupture of a
mycotic aneurysm [42]. In 51 patients who had head imaging for neuro-
logical complications of endocarditis in one series, two (4%) had hemor-
rhagic infarction and three (6%) had intracerebral hematoma [39].

Anticoagulation should probably not be used routinely for native valve
endocarditis, but some have recommended that patients with prosthetic
valve endocarditis continue to receive appropriate anticoagulant therapy
[43]. Not everyone considers it is safe to anticoagulate patients with 
prosthetic valve endocarditis. The US Army Collaborative Group found
intracranial hemorrhage to be the principal cause of death in their series of
patients with prosthetic valve endocarditis, most of whom received anti-
coagulation [44]. After reviewing cases of prosthetic valve endocarditis at
eight university-affiliated hospitals, Davenport and Hart found no obvious
protective effect from anticoagulation therapy with warfarin [45].
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Patients with mechanical prosthetic valve endocarditis who are main-
tained on anticoagulation should have intensive monitoring of coagula-
tion and neurological status. Brain hemorrhage can occur in about 3% of
cases [46]. In patients who develop intracranial hemorrhage, heparin
should be stopped immediately, and patients should be transfused to cor-
rect the coagulopathy. In one retrospective study, temporary interruption
of anticoagulation could be done safely for 1–2 weeks after intracranial
hemorrhage in patients with mechanical heart valves [47].

Management of TIAs in pregnant women with high-risk
cardioembolic source

Fortunately, pregnant women rarely experience TIAs. Medical manage-
ment of this group of patients is challenging. A small case-control study of
12 previously healthy pregnant women and 24 healthy women matched
for age, ethnicity, and smoking status demonstrated that transient cere-
brovascular ischemic events during pregnancy were associated with a high
rate of inherited thrombophilias [48]. In addition, women in the first
trimester of pregnancy who present with TIA may have a comorbid high-
risk source of cardioembolism such as a mechanical heart valve. Warfarin
cannot be used because of its teratogenic effects. Warfarin embryopathy is
associated with hypoplasia of the nose, stippling of bone (chondrodysplasia
punctata), optic atrophy, mental retardation, and possibly the Dandy-
Walker malformation [49,50]. Behavioral outcome in school-age children
can also be affected adversely by in-utero exposure to warfarin [51].
Skeletal development in children may not be affected if warfarin exposure
is avoided during the first trimester [52]. There can be little doubt that
vitamin K deficiency brings about skeletal and neurological problems in
embryos. A rat model can reproduce some of the skeletal abnormalities
associated with warfarin embryopathy [53]. Epoxide reductase deficiency
can bring about the so-called pseudowarfarin embryopathy syndrome,
and maternal vitamin K malabsorption can lead to punctate calcifications,
nasal hypoplasia, and abnormalities of the spine, along with the Dandy-
Walker malformation [54].

Because of concerns of warfarin embryopathy, pregnant women who
require anticoagulation are often placed on UF or LMW heparin. Because
UF heparin is associated with practical disadvantages, including the risk of
heparin-induced thrombocytopenia and osteoporosis with long-term use,
some physicians have advocated use of LMW heparins [55]. Rowan and
colleagues treated 11 women with mechanical heart valves with enoxap-
arin (1 mg/kg twice daily) and aspirin (100–150 mg daily) during the
course of 14 pregnancies [56]. There were nine live births, three miscar-
riages, and two terminations. In the 48 months of enoxaparin treatment,
one woman who had a documented valve thrombosis when she presented
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at 8 weeks’ gestation had persistent valve thrombosis at 20 weeks’ gesta-
tion. It was concluded that successful pregnancy may be achieved with
therapeutic enoxaparin but that further studies were required before its
use could be recommended for pregnant women with mechanical heart
valves. While there are certain advantages of LMW heparins in pregnancy,
the medications contraindicate the use of regional anesthesia, and it has
been recommended that a switch to i.v. UF heparin before delivering may
allow greater flexibility in the use of regional anesthesia [57]. Pregnant
women who present with TIA and who are found to have a high-risk
potential source of cardioembolism represent a therapeutic challenge and
are best served by a multidisciplinary approach with expertise in the areas
of high-risk obstetrics, hematology, cardiology, and neurology.

Practice patterns

Despite the plethora of negative trials discussed above, some vascular 
neurologists still feel that heparin may be useful when used selectively 
in patients. Caplan recommends that heparins should be considered in
patients with large-artery occlusions and severe stenosis as well as cardio-
genic embolism conditions with a high acute recurrence risk [58].

Previous surveys have shown that practising neurologists continue to use
i.v. heparin in certain scenarios, although heparin use may have declined
over the past decade. Anderson conducted a survey of neurologists in
Minneapolis in 1991 and found that the vast majority of neurologists
would use heparin for patients with atrial fibrillation-related stroke (92%)
and stroke in evolution (94%) [59]. For patients with vertebrobasilar
stroke, the figure was 74% and for carotid distribution stroke, it was 53%.

A more recent survey conducted in 2001, after the publication of six
major multicenter studies mentioned above, found that i.v. heparin was
still popular among US and Canadian neurologists for patients with atrial
fibrillation-related stroke (88% and 84%, respectively) [60]. For other
conditions such as stroke in evolution, vertebrobasilar stroke, or carotid
territory stroke, US neurologists were more inclined to use i.v. heparin
compared with their Canadian counterparts (US 51%, 30%, and 31% 
vs. Canadian 33%, 8%, and 4%, respectively; P < 0.001). For a patient 
with two TIAs in a 48-h period, US neurologists were also more likely to
prescribe i.v. heparin compared with Canadian neurologists (47% vs. 9%,
P < 0.001). Medicolegal concerns may partly explain this disparity in
treatment patterns [60].

Guidelines

In 2002 a joint committee from the American Academy of Neurology and
the American Stroke Association published their report on early use of
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anticoagulants and antiplatelet agents in ischemic stroke [61]. The report
commented that ‘dose-adjusted, unfractionated heparin is not recom-
mended for reducing morbidity, mortality, or early recurrent stroke because
the evidence indicates it is not efficacious and may be associated with
increased bleeding complications’. Furthermore, ‘i.v., unfractionated 
heparin or high dose LMW heparin/heparinoids are not recommended for
any specific subgroup of patients with acute ischemic stroke that is based
on any presumed stroke mechanism or location (e.g. cardioembolic, large
vessel atherosclerotic)’.

A slightly different conclusion was articulated in the American College
of Chest Physicians Antithrombotic supplement [62]. With regard to 
heparin, it was commented that ‘clinical trials evaluating i.v. heparin for
stroke treatment are inconclusive with heterogeneous results. Clinicians
may consider early anticoagulation for treatment of acute cardioembolic
and large-artery ischemic strokes and for progressing stroke where the
suspected mechanism is ongoing thromboembolism’.

Conclusion

Recent randomized clinical trials show that acute ischemic stroke in gen-
eral and acute cardioembolic stroke in particular are not indications for
acute anticoagulation with heparin, LMW heparins or heparinoids. Any
reduction in early recurrent cerebral infarction appears to be offset by 
an increase in intracranial hemorrhage. However, the risk of intracranial
hemorrhage is likely lower for TIA than for stroke. Heparin has not 
been shown to be superior to aspirin as a bridge to long-term oral antico-
agulation in patients with TIA and a high-risk source of cardioembolism.
Neither has heparin been shown to be superior to aspirin as a bridge to
carotid endarterectomy in patients with crescendo TIAs. Additional con-
trolled clinical trial data are needed. Proving the superiority of a short
course of heparin over aspirin will be challenging, since the risk of stroke
in the first week following a TIA is relatively low. At this point heparin
cannot be recommended for routine use in patients with TIAs.
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Diabetes Mellitus Treatment
George Grunberger, Fadi Al-Khayer

Diabetes mellitus represents several syndromes of abnormal carbohydr-
ate metabolism that are characterized by hyperglycemia. It is associated
with an absolute (Type 1) or relative (Type 2) impairment in insulin secre-
tion, along with varying degrees of peripheral resistance to the action of
insulin.

Epidemiological data demonstrate an increased risk of stroke among
patients with diabetes [1,2]. The Copenhagen Stroke Study found that a
stroke patient with diabetes was 3.2 years younger than a stroke patient
without diabetes. The incidence of stroke was 2.5 times higher in diabetic
men and 3.6 times higher in diabetic women when compared with 
persons without diabetes and the presence of diabetes independently
increased the relative death risk from a stroke by 80% [3].

Diabetes is the leading cause of blindness among working-age people, of
end-stage renal disease (ESRD), and of nontraumatic limb amputations [4].
In 1997, the direct cost of diabetes (cost of medical care) and its indirect
cost (cost of short-term disability, permanent disability, and premature
death) was $44.1 (£24.9) billion and $54.1 (£30.6) billion, respectively
[5], or one in every seven healthcare dollars spent in the country (about
15% of all US healthcare expenditure).

Epidemiology

In the United States, approximately 16 million persons have diabetes [6]
or approximately one in 16 people. The vast majority of these (> 90%)
have Type 2 diabetes. Depending on the region and ethnicity, anywhere
between 10 and 20% of North Americans have impaired glucose toler-
ance. This group has a very high risk of developing Type 2 diabetes (about
7% conversion rate per year) [7].

While nearly 800 000 Americans develop diabetes every year, or
approximately 2200 every day, individuals with Type 2 diabetes may 
have it and remain undiagnosed for over 10 years.

CHAPTER  13
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Worldwide, an estimated 135 million people had diabetes in 1995. 
By 2025, the number of people with diabetes is expected to rise to about 
300 million [8].

Classification

The American Diabetes Association (ADA) issued new recommendations
in 1997 [9]. There is no distinction between primary and secondary causes
of diabetes. The terms ‘Type 1’ and ‘Type 2’ are to be used instead of ‘insulin-
dependent (IDDM)’ and ‘non-insulin-dependent (NIDDM)’, respectively.
Table 13.1 illustrates the classification of diabetes mellitus.

Type 1 diabetes

Type 1 diabetes is characterized by destruction of the pancreatic β-cells,
leading to absolute insulin deficiency. This is usually due to autoimmune
destruction of the pancreatic β-cells (Type 1A), but some patients have 
no evidence of autoimmunity and have no other known cause for β-cell
destruction (Type 1B, idiopathic).

Type 2 diabetes

Type 2 diabetes is by far the most common type of diabetes, and is char-
acterized by variable degrees of insulin resistance (with its attendant
increased glucose production and peripheral glucose under-utilization),
combined with impaired insulin secretion.

Symptoms

Type 1 diabetes mellitus usually presents with symptomatic hypergly-
cemia or diabetic ketoacidosis (DKA). Type 2 diabetes may present with

Table 13.1 The classification of diabetes mellitus

Type 1 diabetes A. Immune-mediated 
B. Idiopathic

Type 2 diabetes
Other specific types Genetic defects of β-cell function (previously MODY), 
of diabetes genetic defects in insulin action, diseases of the

exocrine pancreas, endocrinopathies, drug- or 
chemical-induced, infections, etc.

Gestational diabetes mellitus

MODY, Maturity-onset diabetes of the young.
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symptomatic hyperglycemia or hyperosmolar hyperglycemic state (HHS)
(Table 13.4), but is frequently diagnosed in asymptomatic patients during
a routine medical examination or when patients present with clinical
manifestations of a late complication.

The symptoms of uncontrolled hyperglycemia are polyuria (elevated
plasma glucose levels cause marked glucosuria and osmotic diuresis),
polydipsia, and weight loss. Hyperglycemia may also lead to blurred vision,
nausea, and fatigue. In Type 2 diabetes, these symptoms may persist for
weeks or longer before medical attention is sought.

Diagnosis

A new criterion for diagnosing diabetes mellitus has been issued by the
ADA in 1997 [9]. It strongly suggests that the diagnosis of diabetes be
made on the basis of fasting plasma glucose (FPG). If patients are asymp-
tomatic, the diagnosis needs to be confirmed by a repeated test on a differ-
ent day. Table 13.2 shows the definitions that have been suggested along
with the criteria for the diagnosis of diabetes mellitus [9,10].

Screening

As mentioned above, the majority of patients with Type 1 diabetes present
with an acute decompensated metabolic state (DKA) and are therefore
diagnosed after symptoms develop. The clinical testing of asymptomatic

Table 13.2 Criteria for the diagnosis of diabetes mellitus

Plasma glucose level

Normal Fasting < 110 mg/dl (6.1 mmol/l)

Impaired fasting glucose Fasting plasma glucose between 110 and 125 mg/dl
(6.1–6.9 mmol/l)

Impaired glucose tolerance Two-hour plasma glucose 140–199 mg/dl (7.8 and 
11.1 mmol/l) during an oral glucose tolerance test*

Diabetes mellitus Fasting plasma glucose ≥ 126 mg/dl (7.0 mmol/l)
Symptoms of diabetes† plus random‡ plasma glucose 

concentration ≥ 200 mg/dl (11.1 mmol/l)
Two-hour plasma glucose = 200 mg/dl (11.1 mmol/l) 

during an oral glucose tolerance test‡

*The test should be performed using a glucose load containing the equivalent of 75 g
anhydrous glucose dissolved in water. It is not recommended for routine clinical use.
†Polyuria, polydipsia, and unexplained weight loss.
‡Random is defined as any time of the day without regard to the time since last meal.
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individuals for the presence of autoantibodies related to Type 1 diabetes is
not currently recommended to identify persons at risk.

On the other hand, in Type 2 diabetes, a long asymptomatic period exists.
The early detection and prompt treatment of the disease may reduce its
burden and complications. The ADA recommends starting measuring fast-
ing blood glucose in individuals who do not have risk factors for Type 2
diabetes at age 45 years. It should be performed every 3 years if normal
[11,12]. Screening of high-risk subjects should be started before the age of
45 years and be done annually. The American College of Endocrinology
(ACE) recommends screening for such individuals at age 30 years [13].

Table 13.3 shows the risk factors for Type 2 diabetes [12] (refer to 
Table 13.1 for normal and abnormal plasma blood glucose values).

Complications

There are acute and chronic complications of diabetes.

Acute complications

Diabetic ketoacidosis and hyperosmolar hyperglycemic state are acute
complications of diabetes. The former is usually seen in Type 1 diabetes
and was reported to be responsible for more than 160 000 hospital admis-
sions per year in the USA [14]. The latter is seen in Type 2 diabetes, espe-
cially in the elderly. Both conditions are potentially life threatening if 
not treated promptly. They are both associated with absolute or relative
insulin deficiency, volume depletion, and hyperglycemia.

Table 13.4 summarizes the above two conditions.

Table 13.3 Risk factors for Type 2 diabetes

Obesity (ideal body weight 120% or body mass index 27 kg/m2)

Family history of diabetes mellitus in a first-degree relative

Habitual physical inactivity

Belonging to a high-risk ethnic or racial group (African-American, Hispanic American,
Native American, Asian American, or Pacific Islander) 

History of delivering a baby weighing > 4.1 kg (9 lb) or of gestational diabetes mellitus

Hypertension (blood pressure 140/90 mmHg)

Dyslipidemia defined as a serum high-density lipoprotein cholesterol concentration 
< 35 mg/dl (0.9 mmol/l) and/or a serum triglyceride concentration > 250 mg/dl 
(2.8 mmol/l) 

Previously identified impaired glucose tolerance or impaired fasting glucose

Polycystic ovary syndrome
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Chronic complications

The chronic complications of diabetes are responsible for the majority of
morbidity and mortality associated with this disease. They are divided into
microvascular and macrovascular complications.

Table 13.5 illustrates the chronic complications of diabetes mellitus.

Microvascular complications
The microvascular complications probably represent a distinctive feature
of diabetes that result from chronic hyperglycemia. As will be mentioned
below, randomized, prospective clinical trials involving large numbers of
patients with Type 1 and Type 2 diabetes have conclusively demonstrated
that a reduction in chronic hyperglycemia prevents or reduces retino-
pathy, nephropathy, and neuropathy. However, a genetic predisposition 
to these complications may be implicated in their development in some
patients with diabetes [15].

Retinopathy
Diabetic retinopathy is the leading cause of new blindness among middle-
aged Americans, accounting for 12% of all new cases in the USA each year
[16]. The presence of severe retinopathy may be a risk factor for death due
to ischemic heart disease [17].

Diabetic retinopathy is divided into two categories: nonproliferative and
proliferative.

Nonproliferative diabetic retinopathy is characterized by abnormalities
of the retinal circulation, including microaneurysms, intraretinal hemor-
rhages, cotton-wool spots, retinal edema and exudates, and intraretinal
microvascular abnormalities. Proliferative diabetic retinopathy is charac-
terized by the proliferation of newly formed blood vessels from the optic
disc, retina or iris as the result of widespread retinal ischemia. Panretinal

Table 13.5 Chronic complications of diabetes mellitus

Microvascular complications Retinopathy: nonproliferative and proliferative
Nephropathy
Neuropathy: distal symmetrical polyneuropathy; 

mononeuropathies; autonomic neuropathy; 
and thoracic and lumbar nerve root disease 
(polyradiculopathy)

Macrovascular complications Coronary artery disease
Peripheral vascular disease
Cerebrovascular disease
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laser photocoagulation performed in patients with high-risk proliferative
diabetic retinopathy reduced the risk of severe vision loss by more than
50% [18,19].

Nephropathy
Diabetic nephropathy is the most common cause of ESRD in most of the
developed world and is responsible for 43% of all new patients requiring
renal replacement therapy in the USA [20]. In contrast to what was
thought in the past, there are no substantial differences in the occurrence
of diabetic nephropathy between Type 1 and Type 2 diabetes [21]. The
peak onset of nephropathy in diabetes is between 10 and 15 years after 
the onset of the disease. Microalbuminuria (defined as 30–300 mg/day 
of albumin in a 24-h urine collection) is the earliest clinical finding of 
diabetic nephropathy [22,23]. ACE inhibitors lower protein excretion and
may preserve renal function in diabetics with microalbuminuria [24,25].
The sixth report of the Joint National Committee on Prevention,
Detection, Evaluation, and Treatment of High Blood Pressure (JNC VI)
recommends a blood pressure of ≤ 125/75 in any patient with renal dis-
ease [26].

Neuropathy
Diabetic polyneuropathy is the most common neuropathy in the Western
world [27]. Approximately 50% of patients with diabetes will eventually
develop neuropathy [28]. The high rate of diabetic neuropathy results 
in substantial morbidity, including recurrent lower extremity infections,
ulcerations, and subsequent amputations. The most frequently encoun-
tered neuropathies include the following.

Distal symmetrical polyneuropathy This is the most common form. It most fre-
quently presents with distal sensory loss. Classic ‘stocking-glove’ sensory
loss is typical in this disorder. Motor involvement with frank weakness can
occur but usually later and in more severe cases.

Mononeuropathy Mononeuropathy is less common than distal symmetrical
polyneuropathy and presents with pain and motor weakness in the dis-
tribution of a single nerve. It can affect the cranial nerves (especially the
third nerve) or the peripheral nerves (especially the median nerve at the
wrist causing carpal tunnel syndrome).

Polyradiculopathy Polyradiculopathy is characterized by severe disabling
pain in the distribution of one or more nerve roots. It can affect the lumbar
plexus causing pain in the thigh or hip and may be associated with muscle
weakness in the hip muscles (diabetic amyotrophy); or the thoracic roots
causing severe abdominal pain.
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Autonomic neuropathy This is a common complication of diabetes and can
affect multiple systems causing resting tachycardia, orthostatic hypoten-
sion, gastroparesis, enteropathy, bladder dysfunction, retrograde ejacula-
tion, erectile impotence, hyperhidrosis, and anhidrosis.

Does tight glycemic control prevent microvascular complications?
The prospective Diabetes Control and Complications Trial (DCCT) pro-
vided conclusive evidence that strict glycemic control in relatively young
patients with Type 1 diabetes can both delay the onset of microvascular
complications (primary prevention) and slow the rate of progression of
already established complications (secondary prevention) [29].

The DCCT was initiated in 1983 to test whether treatment of indi-
viduals with Type 1 diabetes to maintain blood glucose as close to normal
as possible would reduce the microvascular complications of diabetes
when compared with conventional treatment. It was conducted at 29 
clinical centres in the USA and Canada and followed 1441 subjectsa726
with no retinopathy at baseline (the primary-prevention cohort) and 715
with mild retinopathy (the secondary-intervention cohort)afor a mean 
of 6.5 years. Intensive therapy consisted of intensive education in self-
management, with frequent contact from support staff, three or more
insulin injections per day or an insulin pump, and frequent blood moni-
toring. Conventional therapy was to achieve the goal of clinical self-
being; patients received up to two daily insulin injections and a standard
schedule of monitoring. The appearance and progression of retinopathy
and other complications were assessed regularly. The mean hemoglobin
A1c (HbA1c) values during the study were 7.2% with intensive therapy 
as opposed to 9.1% with conventional therapy; the respective mean 
blood glucose concentrations were 155 mg/dl (8.6 mmol/l) and 235 mg/dl
(12.8 mmol/l).

Highlights of DCCT results include:
• In the primary-prevention cohort, intensive therapy reduced the
adjusted mean risk for the development of retinopathy by 76% compared
with conventional therapy.
• In the secondary-intervention cohort, intensive therapy slowed the
progression of retinopathy by 54% and reduced the development of pro-
liferative or severe nonproliferative retinopathy by 47%.
• Intensive therapy reduced the occurrence of microalbuminuria by 39%,
and macroalbuminuria (urinary albumin excretion of > 300 mg per 24 h)
by 54%.
• Intensive therapy reduced clinical neuropathy by 60%.

The Stockholm Diabetes Intervention Study (SDIS) has shown similar
results [30]. Forty-three patients with Type 1 diabetes were randomized to
intensified treatment and 48 patients were randomized to standard treat-
ment. The patients were followed up for 10 years. The HbA1c was reduced
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to ~ 7% in the intensive group, and ~ 8.3% in the conventionally man-
aged group.

Highlights of SDIS results include:
• A lower incidence of the development of serious retinopathy was seen
in the intensive group (33% vs. 63% in the conventional group).
• A lower incidence of the development of nephropathy in the intensive
group (7% vs. 26% in the conventional group).
• A lower incidence of the development of symptoms of neuropathy in
the intensive group (14% vs. 32% in the conventional group).

The United Kingdom Prospective Diabetes Study (UKPDS) and the
Kumamoto study in Japan confirmed the above findings in patients with
Type 2 diabetes. The UKPDS was designed to compare the efficacy of dif-
ferent treatment regimens on glycemic control and the complications of
diabetes in patients with Type 2 diabetes [31]. It recruited 5102 patients
with newly diagnosed Type 2 diabetes in 23 centres within the UK
between 1977 and 1991. The patients were randomly assigned to inten-
sive treatment with a sulfonylurea (metformin was added to the sulfony-
lurea if optimal control was not achieved with the latter alone) or with
insulin, or conventional treatment with diet. The target fasting blood 
glucose concentration was 108 mg/dl (6 mmol/l) or less in the intensive
group. In the conventional group, the aim was the best achievable FPG
with diet alone; drugs were added only if there were hyperglycemic symp-
toms or FPG > 270 mg/dl (15 mmol/l). Over 10 years, HbA1c was 7.0% in
the intensive group compared with 7.9% in the conventional group.

The UKPDS found a 25% reduction in risk of microvascular complica-
tions in the intensive group:
• The incidence of retinopathy was 17% in the intensive group vs. 21% in
the conventional group.
• The incidence of nephropathy was 24% in the intensive group vs. 33%
in the conventional group.

A few years before publishing the results of UKPDS, the Kumamoto
trial, a trial of 110 patients with Type 2 diabetes on insulin from Japan,
found similar results [32]. A group of 55 patients without evidence of
microvascular complications (the primary prevention cohort) was ran-
domly assigned to receive multiple doses of insulin or less intensive insulin
treatment. The other 55 patients with evidence of simple retinopathy and
urinary albumin excretion > 30 mg/day (the secondary intervention cohort)
were randomly assigned to the same treatment regimens. The patients
were followed for 6 years. The goal of therapy in the multiple-dose insulin
groups was to reduce the HbA1c value below 7.0%. The following benefits
were noted in the multidose insulin group:
• A lower incidence of the development or progression of retinopathy
after 6 years (7.7% vs. 32% in the primary prevention cohort, and 19.2%
vs. 44% in the secondary intervention cohort).
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• A lower incidence of the development or progression of nephropathy
after 6 years (7.7% vs. 28% in the primary prevention cohort, and 11.5%
vs. 32% in the secondary intervention cohort).

In the Kumamoto trial, the investigators concluded that the glycemic
threshold to prevent the onset and the progression of diabetic micro-
angiopathy was HbA1c 6.5%, fasting blood glucose < 110 mg/dl, and 2-h
postprandial blood glucose concentration < 180 mg/dl.

A 10-year follow-up on the Kumamoto trial further supported the
above findings [33].

Macrovascular complications
The macrovascular complications are not specifically a result of hyper-
glycemia. These clinical conditions also occur in the general population.
However, in persons with diabetes they present at earlier age, more fre-
quently, and in a more severe fashion, as illustrated below.

Coronary artery disease (CAD)
Cardiovascular complications are the most frequent cause of mortality in
Type 2 diabetes mellitus [34]. The risk of a first myocardial infarction in
patients with diabetes is higher or equal to that in nondiabetic individuals
who have already suffered such an event [35]. The Framingham Study
found that the incidence of cardiovascular disease among diabetic men was
twice that among nondiabetic men, and among diabetic women the incid-
ence of cardiovascular disease was three times that among nondiabetic
women [36]. The decline in heart disease mortality noted in recent years
in the USA was less in diabetic persons than in nondiabetic persons, and
mortality even increased in women with diabetes [37]. Compared with
nondiabetics, the diabetic patients had a greater incidence of multivessel
disease and a greater number of diseased vessels [38]. In addition to the in-
creased frequency of symptomatic CAD, another important clinical finding
in diabetes is silent ischemia or even silent infarction [39]. Controlling blood
pressure, treating dyslipidemia, and avoiding smoking are mandatory thera-
peutic modalities to reduce CAD mortality among patients with diabetes.

Peripheral vascular disease (PVD)
PVD in the lower extremities is an important reason for disabling pain and
amputations in patients with and without diabetes. However, presence of
diabetes increases the incidence of PVD. The Framingham heart study of
381 men and women who were followed for 38 years revealed that the
odds ratio for developing intermittent claudication was 2.6 for diabetes
mellitus [40]. In patients with peripheral arterial disease, diabetic patients
have worse arterial disease and a poorer outcome than nondiabetic
patients [41]. Patients with PVD, regardless of the etiology, have a high
risk of death from cardiovascular disease [42].
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Cerebrovascular disease
Diabetic patients tend to have dyslipidemia, hypertension, CAD, physical
inactivity, and obesity. These factors increase the likelihood of developing
large-vessel cerebral atherosclerosis.

Cohort studies have demonstrated an independent effect of diabetes 
on stroke risk after controlling for other risk factors, with relative risks
ranging from 1.5 to 3.0 [43,44]. As was stated before, the Copenhagen
Stroke Study found that the diabetic stroke patient was 3.2 years younger
than the nondiabetic stroke patient, the incidence of stroke was 2.5 times
higher in diabetic men and 3.6 times higher in diabetic women when 
compared with persons without diabetes, and diabetes independently
increased the relative death risk from a stroke by 80% [3]. A Swedish
study showed a six-fold rise in the risk of stroke in men with diabetes com-
pared with a 13-fold rise in women [45]. The main source of thromboem-
bolic strokes in patients with diabetes is the internal carotid artery [46].

Although ‘traditional’ risk factors are important contributors to coron-
ary heart disease and stroke also in persons with diabetes, they do not 
fully explain the excess risk of macrovascular disease produced by dia-
betes. There is currently strong interest in ‘nontraditional’ risk factors for
coronary heart disease. The Atherosclerosis Risk in Communities (ARIC)
Study showed that levels of albumin, fibrinogen, von Willebrand factor,
factor VIII activity, and leukocyte count were predictors of coronary heart
disease among persons with diabetes. These associations may reflect (i) 
the underlying inflammatory reaction or microvascular injury related to
atherosclerosis and a tendency toward thrombosis, or (ii) common ante-
cedents for both diabetes and coronary heart disease [47]. Epidemiological
studies have demonstrated that hyperinsulinemia, a marker for insulin
resistance, is an independent risk factor for cardiovascular disease [48].
Elevated plasma levels of plasminogen activator inhibitor type 1 (PAI-1)
are associated with cardiovascular disease. Levels of PAI-1, the primary
inhibitor of endogenous-type fibrinolysis, are elevated in persons with
diabetes and in obese nondiabetic persons with insulin resistance. Im-
paired fibrinolytic function in diabetes correlates with the severity of vas-
cular disease in diabetes [49]. Peroxisome proliferator-activated receptor-γ
(PPAR-γ), a nuclear receptor that has a regulatory role in differentiation of
cells, is present in human endothelial cells, vascular smooth-muscle cells,
monocytes and macrophages, and human arterial lesions, all of which
play important pathogenic roles in atherosclerosis. Thiazolidinediones,
such as pioglitazone (Actos®) and rosiglitazone (Avandia®), bind and 
activate PPAR-γ. These drugs are currently used for treatment of hyper-
glycemia in patients with Type 2 diabetes. Thiazolidinediones may also
target various aspects of the insulin resistance syndrome in addition to
hyperglycemia (a decrease in plasma insulin and triglyceride levels, an
increase in HDL-cholesterol level, a decrease in lipid oxidation, favorable
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redistribution of body fat, a decrease in vascular resistance, and improve-
ment in endothelial function) [50]. Thus, therapy with these drugs might
reduce the risk of cardiovascular disease.

To support the importance of the nontraditional risk factors in atheros-
clerosis, a new report about the use of HMG-CoA reductase inhibitors
(statins) showed that these drugs in patients with atherosclerosis might
result in more marked reduction of morbidity and mortality than expected
from trials using conventional cholesterol-lowering therapies that looked
at only decreasing the cholesterol. The mechanism was by stimulation of
angiogenesis, improvement of endothelial function, plaque stabilization,
inhibition of coagulation and/or thrombocyte aggregation and inhibition
of the inflammatory response associated with atherosclerosis [51].

Does tight glycemic control prevent macrovascular complications?
As mentioned above, tight glycemic control reduces the risk of micro-
vascular complications in patients with diabetes mellitus. However, there
is much more limited information on the effect of glycemic control on the
macrovascular complications of diabetes. The DCCT in patients with 
Type 1 diabetes found a nonsignificant trend toward fewer cardiovascular
events with intensive therapy [29]. It was suggested that the relatively
short duration of diabetes mellitus and the young age of these individuals
might have masked the true benefit of glycemic control.

In the primary analysis of the UKPDS, there was no difference in
macrovascular disease in the intensive and conventional therapy groups
[31]. However, a subanalysis of the UKPDS found that, in patients with
diabetes, glucose control plus tight blood pressure control could reduce
the macrovascular complications of diabetes, including stroke and death
[52]. Importantly, the UKPDS showed that treatment with insulin and 
the sulfonylureas did not appear to increase the risk of cardiovascular 
disease in individuals with Type 2 diabetes, proving prior claims about the
atherogenic potential of these agents to be wrong.

Treatment of diabetes mellitus

Therapy of diabetes mellitus involves daily self-management by the
patient and a host of lifestyle adaptations.

Treatment of Type 1 diabetes

Patients with Type 1 diabetes generally have absolute insulin deficiency.
The clinical goals of treatment include (i) decreasing plasma glucose to
prevent the symptoms of hyperglycemia, (ii) preventing ketosis and the
risk of DKA, (iii) avoiding hypoglycemia as possible, (iv) a balanced diet
that maintains lean body mass and minimizes the risk of symptomatic
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hyperglycemia and/or hypoglycemia at the same time, (v) and tight con-
trol of plasma glucose to prevent late complications. The ADA revised their
standards of care after the publication of the DCCT.

Table 13.6 summarizes the ADA standards for glycemic control in 
diabetes (both Type 1 and Type 2) [53]. Table 13.7 summarizes the ACE
guidelines [13].

Blood glucose monitoring
The current glucose meters are inexpensive, small, simple, accurate, and use
less blood. Ideally, testing at home should to be done four to seven times
daily (premeals and/or 2 h after meals). Blood glucose monitoring allows
daily glycemic control to be assessed and guides insulin treatment. An im-
portant supplement to home blood glucose testing is monitoring of plasma
levels of HbA1c so that chronic level of glucose control can be estimated.

Nutrition
Nutrition is essential in the management of Type 1 diabetes. A meal plan
based on the individual patient’s lifestyle, food preferences, and eating
habits should be used as a basis for integrating insulin therapy into
lifestyle. To facilitate the matching of insulin doses to meals and to prevent
hypoglycemia, patients with Type 1 diabetes should eat consistent regular
meals comprising about 50% carbohydrate calories, ~ 10–20% protein
calories, < 30% total fat calories, and < 300 mg cholesterol a day [54]. A
dietitian should be part of the diabetes care team.

Table 13.6 The American Diabetes Association (ADA) standards for glycemic control in
diabetes mellitus

Parameter Normal Goal Additional action suggested

Fasting or preprandial glucose < 110 80–120 < 80 or > 140 mg/dl
(capillary whole blood)

Bedtime glucose < 120 100–140 < 100 or > 160 mg/dl
(capillary whole blood)

Hemoglobin A1c (%) < 6% < 7% > 8%

Table 13.7 The American College of Endocrinology targets for glycemic control

Target

Fasting glucose (capillary whole blood) < 110 mg/dl

Postprandial glucose (capillary whole blood) < 140 mg/dl

Hemoglobin A1c < 6.5%
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Exercise
Exercise is an important component of diabetes care. It is helpful to avoid
weight gain frequently induced by increased insulin administration [55].
Patients must be instructed how to adjust their meals, their insulin doses and
timing to prevent hypoglycemia during, immediately after, or even 6–12 h
after exercise, as moderately intensive exercise may deplete glycogen stores,
resulting in sustained food requirement to replace the glycogen. Absorbed
carbohydrate should be available during activity in case of hypoglycemia.

Insulin
The basic principle of insulin replacement treatment is (i) to maintain a
fairly constant basal level of insulin in the serum by administering one or
two daily injections of intermediate or long-acting insulin (NPH, lente,
ultralente, glargine), or by a continuous subcutaneous insulin infusion
(insulin pump); (ii) and to superimpose short-acting insulin on this basal
level via premeal bolus doses (the dose of this insulin can be adjusted
according to the premeal blood glucose or the size of the meal to be eaten,
and the anticipated activity following the meal). Table 13.8 summarizes
the different insulin preparations currently available in the USA.

It is important to recognize that there is considerable variability in the
pharmacokinetic characteristics of these insulins both from individual to
individual and within the same individual from day to day.

The most commonly used multiple-dose regimen consists of basal and
prandial component. The general rule is that basal insulin and mealtime

Table 13.8 Different insulin preparations currently available in the USA

Insulin type Onset (h) Duration (h) Peak (h)

Short acting (regular insulin, R) 0.5–1.0 6–8 2–3

Rapid acting
Lispro (Humalog®) 0.05–0.15 3–5 1–2
Aspart (NovoLog®) 0.05–0.15 3–5 1–2

Intermediate acting
NPH 1–3 13–18 5–7
Lente 1–3 13–20 4–8

Long acting
Ultralente 2–4 18–30 10–14
Glargine (Lantus®) 1.5 24 None

Combinations
70/30 (70% NPH, 30% regular) 0.5–1.0 13–18 Dual
70/30 (NovoLog® mix, 70% NPA, 30% aspart) 0.05–0.15 13–18 Dual
50/50 (50% NPH, 50% regular) 0.5–1.0 13–18 Dual
75/25 (Humalog® mix, 75% NPL, 25% lispro) 0.05–0.15 13–18 Dual
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insulin pulses each constitute approximately 50% of the average total daily
dose (0.6–0.7 U/kg) in intensive-therapy regimens. As mentioned above,
intermediate or long-acting insulin in one or two daily injections is used as
basal insulin, and short or rapid-acting insulins are used to cover the meals.

An insulin algorithm can be used by the patient to adjust the rapid-
acting insulin dose based on the blood glucose level and the estimated
amount of carbohydrate to be eaten. A typical regimen would call for 1–2
extra units of insulin for each 50-mg/dl increment in blood glucose above
the dose called for by the preprandial target of 80–120 mg/dl, or 1 U more
for each 15 g of extra carbohydrate to be ingested above the usual amount
of carbohydrate prescribed by the nutrition plan.

The insulin glargine has virtually no peak, which may make it the ideal
basal insulin for intensive insulin therapy; it apparently is associated with
less nocturnal hypoglycemia [56]. Similar improvement in fasting blood
glucose with insulin glargine compared with NPH insulin was reported [57].

Treatment of Type 2 diabetes

Patients with Type 2 diabetes have insulin resistance and deficiency. The
goals for glycemic control are the same as in Type 1 and are summarized 
in Table 13.6. Treatment should include: (i) patient education (glucose
monitoring, diet, and exercise), (ii) evaluation for vascular and neurolog-
ical complications, (iii) measures aimed at minimizing cardiovascular risk
factors, and (iv) avoidance of drugs that can aggravate the abnormalities in
insulin or lipid metabolism.

Blood glucose monitoring
A standard number of daily glucose checks by patients is not set. One
needs to individualize the advice so that the number of measurements
requested is appropriate to each patient’s therapy and physician’s need for
information necessary to adjust the treatment. Typically, at least fasting
blood glucose and 2-h postprandial blood glucose (2 h after the heaviest
meal of the day) should be monitored.

Nutrition
Nutritional therapy is an essential component of successful diabetes 
management and can improve many aspects of Type 2 diabetes, including
obesity, hypertension, dyslipidemia, and insulin release and responsive-
ness. Consensus guidelines recommend that the calories should consist of
< 30% total fat, < 10% saturated fat, < 10% polyunsaturated fat, 10–15%
monounsaturated fat, 10–20% protein, and 50–55% carbohydrate [54].

Weight loss of as little as 5–10% produces significant decreases in
plasma glucose and HbA1c over 1–3 months [58]. Despite the clear benefit
of weight loss, only a few patients with Type 2 diabetes are able to attain
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and maintain substantial weight loss [59]. This difficulty has probably a
physiological basis since weight loss lowers the metabolic rate, thereby
retarding further weight loss.

Exercise
Regular exercise, such as walking 45–60 min at a brisk pace three to five
times a week, improves insulin sensitivity and facilitates insulin action;
increases energy expenditure; reduces the risk of future cardiovascular
disease; facilitates control of hypertension; enhances the patient’s sense 
of well-being and physical fitness; and improves dyslipidemia. Clinicians
may consider an exercise–stress electrocardiogram in all individuals > 35
years old to detect silent ischemic heart disease.

Pharmacological therapy
Treatment options for management of Type 2 diabetes have increased
significantly over the past several years. However, nonpharmacological
treatments (diet and exercise) need to be emphasized indefinitely because
none of the drug therapies will have their maximum impact otherwise.

Table 13.9 summarizes the antidiabetic oral drugs mostly used in the USA
and Table 13.10 summarizes some of the characteristics of antidiabetic

Table 13.9 Antidiabetic oral drugs used in the USA

Duration Lowest effective Maximum
Drugs of effect (h) single dose (mg) daily dose (mg)

Sulfonylureas
Glyburide (DiaBeta®, Micronase®) 16–24 1.25 20
Micronized glyburide (Glynase®) 12–24 1.5 12
Glipizide (Glucotrol®) 12–24 5 40
Glipizide-GITS (Glucotrol-XL®) 24 5 20
Glimepiride (Amaryl®) 24 0.5 8

Biguanides
Metformin (Glucophage®) 5–6 500 2500

Thiazolidinediones
Pioglitazone (Actos®) + 24 15 45
Rosiglitazone (Avandia®) + 24 2 8

α-Glucosidase inhibitors
Acarbose (Precose®) 6 25 300
Miglitol (Glyset®) 6 25 300

Meglitidinides
Repaglinide (Prandin®) 0.5–2 0.5 16

D-phenylalanine derivative
Nateglinide (Starlix®) 0.5–2 60 360
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oral drugs. Despite the multitude of pharmacological agents available, as
shown in Table 13.9, for treatment of Type 2 diabetes mellitus, none of it
can alone be expected adequately to control hyperglycemia indefinitely.
Despite all of the medications, there appear to be secondary failures after
initial response. These are recognized by deterioration of glycemic control.
These failures may occur because of disease progression (mostly), lack of
dietary adherence, and intercurrent illness. It is very important to address
this issue with the patient from the first visit to the clinic so the patient
expects to be put on combination of oral antidiabetic drugs or insulin at
some point, as the disease tends to progress over time.

The use of antidiabetic drugs as monotherapy

Sulfonylureas
Most patients who are of normal weight or only moderately obese are
begun on a sulfonylurea, which usually lowers FPG by 50–70 mg/day.

Meglitidinides, phenylalanine derivatives, and α-glucosidase inhibitors
Patients who have mainly postprandial hyperglycemia (as shown with
their blood glucose monitoring 2 h after meals) are candidates for these
agents. They lower postprandial glucose by 50–70 mg/dl.

Biguanides
Patients with marked obesity may benefit from metformin because it is not
associated with weight gain on improvement in glycemic control, and a
modest weight loss may be seen. Among responders, metformin lowers
FPG by 50–70 mg/dl.

Thiazolidinediones
These agents are mostly used in the combination treatment. When used as
monotherapy, they can lower FPG by 50–70 mg/dl.

The use of antidiabetic drugs as combination therapy
The combination treatment is becoming more popular as a result of the
improved understanding of the pathogenesis of hyperglycemia in Type 2
diabetes mellitus. The availability of combination therapies supports the
logic of attacking two or more different causes of hyperglycemia simult-
aneouslyafor example, reducing insulin resistance in the liver with met-
formin while increasing insulin secretion with a sulfonylurea.

Various combinations of oral drugs may be considered in patients who
have not responded to a single drug alone:
Sulfonylurea + metformin
Sulfonylurea + thiazolidinedione
Metformin + thiazolidinedione
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Metformin + meglitinide
Meglitinide + thiazolidinedione
Sulfonylurea + metformin + thiazolidinedione
Repaglinide or nateglinide + metformin + thiazolidinedione
Acarbose + any other drug
Miglitol + sulfonylurea
Insulin + any other drug

Examples of therapeutic strategies in Type 2 diabetes 
1 If fasting plasma glucose > 250 mg/dl and patient is symptomatic,
always start insulin at least for a few weeks until symptoms of hyper-
glycemia are relieved.
2 If fasting plasma glucose < 250 mg/dl and the patient is asymptomatic,
initiate education and try 4 weeks of diet and exercise. Evaluate every 1–2
weeks. If treatment targets are not met, advance to next step.
3 Add one of the antidiabetic drugs. See ‘The use of antidiabetic drugs as
monotherapy’. If hyperglycemia persists or worsens, advance to next step
within 1 month.
4 Combination of oral antidiabetic drugs. If not adequate, advance to next
step within 1 month.
5 Oral drug(s) and bedtime insulin (NPH, Lente, or glargine). If not ade-
quate, advance to next step.
6 Multiple-dose insulin therapy.

Aspirin and diabetes treatment

We have addressed the increased atherosclerotic risk of diabetes above.
There is evidence that aspirin is beneficial as primary and secondary strategy
to prevent cardiovascular events in nondiabetic and diabetic individuals.

The evidence for secondary prevention

In the Hypertension Optimal Treatment (HOT) Trial, aspirin significantly
reduced cardiovascular events by 15% and myocardial infarction by 36%.
The relative effects of aspirin were similar in nondiabetic and diabetic 
subjects [60].

The Early Treatment Diabetic Retinopathy Study (ETDRS) consisted of
patients with Type 1 and Type 2 diabetes. The relative risk for myocardial
infarction in the first 5 years in patients randomized to aspirin therapy was
lowered significantly to 0.72 [61].

The Anti-Platelet Trialists (APT) have reported a meta-analysis of 145
prospective controlled trials of antiplatelet therapy in men and women
after myocardial infarction, stroke or transient ischemic attack, or posit-
ive cardiovascular history (vascular surgery, angioplasty, angina, etc.).
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Reductions in vascular events were about one-quarter in each of these 
categories, and diabetic subjects had risk reductions that were comparable
to nondiabetic individuals [62].

The evidence for primary prevention

The US Physicians’ Health Study was a primary prevention trial in which a
low-dose aspirin regimen was compared with placebo in male physicians.
There was a 44% reduction in the risk of myocardial infarction in the
treated group, and subgroup analyses in the diabetic physicians revealed 
a reduction in myocardial infarction from 10.1% (placebo) to 4.0%
(aspirin), yielding a relative risk of 0.39 for the diabetic men on aspirin
therapy [63].

If no contraindications exist, low-dose aspirin therapy should be used 
as a primary and secondary prevention strategy in men and women with
diabetes. Unfortunately, in a survey of 1503 adults with diabetes con-
ducted between 1988 and 1994, only 20% took aspirin regularly [64].
Aspirin therapy should not be recommended for patients under the age 
of 21 years because of the increased risk of Reye’s syndrome associated
with aspirin use in this population.

Guidelines for diabetes care

HbA1c

HbA1c provides a single number that reflects average glycemic control over
the preceding 2–3 months.
1 Check every 6 months in patients with Type 2 diabetes whose glycated
hemoglobin is in the desirable range.
2 Check every 3 months in patients with Type 1 diabetes and in patients
with Type 2 diabetes whose control is not satisfactory.
3 Target level = 7% per ADA. However, the American College of
Endocrinology (ACE) recommends the primary target for HbA1c to be 
< 6.5% [13].
4 Action required for ≥ 8% per ADA guidelines (Table 13.6).

Microalbuminuria

The normal rate of albumin excretion is < 20 mg/day (15 µg/min); values
between 30 and 300 mg/day (20–200 µg/min) in a patient with diabetes
indicate microalbuminuria. Values > 300 mg/day (200 µg/min) represent
overt proteinuria.
1 Type 2 diabetes: yearly 24-h urine albumin; the first examination is at
the diagnosis of the disease.
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2 Type 1 diabetes: yearly 24-h urine albumin; the first examination is 
5 years after diagnosis. Note that screening can be more simply achieved
by a timed urine collection or an early morning specimen to minimize
changes in urine volume that occur during the day. Microalbuminuria is
unlikely if the albumin excretion rate is < 20 µg/min in a timed collection
or the urine albumin concentration is < 20–30 mg/l in a random speci-
men. Higher values may represent false-positive results, and should be
confirmed by a 24-h collection or by repeated early morning measure-
ments. This can be avoided by calculation of the albumin-to-creatinine
ratio in an untimed urine specimen. A value above 30 µg of albumin/mg
of creatinine suggests that albumin excretion is > 30 mg/day and therefore
that microalbuminuria is probably present.
3 Action if albumin > 30 mg/g creatinine; consider ACE inhibitors (or
angiotensin II receptor antagonists) and aggressively control blood pres-
sure to ≤ 125/75.

LDL-cholesterol

1 Check yearly or more often as necessary.
2 Goal < 100 mg/dl.
3 Action required for level > 130 mg/dl. Consider statins as first-line 
therapy.

HDL-cholesterol

1 Check yearly or more often as necessary.
2 Goal > 45 mg/dl. If low, consider niacin or fibrates.

Triglycerides

1 Check yearly or more often as necessary.
2 Goal < 150 mg/dl.
3 Action required for level > 400 mg/dl. Consider niacin or fibrates, or
fish oil.

Blood pressure

1 Every visit, minimum every 6 months.
2 Goal < 130/80; if renal impairment is present, the goal is ≤ 125/75.

Foot examination

1 Every visit for diabetes care.
2 At least once a year by a podiatrist.
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Dilatated eye examination

1 Type 2 diabetes: yearly; the first examination is at the diagnosis of the
disease.
2 Type 1 diabetes: yearly; the first examination is 5 years after diagnosis.

Smoking assessment

Yearly, if current smoker, counseling for cessation at each visit.
Note that a survey in the USA found the prevalence of cigarette smoking

was higher among diabetic patients than nondiabetic subjects, even after
adjusting for age, sex, race, and educational level (27.3% among people
with diabetes vs. 25.9% among people without diabetes) [65]. In a cohort
of over 3055 patients from the UKPDS, the estimated hazard ratio for CAD
for smokers was 1.4 [66].

Evidence for tight glucose control in the hospital

An estimated 6 million hospitalizations per year in the USA are accompanied
by hyperglycemia (with and without diabetes) [67,68]. In an acute illness,
a generalized stress response is initiated. The levels of counterregulatory
hormones (including epinephrine, norepinephrine, glucagon, cortisol, and
growth hormone) increase. This, in turn, can increase levels of circulating
serum glucose, free fatty acids, and ketone bodies by accelerating catabol-
ism, hepatic gluconeogenesis, and lipolysis. In addition, acute illness may
result in acidosis from lactate or ketone body accumulation. Acidosis leads
to progressive insulin resistance causing additional impairment in carbo-
hydrate metabolism. Dramatic changes in dietary intake, activity levels,
and pharmacological interventions can even worsen the hyperglycemia.

Studies in the areas of stroke, myocardial infarction, bypass surgery, and
nosocomial infections all show a tremendous potential to reduce morbid-
ity, mortality, lengths of stay, and added costs among hospitalized patients
with hyperglycemia. Unfortunately, hyperglycemia is often overlooked
when a hospitalized patient is acutely ill and facing a life-threatening 
illness such as a stroke or myocardial infarction.

Acute hyperglycemia, regardless of the presence of diabetes, predicts
increased risk of in-hospital mortality after ischemic stroke in nondiabetic
patients and increased risk of poor functional recovery in nondiabetic
stroke survivors; nondiabetic stroke survivors whose admission glucose
level was > 121–144 mg/dl (6.7–8 mmol/l) had a greater risk of poor func-
tional recovery [69].

In one study, only 43% of the patients with an admission glucose value
of > 120 mg/dl were able to return to work, whereas 76% of patients with
lower glucose values regained employment [70]. In another one, a plasma
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glucose level > 144 mg/dl within the first 24 h of admission was a risk 
factor independent of age, stroke type, and stroke severity that doubled
the mortality risk [71].

Even transient hyperglycemia in the setting of acute stroke is a sign-
ificant predictor of worse outcome. Patients with transient hyperglycemia
had larger ischemic lesions on computed tomography than diabetics and
had higher 30-day mortality than normoglycemics. One-year mortality
was similar in transient hyperglycemics and diabetics, and both were
significantly higher than in normoglycemics [72].

When determining the goals for glycemic control in a hospitalized
patient, there are two main considerations: (i) avoiding hypoglycemia,
and (ii) avoiding hyperglycemia.

Initial considerations in selecting the optimal regimen for glycemic 
control in the inpatient with diabetes are:
1 the type of diabetes (patients with Type 1 diabetes must always receive
treatment with insulin even if they are nothing by mouth (NPO));
2 nutritional status (is the patient eating or is he/she NPO?);
3 the type of outpatient treatment.

The patient is NPO

Stop all oral antidiabetic drugs (if the patient is on these prior to admission)
and start the patient on D5W IV and regular insulin by intravenous infusion.
Adjust the insulin drip to keep the blood glucose as close to normal as possible.

The patient is eating

If the patient is on insulin, continue the same regimen as outside the hos-
pital and adjust the treatment on a daily basis. Avoid ‘sliding scale’ insulin
coverage as it often results in erratic rather than improved glycemic con-
trol [73]. If the patient is on oral antidiabetic drugs, these can be continued
and tighter blood glucose, if needed, can be established by adding insulin.
When the patient is taken for a procedure that involves the administration
of i.v. dye, the patient must be well hydrated and the oral antidiabetic
drugs must be discontinued the day of the procedure and not resumed
until the patient starts eating and the renal function is not compromised.

Targeted glycemic control (80–110 mg/dl) should be attempted in the
setting of acute stroke, unless contraindicated. In patients with diabetes,
relative contraindications to tight control in the setting of stroke include a
history of coma or seizures in the presence of hypoglycemia or a concur-
rent unstable cardiac status. In a study of 1548 patients admitted to the
intensive care unit, the morbidity and mortality in the intensive insulin
therapy group (maintenance of blood glucose at a level between 80 and
110 mg/dl) vs. the conventional therapy group (maintenance of blood
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glucose at a level between 180 and 200 mg/dl) was reduced by 45% and
34%, respectively, over 12 months [74].

Insulin resistance

Insulin resistance can occur in nondiabetic individuals as well as diabetics
and the frequency of this physiological phenomenon is likely to increase
with the increasing obesity in North American populations. Improving
insulin sensitivity may be associated with a decreased stroke risk. A sec-
ondary analysis of data from the UKPDS group found that treatment with
metformin was associated with a decreased number of strokes (3.3 events/
1000 patient-years) compared with treatment with insulin or sulfony-
lureas (6.2 events/1000 patient-years) (P = 0.032) [75].

Summary

Diabetes mellitus has a tremendous impact on our society. Diabetic com-
plications are common and have devastating consequences. Future develop-
ment of blindness, kidney failure, and amputation can be markedly less-
ened by attention to therapies and preventive approaches demonstrated to
be effective. The increased use of medications such as ACE inhibitors also
holds the promise of decreasing stroke in this population.
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Hypertension is a risk factor for stroke

The cerebral circulation is highly pressure-sensitive. Accordingly, hyper-
tension is a major risk factor for stroke [1] as well as for recurrent stroke in
stroke survivors [2]. In fact, hypertension is the most important modifi-
able risk factor for stroke. Blood pressure (BP) levels, particularly systolic
blood pressure (SBP), rise with advancing age while diastolic blood pres-
sure (DBP) plateaus in the mid sixth decade of life and is incrementally
lower at older ages. Despite lower DBP with advancing age, stroke risk
escalates rapidly at older ages in parallel with the rise in SBP and the
widening of the pulse pressure (SBPaDBP). The age-related escalation 
of stroke risk, however, is not surprising since lower DBP at older ages is
attributable to a loss in arterial elasticity in the major arterial conduit 
vessels [3] and has also been linked to a high burden of carotid athero-
sclerosis [4]. Obviously, these age-related pathological vascular changes
facilitate the expression of ischemic cerebral injury.

Blood pressure as a prognostic factor in acute stroke

Higher blood pressure levels after acute ischemic stroke have been linked
to poor clinical outcomes [5,6]. An observational study using the Intra-
venous Nimodipine West European Stroke Trial (INWEST) found that
high initial BP poststroke predicted poor functional outcome at 21 days
[6]. In patients with intracranial hemorrhage (ICH) mean BP on admis-
sion (and volume of the hematoma) in patients with putaminal and thala-
mic hemorrhage were linked to higher mortality [7]. Similar findings were
reported in another study in patients with supratentorial intracerebral
hemorrhage as hypertension, along with the inverse of age, blood glucose
and hematoma volume, were the strongest predictors of first-day mean
arterial pressure (MAP), and MAP (particularly if > 145 mmHg) was related
to worse 28-day survival [8]. Another study by Dandapani and coworkers
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[9] found that markedly elevated BP (MAP > 145 mmHg) on admission
and MAP < 125 mmHg within 2–6 h of admission were associated with
improved mortality and less severe morbidity. Nevertheless, the data
regarding the prognostic significance of BP on stroke outcomes have been
conflicting. For example, other poststroke studies have shown either no
[10,11] or favorable [12] prognostic significance of BP level on stroke 
outcomes. The aforementioned differences in the relation of BP with
stroke outcome may relate to differences in stroke type, severity, or poss-
ibly other methodological factors.

Circadian BP variation and BP variability also are abnormal poststroke.
Cardiac baroreceptor activity is impaired after acute stroke leading to
increased BP variability [13]. Also, the normal nocturnal declines in BP,
both systolic and diastolic, are markedly attenuated to absent [14] or may
even reverse [15]. Circadian BP variation appears to predict functional
recovery after stroke. One study examined the influence of circadian BP
patterns on early (1 week) neurological recovery poststroke and found the
difference between the daytime and night-time BP levels related posit-
ively to functional recovery (Rankin scale) and neurological improvement
(Scandinavian stroke scale) [16].

Autoregulation of cerebral blood flow

The physiological rationale both for and against treatment of hypertension
in the various settings of acute cerebral ischemia depends upon under-
standing the relationship of systemic BP with cerebral blood flow (CBF)
across a broad range of systemic pressures (Fig. 14.1). Under normal cir-
cumstances, CBF is ~50 ml/100 g per min [17]. The maintenance of CBF
relatively constant across a broad range of systemic perfusion pressures,
cerebral autoregulation of blood flow, is an important protective mech-
anism for maintaining normal cerebral oxidative metabolism. In normal,
nonhypertensive persons, cerebral autoregulation keeps CBF constant
between MAP of 60 and 150 mmHg [18]. This is accomplished, relatively
rapidly, by dilatation (when BP falls) and constriction (when BP rises) of
cerebral resistance vessels [19,20]. These rapidly occurring changes in CBF
are mediated by directionally appropriate changes in cerebrovascular
resistance (CVR) [18]. Within the BP limits of normal autoregulation of
CBF, CBF is proportional to cerebral oxidative metabolism and is highly
sensitive to ambient pCO2; higher levels of carbon dioxide increase CBF.
In chronic hypertension the entire autoregulatory curve may be shifted 
to the right [21,22]. The lower limit of the autoregulatory curve is 
shifted rightward (toward higher pressures), in part, because the pressure-
related hypertrophy diminishes the maximum dilatatory capacity of 
cerebral resistance vessels. On the other hand, the upper limit of the auto-
regulatory curve shifts rightward because pressure-related hypertrophy/
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Fig. 14.1 Relation of systemic perfusion pressure to cerebral blood flow. In
nonhypertensives between mean arterial pressure (MAP) 60–150 mmHg, there 
is little variation in cerebral blood flow (CBF) in response to changes in MAP. 
Chronic hypertension shifts the entire CBF autoregulatory curve to the right. 
In both normotensives and hypertensives the overall shape of the CBF 
autoregulatory curve is sigmoidal. The dotted line depicts the distortion of the 
normal CBF autoregulatory curve into essentially a linear relation within the 
‘ischemic penumbra’ during acute brain ischemia. The ischemic penumbra is 
the non-infarcted and injured but potentially viable brain tissue that is adjacent 
to the infarcted area.

remodelling allows these same arterial resistance vessels to withstand
much higher systemic pressures before their structural and functional
integrity is compromised and CBF rises. Successful long-term antihyper-
tensive treatment over many weeks to months can shift the CBF auto-
regulatory curve leftward back to a near normal range of MAP [23].

Reductions in MAP below the lower limit of CBF autoregulation

As systemic perfusion pressure falls below the lower limits of CBF 
autoregulation, cerebral resistance vessels have dilatated maximally but 
are unable to prevent the fall in CBF. As CBF falls, cerebral oxidative
metabolism can be maintained via increased oxygen extraction resulting
in a wider arteriovenous oxygen difference. Nevertheless, neurological
symptomsalethargy, confusion, somnolence, seizures, obtundationaonly
develop after the reductions in CBF exceed the maximum compensatory
capacity of augmented oxygen extraction [19].

Increases in MAP above the upper limit of CBF autoregulation

As systemic perfusion pressure rises within the normal range of cerebral
autoregulation, cerebral resistance vessels constrict. When systemic per-
fusion pressure exceeds the upper limits of CBF autoregulation, then CBF
increases dramatically. Abnormally high CBF can cause vasogenic brain
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edema potentially leading to increased intracranial pressure (ICP) [24,25].
Raised ICP has two important physiological effects. First, systemic BP rises
in response to raised ICP to maintain effective cranial perfusion pressure
(CPP). Second, CBF may fall as a consequence of raised ICP that reduces
CPP, although this tendency is counterbalanced, at least partially, by the
reflex rise in systemic perfusion pressure. Symptoms of central nervous
system (CNS) dysfunctionaseizures, lethargy, stupor, coma, etc.,amay
occur as BP rises above the upper limits of the CBF autoregulatory curve.

Blood pressure and cerebral blood flow regulation
during acute brain ischemia

Blood pressure reflexively rises during acute brain ischemia and brain
trauma. However, the early rise in BP clearly preceeds the peak increase 
in intracranial pressure that typically occurs 3–5 days postinfarct [26,27].
Large cerebellar strokes can obstruct the flow of cerebrospinal fluid and
result in ICP shortly after the infarct [28]. During acute brain ischemia,
even during transient ischemic attacks (TIAs), autoregulation of CBF dis-
rupts ischemic areas of the brain that surround the already infarcted area
[29]. The non-infarcted viable area around the infarct has been labeled the
‘ischemic penumbra’ [30,31]. Thus, this injured yet potentially viable area
of brain tissue is highly dependent upon systemic perfusion pressure to
maintain blood flow and oxygen delivery to maintain cerebral oxidative
metabolism. Simply put, the disruption of CBF in ischemic brain areas is
reflected in a more linear, as opposed to the normal sigmoidal, relation-
ship between systemic perfusion pressure and CBF. The disruption of 
CBF autoregulation appears to vary according to the area of the brain that
develops ischemia. Accordingly, disordered CBF autoregulation appears 
to be greater for brainstem ischemic lesions than for hemispheric lesions;
severe hemispheric lesions cause greater disruption of autoregulation
than minor hemispheric lesions, and subcortical lesions cause more dis-
ruption than cortical ischemic insults [29]. Stroke type can also impact
whether CBF autoregulation is impaired or not. Autoregulation of CBF
may not be impaired in small ICH (< 45 ml) [32]. However, larger volume
ICH may lead to disrupted autoregulation of CBF because of raised in-
tracranial pressure (and decreased CPP) and as a consequence of neuronal
injury [32]. Also, persons with subarachnoid haemorrhage (SAH) often
manifest abnormal cerebral autoregulation [33]; impairment of cerebral
autoregulation appears to precede arterial vasospasm in ICH and, in turn,
this impairment further disrupts cerebral autoregulation and reduces CPP
[33]. Table 14.1 defines important cerebral hemodynamic parameters and
their interrelationships.

This disruption of CBF autoregulation occurring with acute brain
ischemia may last for weeks, or perhaps even longer. Even TIA has been
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associated with alterations in CBF autoregulation [34]. The disruption of
CBF autoregulation in areas of brain ischemia coupled with excessively
high systemic perfusion pressures can significantly increase blood flow,
facilitate brain edema formation, and potentially raise ICP. A significant
proportion of persons with acute stroke may ultimately develop elevated
ICP; therefore, the rise in systemic perfusion pressure might also help
maintain CPP and therefore CBF in ischemic areas of the brain when ICP 
is elevated. The greatest poststroke systemic BP elevations appear to be
associated with intracranial hematomas [15,35].

Therapeutic considerations and implications

The clinical imperative to emergently lower elevated BP by pharmacolog-
ical means depends on these four assumptions: (i) that elevated BP trig-
gered the acute ischemic event; (ii) that persistently elevated BP may
cause infarct extension, hemorrhagic transformation of ischemic strokes,
or further bleeding in ICH; (iii) that BP elevations have caused new or
worsening target-organ injury (e.g. heart failure); and/or (iv) that BP elev-
ations are severe enough to cause imminent injury to pressure-sensitive
target organs in persons without such injury. However, the potential 
risks of persistently elevated BP in the setting of acute brain ischemia must
be counterbalanced against the very real risks of iatrogenic harm when 
BP is emergently lowered [36,37]. A clear understanding of altered auto-
regulation of CBF as well as an understanding of the natural history of 
BP poststroke can prevent therapeutic misadventures that may result in
disastrous clinical consequences for the patients with acute brain ischemia
complicated by elevated BP.

If BP lowering by pharmacological means is to be undertaken emer-
gently, several important issues with significant therapeutic implications
must be addressed: (i) via what route should therapy be administered; 
(ii) what drugs should be used as well as avoided; (iii) what are appropri-
ate BP targets; and (iv) over what time frame should BP goals be obtained?

Table 14.1 Definitions of cerebral hemodynamic parameters

CPP = MAP – ICP

CBF = CPP/CVR

MAP ≅ CPP (when ICP is normal)

MAP »CPP (when ICP is elevated)

CPP, Cranial perfusion pressure; MAP, mean arterial pressure; ICP, intracranial
pressure; CBF, cerebral blood flow; CVR, cerebrovascular resistance.
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The relative paucity of adequately powered randomized, controlled clinical
trials of hypertension treatment with assessment of relevant neurological,
functional status, and cardiovascular clinical endpoints undermines optimal
therapeutic decision-making during brain ischemia, at least with regard to
the decision to acutely lower BP.

Natural history of blood pressure levels poststroke

Clearly, hypertension is the major risk factor for stroke. Furthermore,
approximately 80% of patients with acute stroke have elevated BP at 
the time of hospital admission [38] even in patients without antecedent
hypertension, though admission BP levels are higher among those with
chronic hypertension [38,39]. Blood pressure falls significantly during 
the first 4 days after acute stroke and continues to fall spontaneously
through 7–10 days poststroke [35,39,40]. In one large series of acute
stroke patients, the fall in BP averaged 20/10 mmHg by day 10 [38].

Major considerations regarding therapy in acute brain ischemia

A multiplicity of factors should be considered when deciding on whether
to treat hypertension in patients with acute brain ischemia. These factors
relate to the type of stroke, patient clinical characteristics, the decision to
intervene pharmacologically or not, the route of drug administration, the
physical location of drug administration within the hospital, the drug class
of the chosen agent(s), and the status of other pressure-sensitive target
organs. The overarching aim of therapeutic interventions to lower BP,
albeit modestly, during acute brain ischemia is to prevent further brain
injury as well as to avoid, or at least minimize, pressure-related complica-
tions in other target organs such as the heart, kidneys, and peripheral vas-
culature. These aims can best be accomplished by lowering BP by means
that do not disrupt CBF autoregulation and therefore preserve CBF. Also,
when excessive BP reductions occur, the ability rapidly to reverse brain
hypoperfusion and systemic hypotension is desirable.

During the initial assessment of the patient with acute brain ischemia,
BP will be elevated more often than not. Though the precise mechanism(s)
underlying this elevation of BP remains poorly elucidated and incom-
pletely understood, there is some suggestion that increased sympathetic
nervous system (SNS) activity and/or an imbalance of sympathetic and
parasympathetic nervous system tone may be important [41,42]. Despite
the fact that elevated BP, over the long term, is a risk factor for stroke, 
elevations in BP at the time of admission appear to represent a response to
acute brain ischemia more often than actually being the precipitating factor
of the acute ischemic event. Thus, antihypertensive therapy is not auto-
matically required in the setting of acute brain ischemia and elevated BP.
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In these situations, the clinician should carefully search for some indica-
tion of previous BP control such as chart documentation of previous BP
levels, evidence of target-organ damage such as retinopathy, left ventric-
ular enlargement, proteinuria, reduced kidney function, or evidence of
worsening target-organ function (e.g. new onset or worsening heart fail-
ure). The presence of any or all of these conditions suggests chronically
elevated BP and a likely shift of the lower and upper limits of normal CBF
autoregulation to higher levels of BP. The decision to initiate BP-lowering
therapy should be undertaken with careful consideration of prior BP con-
trol levels as well as the status of other pressure-sensitive target organs
such as the heart, kidney, and the peripheral as well as the microvascula-
ture. Another key consideration is stroke type. Cerebral autoregulation
appears to be impaired in most types of brain ischemia with the exception
of small to moderate volume ICH.

Blood pressure treatment thresholds and other considerations in
acute brain ischemia

There is no clear consensus on how to manage BP during and immediately
after acute brain ischemia. Nevertheless, there is some guidance for the
practitioner in this situation. American Heart Association guidelines for
management of the patient with acute ischemic stroke do not recommend
acute pharmacological interventions to emergently lower BP during stroke
unless the mean arterial BP is > 130 mmHg or the SBP is > 220 mmHg [26];
even when BP exceeds these levels the guideline recommends cautious
treatment and therapeutic intervention to lower BP, per se, will not always
be necessary. In fact, the majority of stroke patients will not need new or
intensified antihypertensive drug therapy [26]. These recommendations
seem both reasonable and prudent in the absence of definitive clinical 
trials. Table 14.2 displays potential indications for acute pharmacological
intervention to lower BP during acute brain ischemia.

How should BP be lowered and by how much?

If therapeutic intervention is deemed necessary, then how should BP be
lowered and by how much? There are several general caveats regarding
antihypertensive treatment in acute brain ischemia. A major physiological
reason to consider treatment is that persistently elevated BP may cause
excessive CBF leading to brain edema formation, raised ICP, infarct exten-
sion into the ischemic penumbra, and/or hemorrhagic transformation of
ischemic or embolic stroke. In the setting of ICH, there is legitimate con-
cern that persistent BP elevations might cause persistent intracerebral
bleeding and hematoma expansion [43–45]; however, it appears that the
bleeding typically stops within 6–12 h of the initial bleed [46]. Even in 
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the setting of acute embolic stroke there is evidence in an experimental
rabbit model that BP treatment with intravenous labetalol minimizes
hemorrhagic transformation [47]. On the other hand, these possibilities
must be balanced against the risk of iatrogenic cerebral hypoperfusion
leading to worsened neurological symptoms [37,48–50] or increased 
mortality [51] occurring in response to reductions in BP.

When acute pharmacological intervention to lower BP is undertaken
the first guiding principle is that BP reductions should be gradual and rea-
sonably predictable. Therefore, reductions in MAP by ~10–15% followed
by reassessment of overall clinical and neurological status seem reasonable
and prudent. Acute intervention with oral antihypertensives is generally
avoided, although in persons without impaired sensorium and/or swal-
lowing difficulties, oral outpatient antihypertensive medications should
be continued. When it is not feasible to continue ambulatory medications
via the oral route, then either the same (or similar) medications should 
be administered via either the intravenous route or via a feeding tube.
Continuation of oral sedating orally sympatholytics such as clonidine is
probably not advisableayet neither is abrupt discontinuation, since this
can result in severe rebound hypertension. Perhaps in this situation, and
in the absence of contraindications to their use, intravenous β-blockers
can be prescribed instead.

Attempting to lower BP acutely with oral agents such as clonidine or
short-acting nifedipine should certainly be avoided. Clonidine can cause
sedation and drowsiness and therefore may confuse the clinical assess-
ment of the patient experiencing acute stroke. Short-acting nifedipine can
abruptly and precipitously lower BP; and, the BP response to this agent is

Table 14.2 Potential indications for acute pharmacological intervention during acute
brain ischemia

Severe BP elevation
MAP > 130 or SBP > 220 mmHg

Use of thrombolytic therapy
Target BP < 185/110 mmHg

New/worsening target-organ injury
Heart failure
New/worsening azotemia
Aortic dissection

Cerebral edema
Papilledema [1]
?Embolic stroke

MAP, Mean arterial pressure; SBP, systolic blood pressure.
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highly unpredictable. This increases the likelihood of overzealous BP lead-
ing to a potentially deleterious fall in CBF into the ischemic penumbra that
may depress cerebral oxidative metabolism and result in further neuronal
injury. Also, calcium antagonists may impair autoregulation of CBF lead-
ing to reductions in CBF as BP falls [36,51] and raise ICP [52]. Thus, 
calcium antagonists are not indicated for emergent BP lowering in persons
with acute brain ischemia. However, a clear exception to this recommen-
dation is in the setting of SAH when nimodipine is indicated to combat
arterial spasm. In general, rapidly acting oral antihypertenisve agents lead
to highly variable reductions in BP and, in most cases of acute brain
ischemia, should be avoided. Another potential complication of precipit-
ous BP lowering is the development of ischemia of other target organs
such as the myocardium. Finally, the rapid and sizeable reduction in BP
may activate the SNS, leading to constriction of the larger preresistance
cerebral vessels thereby reducing CBF despite compensatory dilatation of
the smaller intracerebral resistance vessels.

The ideal antihypertensive agent for emergent BP lowering during acute
brain ischemia would gradually lower BP and, if BP fell excessively, the
hypotensive effect could be reversed rather quickly (e.g. seconds to 
minutes) or CBF would be maintained despite the reductions in systemic
pressure. Furthermore, the ideal hypotensive agent for acute therapeutic
intervention would be administered via the intravenous route, would not
raise ICP, and would avoid significant dilatation of cerebral resistance 
vessels that might lead to a ‘steal’ syndrome by shunting blood flow away
from injured, acutely ischemic, though still potentially viable, areas of the
brain (ischemic penumbra). The hypotensive effect of both intravenous
nitroglycerin and nitroprusside can be reversed rather quickly by titration
of the infusion rate; however, both drugs can raise ICP [53,54]. In addi-
tion, nitroprusside can theoretically cause an intracranial [55,56] and/or a
coronary ‘steal’ syndrome, i.e. shunting of blood flow away from ischemic
areas as a consequence of arteriolar vasodilatation. Sodium nitroprusside
can also impair autoregulation of CBF leading to reductions in CBF
[57,58]. Nevertheless, nitroprusside has been used successfully in indi-
viduals experiencing acute ICH [59,60]. The clinician should remain 
cognizant of the fact that even if CBF autoregulation remains intact, the
BP range within which CBF autoregulation is normal has probably been
shifted to the right (toward higher systemic pressures).

A body of clinical and experimental data exists for at least two other
intravenous antihypertensive agents, labetalol (alpha beta blocker) and
enalapril [angiotensin converting enzyme (ACE) inhibitor], regarding
their ability to lower BP during acute cerebral ischemia without impairing
CBF. Intravenous labetalol has been used without complications to lower
severely elevated BP in persons with TIA, hypertensive encephalopathy,
and ICH [61–63]. Another study in patients with essential hypertension
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shed light on why labetalol safely lowers BP in situations of acute brain
ischemia. Pearson and coworkers [63] compared the effect of intravenous
injections of diazoxide 300 mg and labetalol 150 mg on BP and CBF;
despite rapid reductions in BP in both groups (labetalol slightly greater
than diazoxide), a reduction in CBF was observed with diazoxide but not
labetalol. Furthermore, labetalol does not appear to either raise ICP [64] or
negatively affect autoregulation of CBF [65].

ACE inhibitors appear to have no deleterious impact on autoregulation
of CBF [52]; in fact, at least in animal studies, these agents appear to shift
both the lower and upper limits of the CBF autoregulatory curve down-
ward (toward lower BP levels). It has been speculated that the mechanism
underlying the downward shift of the entire CBF autoregulatory curve
relates to diminution of angiotensin II-mediated constriction of the larger
cerebral vessels that control the influx of blood into the smaller cerebral
resistance vessels that mediate CBF autoregulation [66]. One small
human clinical study of regional CBF in 12 patients within 5 days of acute
stroke found no change in mean hemispheric CBF 1 h after administration
of 25 mg of captopril. However, there was no reduction in BP either in this
study, making the therapeutic implications of this study less clear. In a
study of 14 patients with normal pressure hydrocephalus 1 h after 50 mg
of oral captopril, MAP was reduced from 109 to 93 mmHg without change
in the arteriovenous oxygen difference (an estimate of CBF change) or
ICP. Figure 14.2 shows a suggested algorithm outlining the approach to
emergent BP lowering during acute brain ischemia.

Drugs to avoid

Antihypertensive drugs that dilatate cerebral resistance vessels and/or
raise ICP are best avoided in the setting of acute brain ischemia. Drugs
with these characteristics tend to impair CBF into the ischemic penumbra.
Accordingly, hydralazine is a powerful cerebral vasodilatator, raises ICP,
and appears to impair autoregulation of CBF [52,67–69]. The raised ICP
uncouples the close relationship of systemic perfusion pressure with CPP,
and the activation of the SNS in response to the intense peripheral arterial
vasodilatation can constrict the larger cerebral preresistance vessels. Both
of these physiological effects probably underlie the observed reductions in
CBF after administration of hydralazine. For similar reasons, short-acting
calcium antagonists such as nifedipine should not be used to emergently
lower BP during acute brain ischemia. Though not commonly used in 
contemporary medical practice, diazoxide is another drug to avoid, as it
can significantly decrease CBF as it lowers BP. Nitroglycerin effectively
lowers BP and importantly reduces coronary ischemiaahowever, because
it raises ICP this agent should be avoided, if at all possible, in the setting of
acute brain ischemia.
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Antihypertensive drug therapy and stroke prevention

Primary stroke prevention

In placebo-controlled clinical trials, antihypertensive drug therapy with 
a variety of antihypertensive drug classes including diuretics [70,71], 
β-blockers [72], calcium antagonists [73,74], and ACE inhibitors [75,76]
have all been shown to lower stroke risk in hypertensive patients initially
free of stroke [77,78]. The Heart Outcomes Prevention Evaluation (HOPE)
study, in which blood pressure was relatively well controlled prior to study
entry, evaluated ramipril in patients at increased risk of vascular events
and has been discussed in a previous chapter.

There are long-term clinical trial data suggesting that stroke risk 
reduction may not occur equally when BP is lowered with the various
antihypertensive drug classes. For example, meta-analyses of hyperten-
sion stroke endpoint trials strongly suggest that diuretics and calcium
antagonists are highly effective antistroke agents, and that calcium antag-
onists, dihydropridine and rate-lowering considered together, might be
slightly better than diuretics [70,79,80]. A similar, though statistically
insignificant, trend (7%) in favor of amlodipine preventing stroke more
effectively than chlorthalidone was seen in the recently completed Anti-
hypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial
(ALLHAT) study [70]. Also, in the ALLHAT study the diuretic chlor-
thalidone had a 15% lower stroke risk than lisinopril, an ACE inhibitor.
The stroke risk differential in favor of chlorthalidone over lisinopril was
40% in African-Americans. However, there is one interpretational caveat.
That is, the ACE inhibitor lowered SBP less effectively than chlorthalidone
by the end of the study. In the overall cohort, the difference was 2 mmHg,
among persons > 65 years 3 mmHg, and in African-Americans it was 
4 mmHgathese BP lowering differences were even larger during earlier
study years. In ALLHAT the calcium antagonist, amlodipine, was not 
compared directly with the ACE inhibitor, lisinopril. These data may 
be interpreted by some as further evidence that ACE inhibitors should be
avoided in African-Americans. However, our interpretation is different.
We believe these data are consistent with the thesis that ACE inhibitors
will not protect against stroke unless SBP is adequately controlled.
Furthermore, we have previously argued vigorously against the use of
race or ethnicity as a surrogate for BP response or target-organ protection
with ACE inhibitors, or for that matter, any hypertensive drug class in
individual patients [81].

A meta-analysis in older hypertensives by Messerli and coworkers [82]
showed that β-blockers were less effective than thiazide diuretics for low-
ering stroke riskahowever, it should be pointed out that this same analysis
found that β-blockers less effectively lowered BP than diuretic-based regi-
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mens. The recently reported Losartan Intervention for Endpoint (LIFE)
Reduction study enrolled 9193 men and women with a mean of age 
of 66.9 years with SBP 160–200 mmHg and DBP < 90 mmHg (average
174/98 mmHg). Follow-up averaged 4.7 years. Participants were random-
ized to either once daily atenolol or losartan; hydrochlorothiazide was the
add-on drug in both treatment arms. The angiotensin receptor blocker
losartan more effectively prevented stroke than did the β-blocker atenolol
[83]. Total stroke was 25% lower (10.8 strokes/1000 patient-years vs.
14.5) despite comparable reductions in BP of 30/17 and 29/17 mmHg from
baseline in the losartan and atenolol groups, respectively. This intriguing
finding merits further study. A large body of clinical trial evidence suggests,
however, that effective BP lowering, not drug selection, is responsible for
most of the stroke risk reduction during antihypertensive treatment.

Secondary stroke prevention

Data regarding prevention of recurrent stroke via pharmacological BP
lowering are sparse. A pooled analysis across nine randomized clinical trials
that included some stroke survivors reported a significant 29% reduc-
tion in risk of recurrent stroke [84]. The Perindopril Protection Against
Recurrent Stroke (PROGRESS) [2] study enrolled 6105 persons with a his-
tory of either ischemic stroke, ICH, stroke of unknown type, TIA or amau-
rosis fugax, and has been discussed previously in this volume. This study
highlighted the importance of lowering BP in reducing recurrent ischemic
brain events and major vascular complications in stroke survivors. Over 
4 years of follow-up, combination therapy with perindopril and inda-
pamide lowered blood pressure 12/5 mmHg and reduced recurrent stroke
risk by 43%. Also, the risk of cognitive decline and the composite of cognit-
ive decline and dementia were reduced 19% and 19%, respectively [85].

There are several notes of caution for the practitioner when prescribing
antihypertensive drug therapy in persons with chronic brain ischemia 
or poststroke patients. There are some data suggesting that CBF, though
not cerebral oxidative metabolism, is depressed in persons with chronic
atherothrombotic brain infarction [86]; this suggests that increased arterial
oxygen extraction has occurred to compensate for reduced CBF to main-
tain cerebral oxidative metabolism. There are also data in persons with
chronic cerebral ischemia linking pharmacological reductions in BP to
potential adverse clinical outcomes [87]. In persons with severe carotid
artery stenosis, particularly older individuals, antihypertensive drug therapy
may reduce CBF (enalapril < isradipine) [88,89]. Finally, some poststroke
patients manifest excessive nocturnal dipping of BP that has been linked 
to silent and clinical cerebral ischemia [90]. However, by no means has 
it been proven that the excessive nocturnal dipping in BP is attribut-
able to antihypertensive drug therapy; in fact, there does not appear to be
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a direct causal link. Nevertheless, all of these cautionary factors can com-
plicate BP treatment in the poststroke or chronic brain ischemia patient.

Isolated systolic hypertension

Isolated systolic hypertension (ISH) is the major form of hypertension 
in elderly individuals and represents a significant portion of the burden 
of inadequately treated hypertension in North America. Previous studies
estimate that 65% of hypertension in the elderly is due to ISH.

A recent study from the First National Health and Nutrition Examina-
tion Survey Follow-up Study (NHANES) evaluated the long-term (20 years)
stroke risk for both ISH, defined as a systolic BP > 160 mmHg and DBP 
< 90 mmHg, as well as borderline ISH, defined as SBP between 140 
and 159 mmHg and DBP < 90 mmHg [91]. Among 12 344 participants
between the ages of 25 and 74 years, 493 were classified as having ISH 
and 1241 were categorized as borderline ISH. Following adjustment for
conventional vascular risk factors, there was an increased risk of stroke 
in both patients with ISH (relative risk 2.7) and borderline ISH (relative
risk 1.4). The risk was increased for both ischemic stroke and ICH. The
stroke risk was independently associated with older age, diabetes mellitus,
and SBP > 180 mmHg.

In terms of treatment, more than one study in the past has demon-
strated the value of treating ISH in terms of stroke reduction. The Systolic
Hypertension in the Elderly (SHEP) trial showed that a diuretic-based 
regimen was associated with a decreased rate of stroke (36% reduction),
myocardial infarction (MI), and congestive heart failure [92]. In terms of
stroke subtypes, both ischemic and hemorrhagic strokes were reduced,
and for ischemic stroke subtypes there was a greater reduction in lacunar
strokes (relative risk 0.53) and cryptogenic events (relative risk 0.64) com-
pared with atherosclerotic stroke (relative risk 0.99) [93].

The Syst-Eur Trial enrolled 4695 patients with ISH and baseline SBP
between 160 and 219 mmHg and DBP < 95 mmHg [94]. The patients were
assigned to treatment with the calcium channel blocker nitrendipine or
placebo, with the possible addition of enalapril and HCTZ. The active treat-
ment group had a decrease in BP of 23 mmHg systolic and 7 mmHg dias-
tolic, with the between-group difference being 10.1 mmHg systolic and
4.5 mmHg diastolic. This was associated with a 42% risk reduction for
stroke (13.7 strokes per 1000 patient-years vs. 7.9, P = 0.003) and a 44%
risk reduction for nonfatal stroke. Cardiac events were also reduced to a
significant degree, with fatal and nonfatal cardiovascular events declining
by 31%.

A recent subgroup analysis from the LIFE trial mentioned above also
showed the value of losartan treatment in patients with ISH and left 



Hypertension Treatment

323

ventricular hypertrophy [95]. In this trial, 1326 patients were classified 
as having ISH and despite comparable BP reduction, the group assigned 
to treatment with losartan had a 25% risk reduction compared with
atenolol-based treatment for stroke, MI, or vascular death (25.1 events 
per 1000 patient-years vs. 35.4 events, P = 0.02). The reduction in stroke
alone was 40% (P = 0.02).

Therefore, the data are quite compelling that treatment of ISH is 
warranted and many HTN authorities would recommend a target SBP of at
least < 140 mmHg for these patients. Additional studies to evaluate treat-
ment of patients with borderline ISH are needed.

Blood pressure targets

The optimal blood pressure for different stroke subtypes is not completely
established. Some clinicians have recommended ‘liberalizing’ BP treat-
ment up to approximately 140/80 for patients with large-vessel occlusions
(e.g. carotid occlusion) or intracranial atherosclerosis.

For patients with lacunar infarctions, a multicentre trial has been
launched to compare aggressive BP lowering to < 130 mmHg with ‘con-
ventional’ lowering to < 150 mmHg. This study will provide important in-
formation regarding therapeutic BP targets in secondary stroke prevention.

Summary

Pharmacological BP lowering prevents initial and recurrent stroke.
Though some differences in stroke risk reduction have been observed
between various antihypertensive drug classes, the totality of evidence
suggests that the magnitude of BP lowering is much more important than
the drugs used to lower BP. Most hypertensives will require more than a
single drug to achieve target BP levels. Antihypertensive agents with the
strongest evidence supporting primary stroke prevention are the calcium
antagonists and thiazide diuretics. These agents will frequently be used in
multidrug antihypertensive drug regimens, especially thiazide diuretics.
In complex (> 2) drug regimens it will be virtually impossible to control BP
without inclusion of a diuretic. Angiotensin receptor blockers will proba-
bly play an increasingly important role in stroke prevention.

In the setting of acute brain ischemia, the majority of individuals will
have elevated BP, though only a minority of them will need emergent
pharmacological BP lowering. Intravenous labetalol and enalaprilat have
the most substantial evidence in acute brain ischemia; in ICH sodium
nitroprusside and labetalol have the most evidence in support of their use.
In acute brain ischemia, modest BP reductions of 10–15% should be the
goal of therapy.
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Other Medical Therapies
Bradley S. Jacobs, Mar Castellanos, Ramesh Madhavan

Medical therapies for prevention of transient ischemic attack (TIA) and
ischemic stroke have mostly focused on treatment of some of the well-
proven, modifiable risk factors, such as diabetes and hypertension, and
various antithrombotic regimens. However, over the past several years 
the roles of other risk factors and medical therapies for TIA and stroke pre-
vention have been elucidated. In this chapter, we will discuss some of 
the pathophysiological and epidemiological bases of some of these more
recently suggested risk factors and medical therapies that may offer fur-
ther potential for TIA and ischemic stroke prevention. Most studies have
looked at stroke and TIA together or stroke alone, thus the application of
the results to prevention of TIA alone may be presumed, but not proven.

Hyperhomocysteinemia

Elevated levels of total plasma homocysteine have been associated with 
an increased risk of vascular disease [1]. Initially, an enzyme deficiency 
of cystathionine β-synthase (an enzyme responsible for homocysteine
metabolism) was discovered to be responsible for severe hyperhomocys-
teinemia (> 100 µM) and homocysteinuria that was associated with vascu-
lar disease. McCully first noted that different enzyme deficiency states
associated with homocysteinuria were associated with vascular disease
and then postulated that elevated homocysteine levels were responsible
for the vascular disease [2]. Experimental animal studies have shown that
these very high levels of serum homocysteine were probably responsible
for the resultant vascular disease [3].

High levels of homocysteine that result in vascular disease are associated
with rare severe enzyme deficiencies or dysfunction, whereas mild to moder-
ate elevations of homocysteine are more common in the general popula-
tion. The role that these smaller elevations of homocysteine (> 10–15 µM)
play in the development of vascular disease is less clear. Over the past 20
years, attempts have been made to assess whether these mild to moderate
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elevations are related to vascular disease. Several case–control and pro-
spective studies found an increased risk of vascular disease with mildly
elevated levels of homocysteine [1]. An assumption has been that even
this mild hyperhomocysteinemia, whatever the etiology, was probably
causally responsible for the increased risk of vascular disease ( just as with
the higher levels).

Homocysteine is an amino acid metabolite of methionine. Two import-
ant pathways for disposal of homocysteine are through remethylation to
methionine or conversion to cysteine (Fig. 15.1). The important enzymes
in these pathways are methylenetetrahydrofolate reductase and cys-
tathionine β-synthase, respectively. Important vitamin cofactors include
folic acid, vitamin B6, and vitamin B12. Deficiencies or dysfunction of
these enzymes or deficiencies of these vitamins may cause elevated homo-
cysteine levels. In addition, impaired renal function has been shown to 
be related to decreased clearance of homocysteine from the blood and
resultant hyperhomocysteinemia.

Several less intuitive factors have been shown to be associated with elev-
ated homocysteine levels. Perhaps the most important study investigat-
ing these relationships is the Hordaland Homocysteine Study [4]. In this
Norwegian study, 7591 men and 8585 women without a known history of
hypertension, diabetes, coronary heart disease, or cerebrovascular disease
were selected from the National Population Registry. Elevated homocysteine
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was associated with male sex, older age, increasing amounts of cigarettes
smoked, higher total cholesterol levels, higher blood pressure, higher
heart rate, low levels of physical activity, lower intakes of vitamin supple-
ments, and lower dietary intakes of fruits and vegetables. The reasons 
for some of these associations are not clear. These are all potential con-
founders of the relationship between homocysteine and vascular disease.

Laboratory assays for plasma homocysteine generally measure the total
concentration of free thiol, disulfide, and mixed disulfide forms of homo-
cysteine, which are collectively termed ‘homocysteine’ or ‘total plasma
homocysteine’. Fasting total plasma homocysteine is the most common
and convenient test to perform. Total plasma homocysteine increases 
after protein meals or methionine loading, which provides the basis for 
the ‘post-methionine loading’ test for hyperhomocysteinemia. In this test,
total plasma homocysteine is measured 2 h after oral administration of
methionine. This test may have greater sensitivity than measurement of
fasting total plasma homocysteine for detecting moderate hyperhomocys-
teinemia caused by abnormalities of homocysteine trans-sulfuration [5].
Specialized tests for detection of specific DNA mutations in cystathionine
β-synthase or 5,10-methylenetetrahydrofolate reductase are available.

If the homocysteine is elevated, testing levels of folate, vitamin B12, and
vitamin B6 may be helpful in determining whether specific supplementa-
tion with one of these vitamins may be most efficacious. Additionally, 
further work-up for an etiology of these deficiencies may be warranteda
especially vitamin B12 deficiency.

Management of patients with severe hyperhomocysteinemia (> 100 µM)
and homocysteinuria (most often diagnosed in children) is directed toward
lowering the total plasma homocysteine concentration with vitamin sup-
plementation. Initial therapy for severe hyperhomocysteinemia consists
of oral administration of large doses of pyridoxine (250–1200 mg daily).
Because only about 50% of patients with homozygous deficiency of cys-
tathionine β-synthase respond to pyridoxine, additional therapeutic meas-
ures are often employed. These include dietary methionine restriction,
supplementation with folic acid or vitamin B12, and administration of the
methyl donor, betaine.

For moderate hyperhomocystinemia (15–100 µM) or ‘high normal’
homocysteinemia (10–15 µM), lowering of homocysteine has not yet 
been proven to reduce the risk of stroke in randomized controlled trials.
There are several trials addressing homocysteine reduction for stroke pre-
vention, including the Bergen Vitamin Study, Vitamin Intervention for 
Stroke Prevention Trial (VISP) [5a], and Vitamins To Prevent Stroke Study
(VITATOPS) [5b]. Because the treatment with vitamin supplementation is
relatively benign, based on clinical observational studies it is reasonable to
treat pending completion of these trials. Current recommendations [6]
advocate checking serum homocysteine levels in patients at ‘high risk’ of
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vascular disease with a goal level of < 10 µM. If the level is elevated then
further blood testing for specific vitamin deficiencies (folate, B12, and B6)
may be considered and vitamin supplementation specifically directed
toward these deficiencies. If no clear deficiencies are found, a diet rich 
in these vitamins may be consideredafortified cereals, leafy green vege-
tables, fruits, legumes, poultry, beef, fish, artichoke, asparagus, beans, and
cabbage. A daily multivitamin may be considered at this time as well (or
after re-testing levels following dietary change). If still elevated, daily folic
acid 1–2 mg, vitamin B6 25–100 mg, and vitamin B12 0.5–1 mg may be
tried. If still elevated, higher doses of these vitamins, in particular folic
acid, up to 15 mg daily may be employed. If still elevated, then betaine 3 g
twice a day can be attempted.

Cholesterol and statins

Cholesterol and stroke

Dyslipidemia is a well-established risk factor for coronary artery disease
and peripheral vascular disease, presumably by contributing to atheroscle-
rosis. Its relationship to stroke has been more controversial [7–9].

Several prospective studies have not shown a relationship between total
cholesterol and cerebral infarction [10–12], while others have [13,14].
Several studies have shown an inverse association with cerebral hemor-
rhage [10,13,15], while one showed a positive association [16]. A review
of prospective cohort studies found no clear relationship between plasma
total cholesterol levels and stroke (both infarction and hemorrhage) [17].
However, there was a weak positive association between cholesterol and
the risk of ischemic stroke and a weak negative association with hemor-
rhagic stroke [17,18].

Several suggestions for the inconsistent results and lack of association
seen in prior studies have been proposed [9,14]. All stroke subtypes were
studied together, not only those that would be more strongly related to
atherosclerosis. Many studies of stroke risk were performed in patients
who developed coronary heart disease, and this limits the interpretation of
these studies for several reasons. Studies of coronary heart disease were
mainly conducted with middle-aged men, while the population most at
risk of stroke is older. Persons in these studies most probably succumbed to
coronary heart disease rather than going on to develop stroke. Finally,
persons diagnosed with coronary heart disease may be treated with risk
factor intervention and are less likely to have stroke later in life.

Recent studies, focusing on ischemic stroke and TIA and specific lipopro-
tein classes, have been more valuable. A population-based case–control
study in northern Manhattan showed increased HDL levels associated with
a reduced risk of ischemic stroke [19]. A prospective case–control study in
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Israel demonstrated higher total cholesterol, higher LDL, and lower HDL to
be associated with an increased risk of ischemic stroke or TIA [20]. Further-
more, extracranial carotid stenosis has been associated with dyslipidemia.
Carotid atherosclerosis has been positively associated with total cholesterol
[21,22] and LDL [23–25] and inversely associated with HDL [23,26,27].

Statins and stroke

Statins competitively inhibit the liver enzyme HMG-CoA reductase which
is the last regulated step in cholesterol synthesis. Statins lower LDL levels
by upregulating LDL receptor activity and reducing entry of LDL into 
the circulation [28]. Other possible beneficial effects of statins include
improved endothelial function, decreasing cholesterol accumulation in
macrophages, increased antioxidant capacity of plasma, improved stabil-
ization of atherosclerotic plaque, and prevention of thrombus formation
[29]. Statins may also have an effect on inflammation. Some studies have
shown statin therapy to lower C-reactive protein (CRP) [30,31] and atten-
uate the risk of recurrent coronary events in persons with high CRP [32].

There are currently six statins on the market: atorvastatin, fluvastatin,
lovastatin, pravastatin, simvastatin and rosouvastatin. The most common
adverse effects include gastrointestinal upset, muscle aches, and hepatitis.
Rare effects include myopathy, rhabdomyolysis, rash, peripheral neuro-
pathy, insomnia, bad or vivid dreams, and difficulty sleeping or concen-
trating. Hepatotoxicity occurs in < 1% of patients when given high doses.
Hepatitis induced by statins is accompanied by fatigue, sluggishness,
anorexia, and weight loss with moderate elevation of serum aminotrans-
ferases. These symptoms subside quickly after the drug is discontinued [28].

Severe myopathy occurs in approximately 0.08% of persons taking 
the currently available statins [33]. Cerivastatin was withdrawn from the
market after the Food and Drug Administration received reports of death
of 31 people taking the drug who developed rhabdomyolysis (12 who con-
comitantly used gemfibrozil) and subsequently there were indications that
as many as 100 deaths were linked [33]. The rate of fatal rhabdomyolysis
was about 16–80 times more frequent with cerivastatin compared with
other statins [34].

Several trials of statins in patients with coronary heart disease have
shown that statins reduce the risk of stroke in these patients. In a meta-
analysis [35] of 13 trials, 442 strokes occurred in 20 438 study parti-
cipants. An overall stroke risk reduction of 31% (odds ratio 0.69; 95%
confidence interval 0.57, 0.83) was determined. The authors calculated
that approximately 40 strokes could be prevented when using statins in 
10 000 patients with coronary artery disease over ‘a considerable length of
time’. The major randomized controlled trials are presented in Table 15.1.
The Prospective Pravastatin Pooling (PPP) project [36] was a prospectively
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defined analysis of three of these large randomized, placebo-controlled 
trials of pravastatin for coronary heart disease prevention that included 
19 768 patients, with 598 patients having stroke during 5 years of follow-
up. The primary prevention trial in hypercholesterolemic men [WOSCOPS
(West of Scotland Coronary Prevention Study) [37] ] did not show a
significant reduction in stroke risk. However, the two secondary preven-
tion trials, CARE (Cholesterol And Recurrent Events) [38] and LIPID
(Long-term Intervention with Pravastatin in Ischemic Disease) [39] indi-
vidually demonstrated reductions in nonfatal and total stroke rates. The
combined data of the latter two trials showed a 22% reduction in total
strokes (P = 0.01). When all three trials were combined, a 20% reduction
(P = 0.01) in total stroke was noted. From the WOSCOPS trial, 3333
patients per year would need to be treated to prevent one stroke. From the
combined CARE and LIPID trials, 588 patients with coronary heart disease
per year would need to be treated to prevent one stroke.

While these trials have shown stroke risk reduction with statins, it is
important to remember that the primary aim of these trials was to assess
coronary heart disease prevention. All but the WOSCOPS trial were sec-
ondary prevention trials in patients with coronary heart disease. This 
limits the applicability of the results of these trials to patients with coron-
ary heart disease and not necessarily patients with stroke and without
coronary heart disease. The stroke risk reduction in patients with coronary
heart disease may be related to risk reduction of recurrent coronary heart
disease and subsequent reduction of stroke.

Trials of statins for recurrent stroke prevention in patients without a 
history of coronary heart disease are underway. One of these is the Stroke
Prevention by Aggressive Reduction in Cholesterol Levels (SPARCL) [40]
with atorvastatin. The British Heart Foundation/Medical Research Council
Heart Protection Study (BHF/MRC-HPS) utilized simvastatin in a broad
range of patients with either established vascular disease or vascular risk
factors [41]. In this study, 20 536 patients were enrolled and treated with
either simvastatin 40 mg or placebo. During a 5-year treatment period,
there was an observed 18% reduction in death for coronary reasons (5.7%
vs. 6.9%, P = 0.0005), and reductions of approximately one-quarter in
fatal or nonfatal stroke (4.3% vs. 5.7%, P < 0.0001).

Approximately one-sixth of the patients in the HPS study were enrolled
with a history of stroke. These patients, along with other important 
subgroups, showed benefit with simvastatin treatment. For patients with
previous stroke, the event rate for major vascular events was reduced from
29.8% to 24.7%. Interestingly, even those patients with a LDL level of 
< 116 mg/dl showed benefit, suggesting that the non-LDL-lowering pro-
perties of statins were useful in this population.

While further studies are being completed, the use of the guidelines set
forth by the Third Report of the National Cholesterol Education Program
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(NCEP) Expert Panel on Detection, Evaluation, and Treatment of High
Blood Cholesterol in Adults [42] is recommended. New definitions of
desirable lipid values are defined (Table 15.2). These guidelines propose
various degrees of intervention and treatment based on the risk profile of
the patient. Tightest control of hypercholesterolemia is recommended for
patients with coronary heart disease or coronary heart disease risk equi-
valents. Risk equivalents include diabetes, other clinical forms of athero-
sclerotic disease (peripheral artery disease, abdominal aortic aneurysm,
and symptomatic carotid artery disease), or the presence of multiple risk 
factors that confer a 10-year risk for coronary heart disease of > 20%.
For these persons, a target LDL goal of < 100 mg/dl is recommended.
Complete information about these guidelines and a program for handheld
computers may be found at the website www.nhlbi.nih.gov

ACE inhibitors

A complete discussion of the role of hypertension and its treatment may be
found in another chapter, while this section will pertain more specifically
to the role of angiotensin converting enzyme inhibitors (ACE-I) in stroke
prevention. In brief, hypertension is a powerful, prevalent and treatable
independent risk factor for TIA and stroke [43]. It is well established that
the reduction of systolic, diastolic, or both in hypertensive subjects sub-
stantially reduces stroke risk [44–46].

Although it is clear that lowering blood pressure reduces the risk of
stroke, it is less clear whether the class of agent used is of importance. 
A meta-analysis of randomized controlled trials found β-blockers and 

Table 15.2 ATP III classification of optimal lipoprotein profile

Total cholesterol
< 200 Desirable
200–239 Borderline high
≥ 240 High

LDL-cholesterol
< 100 Optimal
100–129 Near or above optimal
130–159 Borderline high
160–189 High
≥ 190 Very high

HDL-cholesterol
< 40 Low
≥ 60 High
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high-dose diuretics to be effective in stroke prevention [47]. Overviews of
trials comparing calcium antagonist-based regimens with those based on
other antihypertensive drugs suggested that a calcium antagonist-based
regimen may be slightly more effective in reducing stroke risk [48]. A
recent population-based case–control study suggested that thiazide diur-
etics were better than other medications for stroke prevention [49].

Angiotensin II is a potent peripheral vasoconstrictor, inhibits renin
secretion, and stimulates aldosterone release, thus increasing blood pres-
sure. ACE is the same as kinase II that breaks down bradykinin, a potent
vasodepressor. ACE-I block the conversion of angiotensin I to angiotensin
II and prevent the breakdown of bradykinin, thus lowering blood pres-
sure. Other beneficial effects of ACE-I that have been proposed include
antagonizing proliferation of smooth muscle cells, antagonizing the rup-
ture of plaque, improving vascular endothelial function, reducing left 
ventricular hypertrophy, and enhancing fibrinolysis [50].

Two recent randomized controlled trials of ACE-I have fueled interest 
in the use of this class of medication for stroke prevention. The trials are
the Heart Outcomes Prevention Evaluation (HOPE) Study [50] and the
Perindopril Protection Against Recurrent Stroke Study (PROGRESS) [51].

The HOPE study was a randomized, placebo-controlled trial of ramipril
10 mg each day in 9297 ‘high-risk’ patients with a composite primary 
outcome of myocardial infarction, stroke, or death from cardiovascular
causes. High-risk patients were 55 years or older and had a history of cor-
onary artery disease, stroke, peripheral vascular disease, or diabetes plus 
at least one other risk factor (hypertension, elevated total cholesterol, low
HDL-cholesterol, cigarette smoking, or microalbuminuria). Patients were
excluded if they had a low ejection fraction, were taking an ACE-I or 
vitamin E (another part of the study examined the efficacy of vitamin E
supplementation), had uncontrolled hypertension or overt nephropathy,
or suffered a myocardial infarction or stroke within 4 weeks of enroll-
ment. A primary endpoint was reached by 14.0% of the ramipril group
compared with 17.8% of the placebo group (relative risk 0.78, P < 0.001).

In a more detailed analysis of stroke outcome in the study [52], the 
relative risk of any stroke was reduced by 32% and the relative risk of 
fatal stroke was reduced by 61% in the ramipril group compared with 
the placebo group. Fewer patients in the ramipril group than in the
placebo group (2.2% vs. 3.4%) had an ischemic stroke (relative risk 0.64,
0.50–0.82). A total of 190 (4.1%) patients in the ramipril group had a 
TIA compared with 227 (4.9%) in the placebo group (relative risk 0.83,
0.68–1.00). The effect was observed early and the benefit continued 
to increase throughout the 4.5-year study period. The reduction was 
consistent across different subtypes of stroke and in various subgroups
examined and it was independent of the modest reduction in blood pres-
sure seen with ramipril.
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The HOPE study demonstrated the value of ramipril for the primary 
prevention of stroke. The study was not powered to determine the effect-
iveness of ramipril for secondary prevention. Approximately 11% of patients
had a history of stroke at study entry and these patients showed benefit
from ramipril treatment, along with other important subgroups.

The results of PROGRESS confirmed the efficacy of the ACE inhibitors
(in combination with a diuretic) in the secondary prevention of stroke [51].
In this study, 6105 patients were randomized and 3051 received ‘active
treatment’ with a perindopril-based regimen. Active treatment included
perindopril 4 mg for all treated patients. The responsible physician chose
whether indapamide 2.5 mg (or placebo) should be used in addition to
perindopril (or placebo) prior to the start of the study. In other words,
patients received perindopril, perindopril plus indapamide, single placebo,
or double placebo. Patients in the active treatment group received per-
indopril or perindopril plus indapamide, while patients in the placebo group
received either single placebo or double placebo. Of persons in the active
treatment group, 58% receive indapamide in addition to perindopril.

Active treatment was associated with a significant 28% relative risk
reduction in the primary outcome of total stroke (fatal and nonfatal). A
significant stroke risk reduction of 43% was noted in the group of patients
who received the combination of perindopril and indapamide, but there
was not a significant reduction in patients receiving perindopril alone. The
benefits of the active treatment were consistently observed in both hyper-
tensive (defined as systolic > 160 or diastolic > 90) and nonhypertensive
patients. Active treatment reduced total stroke by 32% in hypertensive
subjects and by 27% in nonhypertensive subjects. Perindopril plus inda-
pamide reduced total stroke risk by 44% in hypertensive and by 42% in
nonhypertensive participants.

Single therapy with perindopril was not shown to be efficacious for
stroke prevention, but this study may have lacked the ability to prove so,
as this was not the primary aim of the study. The single therapy group was
significantly less hypertensive and probably had a lower risk of stroke. As
pointed out by the authors and in the accompanying commentary [53],
the group characteristics of patients who received combination therapy
differed from patients receiving single therapy. Patients in the combina-
tion therapy group possibly represented a group with a greater risk for vas-
cular events, thus making risk reduction with antihypertensive therapy
easier to demonstrate.

While the HOPE study raises the possible role of ramipril in stroke pre-
vention, it is important to consider that these results were found in a
specific population of high-risk patients. While HOPE points out that
ramipril may have effects beyond that expected for its antihypertensive
properties, PROGRESS does not clearly show perindopril to have a similar
effect. However, this may at least partially be related to differences in
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study design. PROGRESS does demonstrate the importance of hyperten-
sion treatment in the prevention of recurrent stroke. The 43% risk reduc-
tion with combination therapy occurred with a blood pressure reduction
of 12/5, suggesting that blood pressure reduction to a moderate degree can
result in significant event reduction. With combination perindopril and
indapamide therapy, for every 14 patients treated for 5 years, approxim-
ately one stroke could be prevented [54].

Another category of medication which may be especially appealing for
stroke reduction is the angiotensin receptor blockers (ARBs). The Losartan
Intervention For Endpoint reduction in hypertension study (LIFE) evalu-
ated a losartan-based treatment regimen vs. an atenolol-based strategy
[55]. Overall, 9193 patients with hypertension (160–200/95–115 mmHg)
and left ventricular hypertrophy on ECG were enrolled. Despite similar
reductions in blood pressure (30/17 in the losartan group and 29/17 in the
atenolol group), there was a 25% risk reduction for the endpoint of fatal or
nonfatal stroke (232 and 309 in the losartan and atenolol groups, respec-
tively). This suggests that losartan has pharmacological properties which
provide additional protection from stroke compared with a β-blocker-
based regimen.

Undiagnosed and poorly controlled hypertension is very common [56].
In one study of survivors of stroke and myocardial infarction, 53% of
patients with hypertension were poorly controlled and 11% without 
a prior diagnosis of hypertension were hypertensive (> 140/90) [57].
Diagnosis and treatment of hypertension is an underutilized instrument
for stroke prevention. Several classes of antihypertensives hold large
potential for preventing stroke and TIA. While ACE-I may have some
beneficial effects beyond lowering blood pressure, further research is
required to discern whether expensive drugs such as some ACE-Is are
clearly better than some less expensive drugs, such as diuretics [53].

Cigarette smoking

In the USA, 20.7% was the median prevalence of cigarette smoking among
the states in the year 2000. Compared with 1991, 14 of 47 states noted an
increase in smoking, whereas only one state noted a decrease [58]. Smoking
accelerates the process of atherosclerosis and is an independent risk factor
for peripheral vascular disease, coronary heart disease and stroke [59,60].
The Framingham prospective study demonstrated a relative risk of cere-
bral infarction of 1.6 in men and 1.9 in women [59]. A significant dose–
response relationship was noted, with persons smoking more than 40
cigarettes per day having twice the risk compared with persons smoking
less than 10 cigarettes per day. A meta-analysis of 32 studies demonstrated
a relative risk of infarct of 1.9 and a dose–response as well [61]. Several
mechanisms of how smoking may predispose to vascular disease have
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been proposed. Included are increased fibrinogen, increased thrombin
generation, increased platelet activation, and endothelial dysfunction [62].

One of the most striking aspects of cigarette smoking as a vascular dis-
ease risk factor is that some studies have shown it to be a completely
reversible and curable condition. In the Framingham study 51% of 
persons quit smoking over 26 years. The risk of stroke declined signific-
antly within 2 years of quitting and reverted to the same as nonsmokers
within 5 years [59]. Another study in middle-aged British men showed
similar results [63].

While the condition is reversible, smoking cessation is not quite as 
‘simple’ as treatment for other vascular disease risk factors. Most persons
(70%) wish to quit completely and about 46% attempt to quit each year
[64]. However, the success rates are poor: 7% have long-term success 
by quitting on their own and 15–30% have success with guideline-
recommended counselling and treatment [64]. Recognition and advice to
quit from physicians may be an important motivator for smokers. A good
resource for strategies of counselling and pharmacotherapy may be found
in the Clinical Practice Guideline for Treating Tobacco Use and Dependence from
the US Public Health Service [64].

Physical inactivity

Regular exercise reduces the risk of premature death and cardiovascular
disease [65,66], but its effectiveness in stroke prevention has only more
recently become more accepted. Earlier studies suggested physical inactiv-
ity is a weak, non-independent risk factor for stroke, present in only cer-
tain populations [67,68]. The British Regional Heart Study demonstrated
that physical activity was inversely associated with stroke independent of
other vascular risk factors [69]. The Northern Manhattan Stroke Study
also demonstrated that physical activity was significantly protective for
stroke after adjustment for other vascular risk factors and regardless of
age, sex and race-ethnicity [70]. The Physicians Health Study demon-
strated that exercise vigorous enough to work up a sweat was associated
with decreased stroke risk in men, but not independent of other stroke 
risk factors [71].

The intensity of physical activity necessary to bring about a reduction 
in stroke risk is not clear. Some studies have not shown a significantly
increased effect with increased intensity of activity [68,69]. However, the
Nurses’ Health Study [72] and the Northern Manhattan Stroke Study [73]
both showed a dose–response relationship. This difficulty in finding a
dose–response relationship could be related to variations in the methods
used to assess physical activity.

Physical activity generally appears to have an effect independent of
other stroke risk factors. Some of its effect is mediated through control 
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of risk factors such as hypertension [74], diabetes [75], cardiovascular 
disease [65,66], and lower body weight. Other possible mechanisms of
how physical activity lowers the risk of stroke include reducing plasma
fibrinogen [76], reducing platelet adhesiveness and aggregability [77], and
increasing HDL [78].

Studies have not uniformly delineated the optimal length and intensity
of physical activity for stroke prevention. However, the benefits of even
modest physical activity, such as walking, are apparent for both cardiovas-
cular disease and stroke prevention. The Centers for Disease Control and
Prevention and the National Institutes of Health recommend exercise for
at least 30 min of moderate intensity on most, and preferably all, days of
the week [79,80].
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Thrombolysis for Acute Transient
Ischemic Attack and Mild Stroke
Michael R. Frankel, James Bichsel

The management of patients with transient ischemic attack (TIA) or mild
ischemic stroke symptoms is focused on stroke prevention and treatment
of associated risk factors. However, decisions to use thrombolytic therapy
may arise in these patients in the Emergency Department (ED). This chap-
ter will explore the relationship between TIA or mild stroke and adminis-
tration of thrombolytic therapy.

Thrombolytic therapy and TIA

In 1996, the Food and Drug Administration (FDA) approved recombinant
tissue plasminogen activator (rt-PA) for patients with acute ischemic
stroke. The benefit of intravenous (i.v.) rt-PA was demonstrated in two
randomized, double-blind, placebo-controlled trials that were consecut-
ively performed and funded by the National Institutes of Neurological
Disorders and Stroke (NINDS) [1]. Entitled Part 1 and Part 2 of the NINDS
rt-PA Stroke Study, both trials used identical entry criteria (see Table 16.1)
and enrolled patients with acute stroke symptoms to receive i.v. rt-PA or
placebo over 1 h. The initiation of the infusion was within 3 h of symptom
onset and patients were managed according to a standardized set of guide-
lines (see Table 16.2). The longterm benefit of rt-PA was demonstrated in
each of the two trials. Overall, there were 624 patients enrolled and those
treated with rt-PA were 37–62% more likely than placebo-treated patients
to achieve a favorable outcome at 3 months [1]. The absolute differences
between groups were robust and statistically significant in favor of rt-PA 
in each of the two studies and for each of the four outcome scales used. 
For example, based on the Modified Rankin scale, 43% of rt-PA-treated
patients vs. 27% of placebo-treated patients had no disability at 3 months.
Overall, absolute differences in favor of rt-PA-treated patients ranged
between 13% and 16% depending on the outcome scale used. This means
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Table 16.1 Criteria for the use of intravenous tissue plasminogen activator (t-PA) in
acute ischemic stroke

Inclusions
Ischemic stroke with a clearly defined symptom onset

No evidence of intracranial blood on brain computed tomography scan

180 min or less from the time of symptom onset to initiation of i.v. t-PA

Measurable neurological deficit

Exclusions
Rapidly improving or minor stroke symptoms

Stroke or serious head trauma within 3 months

Major surgery within 14 days

History of intracranial hemorrhage

Systolic blood pressure > 185 mmHg or diastolic blood pressure > 110 mmHg at the
time of treatment initiation

Aggressive BP treatment, i.e. continuous i.v. infusion of an antihypertensive to achieve
above goal

Suspected subarachnoid hemorrhage despite a normal computed tomography scan

Gastrointestinal or GU tract hemorrhage within 21 days

Arterial puncture at a noncompressible site within 7 days

Seizure at the onset of stroke

Use of heparin within 48 h and an elevated partial thromboplastin time

PT > 15 s, platelet count < 100 000, glucose < 50 or > 400

Dosing and infusion of rt-PA
0.9 mg/kg i.v., not to exceed 90 mg

10% given as bolus over 1 min; remainder infused over 1 h

Data from [1]. BP, blood pressure; GU, genitourinary; PT, prothrombin time.

Table 16.2 Management guidelines after initiation of recombinant tissue plasminogen
activator (rt-PA) therapy

No anticoagulants or antiplatelet agents for 24 h

No volume expanders

Blood pressure monitoring for the first 24 h: every 15 min for 2 h after starting
infusion, every 30 min for 6 h, then every hour from the eighth hour until 24 h after 
t-PA started

Aggressive blood pressure management to maintain BP < 185/110 mmHg

Neurological checks for signs of deterioration at each blood pressure measurement

Data from [7].
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that for every 100 patients treated with rt-PA, at least 13 more will have
no disability or be functionally independent as a result of treatment.
Similar findings were also found at 1 year [2]. Although patients with
rapidly resolving symptoms or minor stroke symptoms were excluded
from entering the study, it is likely that some patients who were having a
TIA were enrolled.

There are several questions that arise in the acute setting that are pertin-
ent to thrombolytic therapy in patients who may be having a TIA. What is
the likelihood of administering rt-PA to a TIA patient within a population
of patients being considered for thrombolysis? What is the risk of using 
rt-PA in a patient who is having a TIA? Is it possible to determine which
patients are going to recover spontaneously, thereby avoiding the risk and
expense of using rt-PA?

What is the likelihood of administering rt-PA to a TIA patient when
using the NINDS criteria for determining eligibility?

The long-standing definition of TIA requires symptoms to resolve by 24 h
[3]. In the NINDS studies, 3% of placebo patients were neurologically normal
at 24 h, thereby defining the percentage of TIA patients who meet criteria
for administering rt-PA [4]. Because the randomization process for the trials
created two closely matched groups of patients, it is likely that 3% of the
patients treated with rt-PA were destined to have a spontaneous recovery
in the absence of thrombolytic therapy. However, because rt-PA favorably
alters the natural history of cerebral ischemia, there were more patients in
the rt-PA group (12%) at 24 h who were neurologically normal [4].

Prior studies have shown that the majority of TIAs will resolve within 
1 h [3,5,6]. This phenomenon explains why only a small percentage of
patients with TIA were enrolled in the NINDS study. In the Cooperative
Study of Transient Ischemic Attacks, the median duration of carotid dis-
tribution TIAs was 14 min and that of vertebrobasilar TIAs was 8 min [3].
Only 14% of events which lasted more than 1 h eventually qualified as 
a TIA by resolving completely within 24 h. Hence the vast majority of 
vascular events lasting more than 1 h will result in deficits which are likely
to be permanent. This fact has great importance for decision making with
i.v. rt-PA.

The time it takes for stroke symptom recognition, transportation to 
the ED, rapid assessment of stroke signs in the ED, obtaining a noncontrast
computed tomography (CT) scan of the head and applying the criteria for
treatment with i.v. rt-PA means that the vast majority of patients will be
treated after 60 min from symptom onset. Thus, most patients with TIA
are unlikely to be eligible for treatment with i.v. rt-PA. Equally important
is the relationship between neurological dysfunction lasting more than 1 h
and the high likelihood of a permanent deficit. In order to maximize
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benefit from i.v. rt-PA, it is critical that patients be rapidly assessed and
treated according to accepted guidelines in order to minimize longterm
disability from stroke [7–10]. Waiting for symptoms to resolve spontane-
ously will diminish benefit since time from symptom onset to initiation 
of rt-PA infusion correlates with benefit from rt-PA [11]. Furthermore,
data from the NINDS study and pooled data from the six large clinical trials
of i.v. rt-PA show that patients with more severe neurological deficits 
present earlier in the 6-h time window [12]. These analyses show that 
the benefit of rt-PA was greater the earlier it was initiated, even though
patients who were treated earlier had a greater severity of neurological
dysfunction. Thus, the risk of waiting for symptoms to resolve spont-
aneously will adversely affect a group of patients who have the greatest
chance for benefit and the most to gain from treatment with rt-PA.

What is the risk of using rt-PA in a patient who is having a TIA?

Overall, the risk of symptomatic intracerebral hemorrhage (SICH), defined
as neurological deterioration within 36 h from symptom onset and a CT
showing intracranial blood, was 6.4% in the rt-PA group in the NINDS
study [1]. After the FDA approval for stroke, additional studies have
shown similar and often lower rates of SICH (see Table 16.3) [13–21].

Table 16.3 Risk of symptomatic intracerebral hemorrhage (ICH) with i.v. recombinant
tissue plasminogen activator (rt-PA)

No. of Symptomatic
Study Setting patients ICH, %

NINDS (rt-PA arm) [1] Phase III randomized clinical trial 312 6

Phase IV studies
Houston [13] Three hospitals 30 7

Multicenter survey [14] 13 US centres 189 6

OSF network [15] 14 hospitals in Illinois 75 5

Cleveland [16] 29 Cleveland area hospitals 70 16

STIC study [17] 31 hospitals in Minnesota 252 7

Greater Cincinnati [18] 16 hospitals 109 2

Cologne [19] Single academic referral center 150 4

STARS Study [20] 57 medical centres in the USA 389 3

CASES [21] 68 centres in Canada 450 4

All series 1714 5

Modified with permission, from Warach S. Thrombolysis in stroke beyond three hours:
Targeting patients with diffusion and perfusion MRI. Ann Neurol 2002; 51: 11–13.
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Within the NINDS studies, the best predictor of SICH was severity of stroke
symptoms as measured by the NIH Stroke Scale (NIHSS) score [22]. Table
16.4 shows the risk of SICH in relation to stroke severity. For patients with
the mildest stroke symptoms, the risk of rt-PA is about 2% [22]. Since
patients with TIA are unlikely to have significant parenchymal damage, their
risk is probably no more than the risk for patients with the mildest deficits
enrolled in the NINDS studies. Thus, it is likely that the risk of treating a
patient with a TIA is probably no more than 2% and may be as low as the
risk of using rt-PA in patients with acute myocardial infarction (1%) [23].

As previously mentioned, about 3% of patients who are eligible for 
rt-PA are patients with a TIA. Applying this percentage to a population of
patients who meet the criteria for treatment with i.v. rt-PA provides an
estimate of the adverse impact of SICH related to treating the occasional
patient who is having a TIA. For every 1000 patients treated with rt-PA for
acute ischemic stroke, there will be 30 who were destined to have sponta-
neous resolution by 24 h. Causing an SICH in this group of patients is of
great concern to the treating physician. Physicians want to minimize the
chance of treating a patient with rt-PA who is destined to have a normal
recovery without treatment. Combining the likelihood of treating a TIA
patient with the risk of SICH, we see that for every 1000 patients treated
with rt-PA, about two patients (6% risk of SICH when treating 30 patients
with TIA) will have an SICH who would have had a normal recovery with-
out treatment. This represents a liberal estimate, since it is quite likely that
the risk of SICH after rt-PA in patients with TIA is closer to the risk of treat-
ing patients with the mildest neurological deficitsaapproximately 2%.
Thus, a more likely estimate of risk is that for every 1000 patients treated
with rt-PA, one patient who was destined to have a TIA will suffer the con-
sequences of an SICH.

Table 16.4 Relationship between stroke severity and risk of symptomatic intracerebral
hemorrhage (SICH) in patients treated with recombinant tissue plasminogen activator
(rt-PA) in Part A and Part B of the NINDS rt-PA Stroke Study

Baseline NIHSS Score SICH, %

1–5 2

6–10 3

11–15 5

16–20 4

> 20 17

All patients 6

Data from [22].
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Is this risk acceptable? Most physicians who treat patients with acute
ischemic stroke are nonsurgeons and therefore unaccustomed to perform-
ing therapeutic interventions that have immediate but acceptable risk.
Reviewing complication rates from other accepted procedures offered to
patients with stroke (see Table 16.5) helps put this risk in perspective and
will now be discussed.

The North American Symptomatic Carotid Endarterectomy Trial
(NASCET) compared carotid endarterectomy (CEA) with aspirin in 659
patients with symptomatic stenosis and established the benefit of CEA in
patients with high-grade (70–99%) symptomatic stenosis [24]. At 2 years,
the rate of ipsilateral stroke was 9% and 26% in the surgical and medical
treatment groups, respectively, yielding a relative benefit of 65% and an
absolute benefit of 17% in favor of surgery. This benefit occurred even
though there was a surgical complication rate of about 6% (stroke). Thus,
60 strokes per 1000 CEAs performed on symptomatic internal carotid
artery stenosis are attributable to the procedure. Of these 60 patients,
some were destined to have a stroke even without surgery. To determine
this, one can extrapolate the natural history of high-grade symptomatic

Table 16.5 Comparison of risks and benefits of different stroke therapies

CEA for CEA for 

symptomatic asymptomatic

rt-PA for acute ICA stenosis ICA stenosis 

ischemic stroke [1] (70–99%) [24] (60–99%) [26]

Risk per 1000 patients treated 60 patients 60 patients 20 patients 

with SICH with stroke with stroke

Benefit per 1000 patients 160 more people 170 ipsilateral  60 strokes 

treated with no disability* strokes prevented prevented

Number needed to treat to Six patients Six patients 17 patients

create one excellent outcome

Frequency and risk of treating 

patients with TIA

Number of TIA patients per 30 500 NA

1000 treated with procedure

Risk of treating patient with TIA 2% (SICH) 6% (stroke or death) NA

Number of TIA patients who One (SICH) 30 (stroke or death) NA

have a serious complication (2% of 30) (6% of 500)

per 1000 treated with the 

procedure

*Based on Modified Rankin Scale at 3 months. At 1 year, the number is 130 [2].

rt-PA, Recombinant tissue plasminogen activator; CEA, carotid endarterectomy; SICH,

symptomatic intracerebral hemorrhage; TIA, transient ischemic attack.
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carotid stenosis from the medical arm of the study. Over 2 years, patients
on aspirin alone had an ipsilateral stroke rate of 26%. Thus, about 15 of
the 60 patients with perioperative stroke were destined to have a stroke
even if they had not had surgery. For every 1000 CEAs performed on
symptomatic patients with high-grade stenosis, about 45 peopleawho
would have been alive and without a recurrent stroke if they had not
undergone the procedureawill have a stroke related to the CEA. This rep-
resents a small group of patients who do not need surgery and are harmed
by the treatment. Yet, despite the risk of surgery, it is clear that more
patients with symptomatic, high-grade carotid stenosis will benefit from
CEA than if treated with aspirin alone. This is because the benefit of reduc-
ing the risk of recurrent stroke is much greater than the immediate but
acceptable risk of surgery. At the present time, the complication rate from
CEA is the best that can be achieved given our current state of technology
and understanding about the ability of surgeons to perform this proce-
dure. While we may speculate about how to improve patient selection
through advances in imaging or through better surgical or endovascular
techniques, the critieria used in NASCET to select patients for CEA remain
the method with the most evidence for reducing the impact of recurrent
stroke in patients with carotid stenosis despite the risk of the procedure.

In a similar risk analysis, t-PA for acute ischemic stroke is a favorable
treatment modality despite an increased risk. As mentioned above, the
rate of SICH was 6% in the NINDS rt-PA Stroke Study (see Table 16.3).
Thus, for every 1000 patients treated with rt-PA, 60 will have a SICH.
However, some of these 60 patients were destined to have a poor outcome
if they had not been treated with rt-PA. To determine this, we look at the
placebo groups from the NINDS studies and find that about 50% of
patients had a poor outcome, defined as severe disability or death [25].
Thus, 30 patients (per 1000 treated with rt-PA) who would have had a
functional outcome of moderate disability or better if they had not been
treated with rt-PA will have a SICH. If one looks at the subgroup of
patients with favorable outcome, there will be 15 patients with SICH (per
1000 treated with rt-PA) who would have had no disability (Modified
Rankin score of 0 or 1) if they had not been treated with rt-PA. Yet, despite
this risk, a substantial proportion of patients will benefit from rt-PA if 
they meet the criteria for treatment (see Table 16.1). Obviously, the
risk/benefit assessment is similar to the situation noted above with CEA.
Although we can speculate about improving the criteria for patient selec-
tion through more sophisticated neuroimaging, the criteria used in the
NINDS study remain the method of patient selection with the best evid-
ence for reducing the disability caused by acute ischemic stroke.

Another aspect of comparing the risk of CEA with the risk of rt-PA
relates to the baseline level of function prior to therapeutic intervention.
By definition, patients who are candidates for thrombolytic therapy have a
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significant neurological deficit in order to meet criteria for enrollment and
are at high risk for longterm disablity. On the other hand, patients who are
candidates for CEA may be neurologically normal or have a nondisabling
deficit but are at high risk of recurrent stroke. Of the patients entered into
NASCET, over half had a recent TIA as their reason for enrollment. Thus,
many of the perioperative complications from CEA done for symptomatic
stenosis are on patients who have no neurological deficit related to their
carotid stenosis at baseline.

If we look at CEA for asymptomatic carotid stenosis, the risks appear
more acceptable but the absolute benefit is much less [26]. The risk of 
perioperative stroke in patients with asymptomatic stenosis is about 2%;
however, the absolute benefit is only 6%. For every 1000 patients who
have CEA for asymptomatic stenosis 60 strokes will be prevented. This
compares with 170 strokes prevented per 1000 procedures for patients
with high-grade, symptomatic stenosis and 160 patients whose strokes are
essentially cured per 1000 treated with rt-PA for acute ischemic stroke
(see Table 16.5).

There are limitations to the comparison of rt-PA therapy with CEA.
Thrombolysis for acute stroke is a therapeutic procedure for neurologically
impaired patients who are at risk of longterm disability. The treatment
decreases this burden by increasing the number of patients who are func-
tionally independent without increasing the number who are dependent.
CEA is a preventive surgery for patients who are neurologically normal
(asymptomatic or recent TIA) or only mildly impaired (nondisabling
stroke) and the treatment reduces the risk of recurrent stroke in these
patients. Although thrombolysis and CEA are different treatment modal-
ities with different indications and outcome measures, the assessment of
risk and benefit is similar.

Is it possible to identify patients with acute stroke symptoms who 
are going to recover spontaneously, thereby avoiding the risk and
expense of using rt-PA?

Advances in neuroimaging (see p. 359) have shown tremendous promise
in depicting ischemic brain tissue that is at risk of infarction. However, the
ability of these techniques to identify accurately patients who are going to
recover spontaneously is not yet established. A simpler technique involves
application of two of the exclusion criteria from the NINDS studiesathe
presence of minor stroke symptoms and rapid improvement in stroke
symptoms (see Table 16.1). Although these criteria help diminish the
chance of treating a patient who is going to recover spontaneously, sev-
eral caveats are worth noting. In the NINDS studies, patients had to have 
a measureable deficit on the NIHSS and meet the criteria in Table 16.1 in
order to be enrolled into the study; however, there were no absolute
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NIHSS score criteria for entry. This is important to note, since a significant
shortcoming of the NIHSS is that patients with identical scores may have
varying degrees of stroke severity. For example, on the NIHSS scale,
severe aphasia is counted as 2 points, which is the same score given to a
patient with drift and mild ataxia in one limb [27]. Yet most clinicians and
patients would consider severe aphasia to be more disabling. By weighting
these symptoms equally, the NIHSS score gives a skewed impression of 
the severity of stroke for patients with low NIHSS scores. Rather than an
absolute cut-off for the use of the NIHSS to determine eligibility for rt-PA,
guidelines for the definition of minor stroke symptoms include the follow-
ing examples: pure sensory symptoms, isolated dysarthria, isolated facial
weakness or isolated ataxia [4]. Although excluding patients with minor
stroke symptoms or rapid improvement will minimize the chance of treat-
ing a patient who does not need rt-PA, overuse of these two exclusions can
deprive patients of the chance of avoiding longterm disability.

In a recent study, data were collected on a series of patients with acute
ischemic stroke who presented within 3 h and were excluded from rt-PA
therapy [28]. For 31% of the cohort, rt-PA was withheld because the
stroke symptoms were considered too mild or were rapidly improving.
According to the authors, ‘a recurring reason was the improvement of
motor symptoms, but resolution was not as complete as the treating physi-
cian had hoped, leaving the patient either profoundly dysphasic or with
disabling neglect and/or inattention’. [28] A third of the patients excluded
due to mild stroke symptoms or rapid improvement were dependent or
dead by the time of discharge (defined as Modified Rankin score > 2). If
they had been treated with i.v. rt-PA it is quite possible that many would
be alive and independent. While indiscriminate use of rt-PA is certainly
not recommended, fear of SICH may create an over-application of these
two exclusion criteria. The risk of SICH from i.v. rt-PA in patients who are
improving or have mild stroke symptoms is probably between 1 and 2%.
Based on the data from Barber et al. [28], the risk of not treating may be
much greater. Obviously, there needs to be careful consideration of the
significance of the neurological deficit and the temporal pattern of spont-
aneous improvement in order to avoid excluding patients who will benefit
from thrombolysis.

Thrombolysis in mild stroke

Does rt-PA improve the outcome of patients with mild 
neurological deficits?

The NINDS rt-PA Stroke Study Group published an analysis of factors 
that might affect the response to rt-PA and found no variable or combina-
tion of variables that identified patients who were unlikely to respond
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[29]. Although the NINDS rt-PA trials were not designed to have enough
statistical power to answer questions about subgroups, the data show that
all patient subgroups appear to benefit.

An analysis of the effect of rt-PA in patients with mild neurological
deficits enrolled in the NINDS studies was recently completed (NINDS rt-
PA Stroke Study Group, unpublished data). Since there is no established
definition of mild stroke in the literature, several definitions were deter-
mined prior to performing the exploratory analysis (see Table 16.6) and
were based on factors readily available to the clinician making a decision
about t-PA, namely clinical presentation, CT results, and presumed stroke
subtype. Each of these definitions of mild stroke showed benefit for rt-PA
over placebo (odds ratio = 2.0, P < 0.001).

Overall, baseline NIHSS scores ranged from 1 to 37, with a median of 14
[1]. A score of ≤ 9 marked the least severe quartile of patients (definition
1). The 3-month outcome for patients in this subgroup showed that 73%
of rt-PA-treated patients vs. 56% of placebo-treated patients had no dis-
ability at 3 months. A second analysis (definition 2) also showed benefit
for rt-PA in patients with NIHSS scores of ≤ 9 after omitting patients who
had symptoms of more severe stroke such as impaired consciousness,
aphasia or neglect. The third definition of mild stroke took into considera-
tion the prognosis for patients with clinical characteristics of subcortical
ischemia by excluding patients with evidence of cortical deficits which may
be a marker of more severe stroke. This definition identified about two-
thirds of the patients enrolled into the two trials and showed benefit of rt-PA.

Table 16.6 also shows the percentage of patients with mild stroke symp-
toms at the time of study entry who had an undesirable outcome at 90 days
defined as moderate disability or worse. In all three of the definitions of
mild stroke, patients were less likely to have an undesirable outcome. This
is a relevant observation since physicians are reluctant to use rt-PA in patients
with mild symptoms for fear of inducing a bad outcome in a patient 
who has a good natural history without treatment. These data show 
that patients with mild stroke symptoms not only are more likely to have a
favorable outcome with rt-PA but are also less likely to have an undesir-
able outcome. This beneficial effect is despite an increased risk of SICH.

What is the risk of using rt-PA in patients with mild stroke 
symptoms?

The risks of SICH in mild stroke are listed in Table 16.6. The risk of rt-PA
ranges from 2 to 3% and is at least half the risk of rt-PA for all patients
enrolled. Thus, despite the small risk of rt-PA, more patients with mild
stroke symptoms will benefit when treated with rt-PA according to
accepted selection criteria and management guidelines. Deviating from
these guidelines may increase the risk of SICH [14,16].
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Table 16.6 Mild stroke in the NINDS rt-PA Stroke Trials (Parts 1 and 2 combined)*

Outcome at 90 days (%)

Favorable Moderate
outcome: disability

Mild stroke† Treatment no disability or worse Mortality at
Definition group (n) MRS‡ ≤ 1 MRS‡ ≥ 3 90 days (%) SICH§ (%)

1 Placebo (78) 56 26 5 0
t-PA (99) 73 18 1 3

2 Placebo (70) 57 26 6 0
t-PA (91) 73 18 0 2

3 Placebo (201) 34 53 15 0
t-PA (206) 53 39 8 2

*Unpublished data. Obtained with permission from the National Institutes of
Neurological Disorders and Stroke (NINDS) rt-PA Stroke Study Group.
†Mild stroke definitions:

Definition 1: All patients with the lowest National Institutes of Health Stroke Scale
(NIHSS) score severity quartile (NIHSS score ≤ 9). This definition analyzes the group 
of patients with the lowest quartiles of NIHSS scores independent of the spheres of
neurological deficit involved.

Definition 2: All patients with NIHSS score = 9 (least severe quartile of stroke severity),
deleting all those with aphasia, extinction/neglect, or impaired consciousness. This
definition takes the least severe quartile of patients and further eliminates those with
selected items that are generally not involved with mild infarcts.

Definition 3: All patients with only motor deficits (can include dysarthria and/or
ataxia) with or without sensory deficits. These patients can only have a combination 
of motor, coordination, and sensory deficits without any deficits in the spheres of
language, level of consciousness, extinction/neglect, horizontal eye movements, or
visual fields. The approach was an attempt to capture those patients with primarily
subcortical ischemic events.

‡MRS, Modified Rankin Scale.
MRS = 0: No symptoms at all.
MRS = 1: No significant disability despite symptoms.
MRS = 2: Slight disability. Unable to carry out all previous activities but able to look
after own affairs without assistance.
MRS = 3: Moderate disability. Requiring some help but able to walk without
assistance.
MRS = 4: Moderately severe disability. Unable to walk without assistance.
MRS = 5: Severe disability. Bedridden, constant care.
MRS = 6: Death.
§SICH, Symptomatic intracerebral hemorrhage. Defined as neurological deterioration
within 36 h of treatment with a computed tomography showing intracranial blood [1].
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It is important to note that the overall benefit found in the NINDS 
studies was not due soley to the effect on patients with mild deficits. It 
has been suggested that the benefit of rt-PA is primarily for patients 
with syndromes of middle cerebral artery branch occlusion [30]. Although
no data from the NINDS rt-PA Stroke Study Group have been published 
to support this conclusion, there are data showing that no particular sub-
group is more or less likely to benefit from rt-PA [29]. For example, if 
the data are analyzed after excluding patients with mild deficit (NIHSS
score ≤ 9, definition 1), the benefit of rt-PA in patients with more 
severe stroke remains. For those with an NIHSS score of > 9, 29% of the 
rt-PA-treated patients vs. 17% of the placebo-treated patients had no 
disability at 3 months [29]. Thus, there is a 70% greater likelihood of 
a having no disability at 3 months when rt-PA is given to patients with
moderate to severe stroke symptoms (NIHSS > 9). This benefit is despite
an increased risk of SICH in patients with more severe symptoms (see
Table 16.4).

Although the longterm prognosis in patients with small-vessel stroke is
better than in those with large-vessel strokes, the outcome of patients with
lacunar stroke in the NINDS studies showed that about half of patients 
in the placebo group had some degree of disability at 3 months [1]. Thus,
although the definition of mild stroke will include some patients with
lacunar syndromes, many patients with lacunar stroke do not have a
favorable outcome. Patients with small-vessel stroke who were treated
with rt-PA were more likely to achieve a favorable outcome compared
with placebo-treated patients with the same stroke subtype. As published
in the original paper, 63% of patients with the small-vessel subtype
treated with rt-PA vs. 40% of those treated with placebo had no disability
at 90 days. However, it should be noted that only 81 patients were class-
ified as small-vessel occlusive stroke. Although the numbers are small, the
relative and absolute benefit is similar to that seen with the definitions of
mild stroke in Table 16.6.

Advances in non-invasive neurovascular imaging in
acute stroke

Can neuroimaging reliably identify patients who will recover
spontaneously?

Non-invasive neurovascular imaging can provide information about
regional perfusion, arterial patency and evidence of ischemic injury (see
Table 16.7). In theory, certain patterns may identify patients who are
likely to recover spontaneously [31–34]. For example, the presence of
patent arteries in the absence of a perfusion deficit might obviate the need
for thrombolytic therapy. However, this is a pattern that could be seen
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with small-vessel ischemia and i.v. rt-PA appears beneficial for these
patients (see discussion above).

The ideal imaging modality to identify patients with acute stroke symp-
toms who are destined to have a full recovery does not yet exist. However,
in the near future, advances in neurovascular imaging may give clini-
cians a higher level of confidence about predicting outcome and provide
appropriate refinement of clinical decision making regarding reperfusion
therapy [34]. At the present time, noncontrast CT remains the imaging
modality of choice. It provides a rapid and sensitive assessment of the pres-
ence of hemorrhage and may show signs of early ischemia. Although sub-
tle early ischemic changes do not appear to alter the potential benefit or
risk of using rt-PA in the first 3 h, the presence of obvious subacute low
attenuation on CT representing early ischemic changes should prompt the
clinician to re-assess the time of symptom onset, as it usually takes more
than 1 or 2 h to detect obvious hypodensity [35].

Multimodal magnetic resonance imaging (MRI), which includes diffu-
sion weighted imaging (DWI), perfusion imaging, and high speed MRA,
provides additional information in the setting of acute stroke [31–34].
Because imaging patients by MRI can prolong the door to needle time for
thrombolysis and potentially limit benefit, special considerations must be
made to assure rapid imaging. Also, the sensitivity of MRI for detecting
intracranial hemorrhage remains a matter of controversy [33]. In select
cases, particularly those with diagnostic uncertainty, MRI can help affirm
the clinical impression of acute ischemic stroke. DWI is able to depict early

Table 16.7 Non-invasive neurovascular imaging for acute ischemic stroke

Computed tomography (CT)
Noncontrast CT [35]
CT angiography [36]
CT perfusion [37]
Xenon CT [38]

Magnetic resonance imaging (MRI) [31–34]
T1, T2, FLAIR sequences
Diffusion weighted imaging
Perfusion weighted imaging
MR spectroscopy
MR angiography

Ultrasound
Carotid Doppler
Transcranial Doppler [39]

Single-photon emission computed tomography (SPECT) [40]
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ischemic changes, even before detection on T2-weighted MRI sequences.
Likewise, for patients who have large-vessel occlusive disease, perfusion
MRI can show tissue at risk of infarction. Although initial reports sug-
gested that the hyperintensity on DWI with corresponding darkness of
ADC mapping represented irreversibly ischemic tissue, subsequent studies
of multimodal MRI performed before and after thrombolysis have shown
that the ischemic zone detected by DWI can disapear with reperfusion
therapy [41]. Thus, relying on MRI to identify irreversibly ischemic tissue
appears inadequate at this time. However, recent work suggests certain
patterns that may predict a lack of response to rt-PA [42]. Conversely,
areas of reduced flow on perfusion imaging that are not hyperintense on
DWI may identify reversible tissue at risk and may represent a group of
patients who are most likely to benefit from reperfusion therapy [42].
Although tailoring reperfusion therapy based on imaging may allow for
individualized approaches to intervention and extend the therapeutic
window for thrombolysis, such theories need to be tested in carefully
designed clinical trials [43].

Conclusions and recommendations

Physicians who treat patients with thrombolytic therapy for acute
ischemic stroke should be aware of the risks and benefits of therapy.
Hospitals and physicians that provide thrombolytic therapy should follow
national guidelines to enhance the quality of care provided [7–10,44].
Although patients with TIA will occasionally be treated with rt-PA, the
risk associated with therapy is far outweighed by the overall benefit.
Patients with mild stroke symptoms have a reasonable chance for benefit
and a low risk from i.v. rt-PA when eligibility criteria are met and guide-
lines for management followed.
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Surgery for Stroke Prevention
Larry B. Goldstein

Although risk factor modification is widely applicable to patients with
transient ischemic attack (TIA) and medical interventions can reduce the
likelihood of subsequent stroke in diverse populations, only highly selected
patients benefit from surgery. The assessment of an individual patient’s
potential benefit and risk associated with a surgical procedure intended 
to prevent stroke can be challenging, but is critical for rational decision
making. The primary surgical procedures considered for patients with
symptomatic cerebrovascular disease include carotid endarterectomy
(CEA), extracranial–intracranial bypass, and procedures for the so-called
moyamoya syndrome.

Carotid endarterectomy

CEA is the most commonly employed surgical intervention for patients 
at risk of hemispheric ischemic stroke. Although often performed as a pro-
phylactic procedure in asymptomatic patients with stenosis of a cervical
carotid artery, the present discussion focuses on patients with symptoms
(either TIA or nondisabling ischemic stroke) referable to an ipsilateral
high-grade extracranial carotid artery stenosis. The efficacy of carotid
endarterectomy in these types of patients has been established based on
the results of prospective randomized clinical trials. Despite the availabil-
ity of data from these clinical trials, surgical decisions can be ambiguous
because many patients do not precisely meet the criteria used in the con-
trolled studies and because some information required for individual
risk–benefit analyses, particularly assessment of perioperative surgical
risk, can be either lacking or subjective.

Extracranial carotid artery stenosis is most commonly the result of
atherosclerosis. Other conditions that may cause narrowing in these 
vessels include spontaneous or traumatic arterial dissection, fibromus-
cular dysplasia, and inflammatory conditions. Endarterectomy has not
been studied in controlled trials for these other types of conditions. The
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commonest symptoms of carotid artery disease are related to distal
ischemia as discussed elsewhere in this volume.

There have now been five randomized controlled trials of CEA for
patients with symptomatic extracranial carotid artery stenosis [1–5]. The
first, the Joint Study of Extracranial Arterial Disease, was published more
than three decades ago [1]. The surgical techniques and medical therapies
employed in this study are not comparable to those used in the more
recent trials. In addition, the study included a high proportion of patients
with vertebrobasilar rather than carotid artery distribution symptoms. A
second early trial was halted prematurely because of high perioperative
morbidity in the surgical group [2].

The three remaining studies, the North American Symptomatic Carotid
Endarterectomy Trial (NASCET) [3,6], the European Carotid Surgery Trial
(ECST) [4], and the VA Cooperative Symptomatic Carotid Stenosis Trial
(VACS) [5] had many similarities, but also differed in several ways. The
qualifying symptom(s) (ipsilateral hemispheric TIA, nondisabling stroke
or amaurosis fugax) had to occur within 120 days for NASCET and the
VACS, but could have occurred up to 6 months earlier in patients random-
ized in ECST. The VACS was restricted to males. Initially, patients needed
to be < 80 years of age for NASCET (this age limit was removed for the 
latter part of the trial), but there were no age restrictions for inclusion in
the other studies. Patients with uncontrolled diabetes or hypertension,
unstable angina, a myocardial infarction within 6 months, progressing
stroke, contralateral CEA within 4 months or major surgery within 30 days
were temporarily excluded from NASCET, but could later be included if
the qualifying symptoms occurred within 120 days of surgery. Those with
atrial fibrillation were also excluded because a high frequency of cardio-
embolic stroke would confound outcome analyses. Reasons for medical
exclusion from ECST included uncontrolled diabetes or hypertension,
renal failure, chronic obstructive pulmonary disease, emergent medical
conditions, and patients deemed unreliable or those requiring concomit-
ant use of oral anticoagulants.

The degree of carotid artery stenosis was determined based on catheter
angiography. However, the methods and criteria used to measure the
stenosis also varied among the studies [7–11]. Similar methods were used
in NASCET and VACS which calculated the percent stenosis of the carotid
artery by dividing the residual lumen diameter by the luminal diameter 
of the distal portion of the same vessel in an area where the vessel walls
were parallel. In contrast, ECST measured percent stenosis by dividing 
the residual lumen diameter by the estimated normal diameter of the
artery at that level. Because of this difference in methodology, 48% 
of patients classified as having > 70% stenosis by ECST criteria would 
be reclassified as having a more moderate stenosis using NASCET criteria
[7,8].
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All patients, regardless of whether randomized to surgery or no surgery,
received best medical therapy. However, all patients enrolled in NASCET
were recommended to receive 1300 mg of aspirin daily whereas those in
the VACS were given 325 mg daily. The use of aspirin was not required for
patients in the ECST.

Because surgical benefit is highly dependent on risk, NASCET required
that individual centers provide evidence that the operation could be per-
formed with acceptable morbidity and mortality. To participate in NASCET,
surgeons had to demonstrate a 30-day perioperative stroke and death rate
of < 6% for the last 50 CEAs performed within the prior 24 months [12].
The VACS set out criteria for both centers and individual surgeons.
Centers were required to have performed 25 or more of the operations
annually in the 3 years prior to the study with perioperative morbidity 
and mortality rates of < 6%; individual surgeons had to perform more
than 10 endarterectomies annually within the same criteria [5]. The ECST
did not require demonstration of an explicit level of either center or 
surgeon competence.

The studies also differed in specified primary outcome measures. Stroke
or death were primary outcomes for NASCET. For ECST primary out-
comes were disabling stroke, fatal stroke, or perioperative death (nondis-
abling stroke lasting more than 7 days was a secondary outcome measure).
Primary outcomes for VACS were stroke, death, or crescendo TIA.

Despite these methodological differences, NASCET [3,12], ECST [4,8],
and VACS [5] each show that, when performed with acceptable rates 
of morbidity and mortality, CEA improves outcomes in selected patients
with 70–99% stenosis as defined using the criteria as described for
NASCET. Thus, it is important to use this method of measurement when
applying the results of these trials. When the data from the three studies
were combined in a meta-analysis [13], there was a significant decrease in
the estimate of the frequency of stroke or death in the surgically treated
patients with a combined risk ratio estimate = 0.67 [95% confidence inter-
val (CI) 0.54, 0.82]. For NASCET and ECST, there was a significant overall
benefit of surgery compared with no surgery therapy for these combined
endpoints. For the VACS, the overall difference between medical and sur-
gical therapy was not significant; however, the study had limited power.

The reviewed results apply to patients with high-grade (70–99%)
symptomatic carotid artery stenosis. The initial report of ECST found no
benefit of endarterectomy in patients with < 30% stenosis of the ipsilateral
carotid artery [4]. ECST subsequently provided results for patients with
moderate stenosis with a mean 6 years of follow-up [14,15]. The study found
that although patients might derive some benefit from surgery over the
very long term, there was no benefit over a period of 4–5 years in patients
with 50–69% stenosis, nor over 6–7 years in patients 30–49% stenosis.
Table 17.1 groups ECST results with the approximate corresponding NASCET
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stenosis for the outcome of major stroke or death. Table 17.2 summarizes
the overall results of NASCET by degree of stenosis for the outcome of any
ipsilateral stroke [6]. Based on these data, there is a mild benefit in favor of
CEA for patients with moderate-grade stenosis (50–69% based on degree
of stenosis as measured in NASCET).

After the completion of these three studies, Rothwell and colleagues
remeasured the angiograms from ECST for uniformity with the other two
trials. The data were then pooled for these 6092 patients with 35 000
patient-years of follow-up [16]. This analysis found that CEA was highly
beneficial for patients with > 70% stenosis without near-occlusion (16.0%
absolute risk reduction at 5 years). For patients with 50–69% stenosis, 
the absolute risk reduction was < 1% per year (4.6% at 5 years), which
many vascular neurologists would consider clinically not meaningful.
CEA was not beneficial for patients with < 50% stenosis. In patients with
near-occlusion, in which the vessel distal to the stenosis is collapsed, there
was not a benefit at 5 years.

Table 17.1 Efficacy of carotid endarterectomy for moderate grade stenosisaECST

ECST Stenosis
60–69% 70–89% 90–99%

Approximate NASCET
30–49% 50–69% 70–99%

stenosis CEA Cont CEA Cont CEA Cont

N 232 137 482 329 104 60

Major stroke, death, % 35.3 35.0 38.8 42.6 37.5 51.7

Crude annual rate, % 5.9 5.8 6.5 7.1 6.3 8.6

NNT (6 year) – 26 7

Data from [15].

Table 17.2 Efficacy of carotid endarterectomy for moderate grade stenosisaNASCET

30–49% 50–69% 70–99%

NASCET stenosis CEA Cont CEA Cont CEA Cont

N 678 690 430 428 325 331

Ipsilateral stroke, % 14.9 18.7 15.7 22.2 13.0 26.0

Crude annual rate, % 3.0 3.7 3.1 4.4 2.6 5.2

P 0.16 0.05 < 0.001

NNT (5 year) 26 15 8

Reproduced with permission, from Goldstein LB. Extracranial carotid artery stenosis.
Stroke 2003; 34: 2767–73.
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Gender-based differences in efficacy?

The NASCET investigators point out that the mild benefit of endarterec-
tomy for patients with 50–69% symptomatic stenosis is not uniform. As
shown in Table 17.3, men, those without diabetes and those with mild
stroke benefited whereas women, diabetics and those with TIA did not.
The lack of benefit in women with 50–69% stenosis may have occurred
because of their low stroke risk (15% for women vs. 25% for men after 
5 years). This difference in benefit between men and women is not pre-
sent for patients with symptomatic high-grade stenosis. The meta-analysis
previously reviewed also compared outcome rates for endarterectomy
among patients with 70–99% stenosis based on sex for patients enrolled 
in NASCET and the ECST (total of 1006 men and 441 women) [13]. There
were no significant sex-based differences in individual event rates be-
tween the trials and no differences between men and women when the
rates were combined.

Subgroup analyses

Despite these data, surgical decisions often remain ambiguous because
many patients do not precisely meet the criteria used in the trials and some
information required for individual cost–benefit analyses are lacking or
subjective. There have been a plethora of secondary publications based
largely on post hoc analyses of the primary trial data. It must be recognized
that clinical decisions based of these secondary analyses are tenuous (i.e.
they essentially represent Level III–V data) [17]. Yet these data do have
implications for the application of the primary trial results (efficacy) to
daily clinical practice (effectiveness). Details of these studies undoubtedly
influence how the procedures are used in clinical practice [18].

Table 17.3 Efficacy of carotid endarterectomy for moderate grade stenosisaNASCET

Post hoc subgroup analysis

Medical Surgical RR RRR NNT P

Men 24.8% 16.7% 8.1% 33% 12 0.04

Women 15.1% 13.8% 1.3% 9% 77 0.94

Diabetics 34.6% 26.7% 7.9% 23% 13 0.51

Nondiabetics 19.2% 12.4% 6.8% 35% 15 0.04

Stroke 9.7% 2.2% 7.5% 77% 13 0.01

TIA 5.1% 3.4% 1.7% 33% 59 0.91

Reproduced with permission, from Goldstein LB. Extracranial carotid artery stenosis.
Stroke 2003; 34: 2767–73.
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Although already candidates for endarterectomy, in post hoc analyses
the NASCET investigators found that patients with ulcerative plaque in
addition to high-grade stenosis were at particularly high stroke risk [19].
In addition, patients having hemispheric TIA may be at greater stroke 
risk compared with those having amaurosis fugax [20]. The 2-year risk of
ipsilateral stroke in patients with retinal vs. hemispheric TIA were as fol-
lows in NASCET: 75% stenosis, 11.2% vs. 37.4%; 85% stenosis, 17.8% vs.
60.0%; 95% stenosis, 28.9% vs. 96.3%. Although the risk of ipsilateral
stroke remains elevated in patients presenting with amaurosis fugax, the
risk appears higher in those presenting with hemispheric TIA and similar
degrees of carotid stenosis. In contrast, the presence of angiographically
defined collaterals is associated with a lower risk of stroke and TIA, both
perioperatively and over the long term [21].

Approximately 40% of NASCET patients had so-called ‘lacunar’ syn-
dromes. Although traditionally thought to be due to intracranial ‘small-
vessel’ disease, this syndrome may have a variety of causes [22], and those
with ipsilateral high-grade carotid artery stenosis are considered candidates
for the operation. NASCET investigators subsequently compared the benefit
of endarterectomy in patients with 50–99% stenosis among those with
nonlacunar and lacunar syndromes [23]. The rate of ipsilateral stroke was
reduced with CEA from 25% to 10% (66% risk reduction, P = 0.002) in those
with nonlacunar syndromes vs. a reduction from 16% to 8% (53% risk
reduction, P = 0.22) in those with possible lacunar syndromes vs. a reduc-
tion from 26% to 17% (35% risk reduction, P = 0.53) in those with prob-
able lacunar syndromes. Because of sample size limitations and because
this represents a post hoc analysis, patients with lacunar syndromes need to
be investigated for ipsilateral carotid stenosis if they are otherwise surgical
candidates. However, the benefit of endarterectomy in these patients may
be relatively less as compared to those with nonlacunar syndromes.

The value of CEA in individuals with high-grade tandem lesions (e.g.
high-grade ipsilateral intracranial atherosclerotic disease) is considered
minimal, and these patients were excluded from NASCET. Intracranial
atherosclerotic disease was detected on angiography in one-third of patients
in NASCET with the infraclinoid portion of the vessel affected seven times
more frequently than the supraclinoid portion or the proximal anterior or
middle cerebral arteries [24]. Table 17.4 gives the 3-year risk of ipsilateral
stroke and numbers needed to treat to prevent one stroke in patients 
with or without mild to moderate intracranial atherosclerotic disease.
Based on this post hoc analysis, the presence of nonhigh-grade intracranial
atherosclerosis appears to increase further the risk of stroke in patients
with ipsilateral carotid artery stenosis. The numbers needed to treat
appear to decrease with increasing degrees of extracranial stenosis and
with the presence of ipsilateral intracranial disease, suggesting that CEA is
of benefit even in the setting of a noncritical intracranial tandem lesion.
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Of the 2885 NASCET patients, 3.1% had an unruptured intracranial
aneurysm [25]. One of the 25 patients having endarterectomy ipsilateral
to the unruptured aneurysm had a subsequent subarachnoid hemorrhage
6 days later and died. However, the site of bleeding was not identified 
at post mortem evaluation despite the presence of two small ipsilateral
aneurysms. None of the 23 patients with an unruptured small aneurysm
ipsilateral to carotid stenosis who were treated medically had a sub-
arachnoid hemorrhage. Although the numbers are quite small, it was con-
cluded that the decision regarding endarterectomy should generally not
be influenced by the presence of a small unruptured aneurysm in patients
with symptomatic carotid artery stenosis.

There are several issues to consider when contemplating CEA in the
elderly. Initially, NASCET (but not ECST or VACS) was limited to patients
under 80 years of age [3]. The patients enrolled in NASCET and the VACS
had a median or mean age of about 65 years [3,5]; those in the ECST were
‘aged about 60’ [4]. Patients randomized in the VA asymptomatic study
had a mean age of 64–65 years [26]. Therefore, data from randomized
controlled studies regarding the efficacy of CEA in symptomatic patients
over age 79 are limited. A meta-analysis of 36 published studies found that
age over 75 years was associated with a 36% increased perioperative risk
of stroke or death (found in 10 studies; odds ratio 1.36; 95% CI 1.09, 1.71;
P < 0.01) [27]. However, at least one study has reported that endarter-
ectomy can be safely performed in even octogenarians [28]. Clinical judge-
ment remains essential when considering any octogenarian for surgery.

Timing of surgery

Consideration of CEA is appropriately delayed after large hemispheric
strokes to determine the patient’s level of recovery and to avoid the 

Table 17.4 Endarterectomy vs. medical therapy based on presence of ipsilateral
intracranial atherosclerotic diseaseaNASCET [24]

Medical RxCEA NNT

Intracranial atherosclerotic disease – + – + – +

ICA stenosis
50–69% 14.7% 19.4% 10.5% 11.8% 26 12

70–84% 23.5% 28.8% 10.1% 6.1% 7 5

85–99% 25.3% 45.7% 10.0% 8.6% 6 3

Three-year risk of ipsilateral stroke.
Reproduced with permission, from Goldstein LB. Extracranial carotid artery stenosis.
Stroke 2003; 34: 2767–73.
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possible further surgery-related injury that was found in studies per-
formed in the 1960s. However, the timing of the operation after a smaller
nondisabling stroke remains uncertain. Another NASCET subgroup ana-
lysis compared 42 patients with 70–99% carotid stenosis and a nondisabl-
ing stroke operated between 3 and 30 days with 58 patients operated after 
30 days (range 33–117 days) [29]. Patients operated later more frequently
had abnormalities on initial computed tomography (CT) scan (64% vs.
41%, P = 0.02), but the groups were otherwise similar. The perioperative
stroke rate was 4.8% in the early group vs. 5.2% in the delayed group 
(P = 1.00) with no perioperative deaths. Although the results might be
subject to selection bias based on the presence of CT abnormalities, event
rates were higher in those with abnormal scans undergoing delayed
surgery (5.4%) vs. those with abnormal scans having early surgery (0%).
The authors’ conclusion was that there is no reason to delay surgery in the
setting of a small stroke.

Perioperative platelet anti-aggregants

A further post hoc analysis of NASCET data for patients with 70–99%
stenosis found the risk of perioperative stroke or death was 1.8% for those
taking 650–1300 mg of aspirin vs. 6.9% for those taking ≤ 325 mg daily,
suggesting a benefit with higher aspirin doses [30]. The potential danger 
of post hoc analysis was underscored by the Aspirin and Carotid End-
arterectomy (ACE) trial that randomized 2849 patients to receive 81, 325,
650 or 1300 mg of aspirin daily following CEA for 90 days [31]. The 
primary analysis compared the two high-dose groups with the two low-
dose groups. Table 17.5 gives the overall results and indicates lower 30-day

Table 17.5 High- vs. low-dose aspirin after carotid endarterectomyaACE [30]

Low dose High dose
n = 1395 n = 1409 P

30 days
Stroke, MI, or death 5.4% 7.0% 0.07

Stroke or death 4.7% 6.1% 0.11

Ipsilateral stroke or death 4.2% 5.7% 0.05

3 months
Stroke, MI, or death 6.2% 8.4% 0.03

Stroke or death 5.7% 7.1% 0.12

Ipsilateral stroke or death 4.9% 6.5% 0.07

Reproduced with permission, from Goldstein LB. Extracranial carotid artery stenosis.
Stroke 2003; 34: 2767–73.
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rates of stroke, myocardial infarction or death in those given lower doses
of aspirin. There was no significant difference in the risk of bleeding com-
plications among the groups. It should be noted that longer-term effects of
these different aspirin doses were not examined. None of the other avail-
able platelet antiaggregants has been tested in the perioperative period 
following endarterectomy.

Endarterectomy risk

The benefit of CEA in comparison with medical therapy alone is highly
dependent on surgical risk [7,31–34]. Postoperative complication rates
significantly higher than 4–6% in patients with high-grade symptomatic
stenosis would eliminate the benefit of the operation. Observed perioperat-
ive mortality is often higher when performed outside of the setting of a
clinical trial, even in centers that participated in randomized studies [35].
Although the 30-day death rate following CEA based on Medicare claims
data fell from approximately 3% in 1985 to 2.3% in 1991, the combined
mortality and stroke rates were estimated to range between 5% and 11%
for all Medicare patients in 1991 [36]. Several surgical series report 
perioperative complication rates of approximately 3% [31,37–39], but
community-based surveys have reported combined morbidity and mort-
ality rates of 6–20% [40–46]. Although a variety of preoperative patient-
related factors may affect the risk of CEA, surgical volume [35,47–50] 
and the skill of the surgeon are critical [51–54]. Therefore, knowledge of 
a surgeon’s complication rates is a critical part of the decision to proceed
with surgery. Despite the central role of complication rates for surgical
decisions, a recent survey found that < 20% of physicians knew their 
hospital’s perioperative complication rates for CEA [55]. A second study
surveyed the surgery program directors of medical centers in the USA with
an accredited surgery residency program [56]. Approximately one-fifth 
of those responding to the survey indicated that their programs were not
systematically monitoring CEA complication rates. Specific complication
rates were unknown in 40% of the programs that were monitoring com-
plications. Ongoing audits of surgical complication rates need to be carried
out to provide these essential data [57].

Stroke prevention after endarterectomy

Finally, it is important to recognize that 20% of patients undergoing
endarterectomy for symptomatic disease subsequently have strokes
related to other etiologies [58]. CEA represents only one mode of reducing
stroke risk in patients with TIA or nondisabling stroke. Therefore, these
patients need to be fully evaluated for other potential treatable causes of
stroke [59].
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Extracranial–intracranial bypass

Patients with carotid artery occlusions and those with occlusions or high-
grade stenosis above the level of the skull base cannot be approached with
CEA. A landmark randomized clinical trial tested the efficacy of anastomosis
of the superficial temporal artery to the middle cerebral artery in patients
with symptomatic stenosis or occlusion of the trunk or major branches
before the bifurcation or trifurcation of the middle cerebral artery, stenosis
of the internal carotid artery above the level of the C-2 vertebral body, or
occlusion of the internal carotid artery [60]. There was no benefit associ-
ated with the operation overall or in any subgroup. Although a variety of
issues were subsequently raised and addressed [61–63], the procedure
was largely abandoned based on the results of this trial.

It has been suggested that extracranial–intracranial bypass might be of
value in a subgroup of patients with carotid occlusions who have a particu-
larly high risk of subsequent stroke. Positron emission tomography (PET)
can be used to assess the brain’s regional metabolic status. One group
found that patients with a previous stroke or TIA in the territory of an
occluded carotid artery having ipsilateral increased oxygen extraction as
measured by PET had an overall six-fold increased risk of stoke and seven-
fold increased risk of ipsilateral stroke over 48 months of follow-up [64].
Similar results were found in a second study [65]. A clinical trial evaluat-
ing the efficacy of extracranial–intracranial bypass in high-risk patients
with carotid artery occlusion is now planned [66]. However, at this point
there remain no proven indications for the operation.

Surgery for moyamoya disease

Moyamoya disease has been described as ‘a non-atherosclerotic, non-
inflammatory, non-amyloid vasculopathy characterized by chronic pro-
gressive stenosis or occlusion of the terminal internal carotid artery and/or
middle cerebral arteries’. [46] Arteriographically, the process is also char-
acterized by a puff of smoke appearance of the vessels at the base of the
brain. Moyamoya disease refers to the idiopathic form of the condition,
whereas the term moyamoya syndrome is used when it results from a
defined underlying condition [46]. Most commonly presenting in child-
hood or in the young adult age group with cerebral ischemia, moyamoya
can present with intracerebral hemorrhage in adults. It may have a more
benign course in Western compared with Asian populations, where it was
first described [46].

Although prospective data comparing medical and surgical therapy for
moyamoya are limited [46], a variety of cerebral revascularization procedures
have been employed for the treatment of symptomatic disease. These in-
clude indirect revascularization such as with encephalo-myo-synangiosis
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in which temporalis muscle is applied directly to the pial surface, and
encephalo-duro-arterio-synangiosis in which the superficial temporal
artery and an attached piece of galea are similarly placed, and omental
transplantation [67]. Direct superficial temporal to middle cerebral artery
bypass procedures are also employed. Although reports of the effective-
ness of these various procedures in both children [68] and adults [69] are
favorable, the choice of a specific surgical approach and its impact on the
ultimate course of the disease remain controversial.

Conclusion

Surgical procedures are of clear benefit in selected patients with TIA.
However, the relative benefits vary depending on the particular indication
and patient characteristics. Knowledge of the surgeon’s complication rates
is critical.
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Angioplasty and Stenting
Alex Abou-Chebl, Jay S. Yadav

Introduction

The days of therapeutic nihilism in the treatment of stroke patients are
over. Newer therapies are evolving rapidly and patients who develop trans-
ient ischemic attacks (TIA) or stroke secondary to arterial disease can now
be offered definitive medical and surgical therapies. Endovascular therapy
for cerebrovascular occlusive disease is perhaps the most exciting of the
new and still developing therapies. Endovascular therapy involves the
percutaneous use of balloon dilatation (angioplasty, PTA) catheters and/or
stents to recanalize stenotic vessels. The vessels treatable in this manner
include all of the great vessels of the aortic arch, neck, and even intracra-
nial vessels, specifically: the brachiocephalic and subclavian arteries, com-
mon carotid arteries (CCA), internal carotid (ICA) and vertebral arteries
(VA) both the cervical and intracranial portions, middle cerebral artery
trunk (MCA) as well as the basilar artery (BA). This method is appealing
because it is less invasive compared with conventional surgery, e.g. carotid
endarterectomy (CEA) or extracranial–intracranial bypass, and it can poten-
tially treat lesions that would otherwise be surgically untreatable [1]. As
with most of the new emerging therapies for cerebrovascular disease there
are many unresolved issues regarding the indications for endovascular
therapy: the optimal techniques, the efficacy and safety, and finally the
long-term outcomes and durability of the treatment [1–3]. To date there
has been only one randomized trial reported of endovascular therapy
compared with surgery which has been published and which included at
least 100 patients [4]. Much of the data regarding endovascular tech-
niques are derived from series of patients reported by single centers that
are little more than case reports, although a few large series, especially of
carotid angioplasty and stenting (CAS), have been reported. In this chap-
ter we will attempt to summarize the available published data on endovas-
cular therapy and to discuss issues of patient selection and peri-procedural
medical management. Finally, the ongoing clinical trials will be described
and future directions suggested.

CHAPTER  18
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Cervical carotid and vertebral artery angioplasty and
stenting

Internal carotid artery atherosclerosis at its origin is the most common
cause of TIA and stroke of arterial origin. Carotid endarterectomy has been
shown to be the treatment of choice in patients with symptomatic stenoses
measuring > 70% luminal narrowing [5–8]. In the North American
Symptomatic Carotid Endarterectomy Trial (NASCET) CEA was superior
to medical therapy in patients with > 70% stenosis, reducing the ipsilateral
stroke rate from 26% to 9% at 2 years [5]. Patients with 50–69% luminal
narrowing benefited from surgery to a lesser extent, with a decrease in 5-
year ipsilateral stroke rates from 22.2% to 15.7%. This is the gold standard
therapy against which newer therapies must be measured. CEA is not
ideal, however, as it is counterbalanced by significant drawbacks. The
margins for benefit in NASCET were dependent on a low perioperative
stroke and death rate of 5.8%. Higher surgical complication rates reduce
the benefit from surgery. The NASCET results do not accurately reflect 
the real population of symptomatic patients with ICA atherosclerosis for
two major reasons. First, the low perioperative complication rates attained
by the specialized centers involved in the trial are much lower, by as much
as a factor of three, than those obtained in everyday practice [9]. Second,
the patients enrolled in the trial were highly selected and did not include
in significant numbers those with major medical comorbidities such as
renal, pulmonary, and especially coronary artery disease (CAD) as well
those with contralateral ICA occlusion or patients age ≥ 80 years. In addi-
tion to the risk of stroke and death noted in NASCET, there was a 7.6%
incidence of cranial neuropathy and an 8.9% incidence of surgical wound
hematoma or infection.

Carotid angioplasty and stenting is an attractive alternative to CEA for
several reasons [10]. It is potentially less risky to perform in patients with
medical comorbidities, especially those with CAD, since it is performed
without general anesthesia (Fig. 18.1) [3,11,12]. CAS is a less invasive pro-
cedure and does not carry a risk of cranial nerve palsies or surgical wound
hematomas and infection, the frequency and clinical significance of which
are not minor [5,6]. CAS may also be applied to patients at particularly high
risk of complications from CEA, including patients who have major med-
ical comorbidities, those who have had prior CEA or neck exploration,
neck irradiation, as well as individuals who have high carotid bifurcations,
contralateral carotid occlusion, or tandem stenoses (Fig. 18.2) [12–26].
Early investigators performed ICA angioplasty only and later used stents
only as a rescue if a dissection developed [13,15,16,27,28]. As stent tech-
nology improved it became possible to deliver stents into the ICA with a
significant improvement in acute outcomes compared with angioplasty
alone [10]. Currently, stenting following PTA of the ICA is the standard



Fig. 18.1 Fifty-five-year-old male with severe ischemic cardiomyopathy who was on the
waiting list for a heart transplant developed recurrent amaurosis fugax in the right eye.
By computed tomography he was found to have silent borderzone infarcts in the deep
white matter of the right hemisphere and on cerebral angiography he had a nearly 
occlusive, eccentric and ulcerated stenosis of the right internal carotid artery (arrow in A),
seen here in the AP plane. (B) The AP intracranial view shows delayed and poor filling
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Fig. 18.2 A 76-year-old man with a prior history of carotid endarterectomy of the right
internal carotid artery (ICA) for an asymptomatic stenosis 13 years previously,
presented with recurrent vision loss in the right eye and tingling of the left arm. A
carotid duplex showed the right ICA peak systolic velocity to be 530 cm/s and the
ICA/common carotid artery (CCA) ratio to be 10. An ipsilateral oblique angiogram (A)
shows an ulcerated, severe (> 95%) stenosis of the ICA at the distal end of the previous
endarterectomy site (arrow) as well as a tandem stenosis of the CCA at the proximal
end (arrowhead) both consistent with clamp injury. (B) The predilatation balloon
inflated in the ICA as well as an umbrella type emboli capture device deployed in the
distal cervical ICA. (C,D) The completion angiograms, which reveal the complete
resolution of the stenoses proximally, and distally using two separate nitinol stents.
The prestent intracranial angiogram (E) shows slow flow into the right middle cerebral
artery (MCA) (arrowheads) and no filling of the ACA (arrow), which filled from the
left ICA. The poststent angiogram (F) shows improved opacification of the MCA
(arrowheads) as well as filling of the ACA (arrow).

Fig. 18.1 Opposite. of the middle cerebral artery (MCA) (arrow), consistent with a high-
grade proximal stenosis; note the prominent flow in the external carotid branches
(arrowheads). A 10 × 36 mm stainless steel stent was successfully deployed in the
internal carotid artery and distal common carotid artery (C) with a 0% residual
stenosis. Following stent deployment, the intracranial injection in the AP plane (D)
shows a normal filling pattern with MCA (arrow) opacification prior to filling of the
ECA branches (arrowheads).
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practice [11]. Carotid angioplasty and stenting has also been successfully
used to treat a variety of conditions other than atherosclerosis that can
affect the internal carotid arteries and cause ischemia including: spont-
aneous and traumatic dissection, pseudoaneurysms, and fibromuscular
dysplasia (Fig. 18.3) [25,29–34].

Endovascular treatment of the other cervico-cranial vessels is less con-
troversial than CAS. This is because these other vessels are less frequently
implicated in causing cerebral ischemia and their surgical repair is much
more involved and complicated than CEA. The surgical approach to the
brachiocephalic, subclavian, and common carotid artery origins requires 
a thoracotomy (Fig. 18.4). Extracranial VA lesions can be treated with
endarterectomy or transposition of the VA to the carotid artery; in either
case both techniques require expertise that is not widely available and
there are no definitive studies proving the value of these surgical proce-
dures. Endovascular treatment can be performed much more quickly and
easily than can surgery (Fig. 18.5). Safety and outcomes are even less well
delineated than is CAS, however, and the available data are limited to
those obtained from small series and case reports [32,34–52].

Extracranial angioplasty and stenting: technical issues

The first report of carotid artery angioplasty was published in 1981 and
was followed by sporadic reports of small series of patients over the follow-
ing decade [13,15,27–30,35,36,53–57]. It was not until the introduction
of intravascular stents, however, that endovascular treatment became a
viable approach [3,49,58]. The first large series of CAS was published in
1996 and included 126 procedures performed on 107 patients who were
at high risk of CEA [10]. Many other reports have been published in recent
years [14,18,20–22,24,34,49,59–79]. The results of many of these series
are quite encouraging and suggest that CAS may be an alternative to CEA.
These results must be interpreted with caution, however, since these stud-
ies are quite heterogeneous in patient selection, endovascular technique
and equipment used, as well as in outcome measures. In addition the
majority of the procedures reported in these series were performed with-
out emboli capture devices, which have the potential to revolutionize PTA
and stenting of the cervico-cranial vessels. Almost all of the reported series
to date included both symptomatic and asymptomatic patients and only 
a small number evaluated outcomes based on the symptomatic status of
the ICA. The following discussion therefore will include outcomes of both
groups of patients and where possible subgroup results of symptomatic
patients will be highlighted.

Appropriate patient selection is the first and most crucial step in ensur-
ing success. Patients who have severe peripheral vascular disease and poor
arterial access or those with a very tortuous or steep aortic arch may be
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Fig. 18.3 A 57-year-old man with hypertension, coronary artery disease, and a long-
standing type B aortic dissection developed a depressed mental status and left-sided
hemianopsia and hemiparesis that fluctuated with changes in blood pressure. Urgent
angiography revealed (A) spontaneous dissection (arrow) of the right internal carotid
artery (ICA) with (B) poor flow intracranially (arrowheads). A single stent measuring
7 × 40 mm was deployed in the right ICA (arrow in C) resulting in normal filling of the
middle cerebral artery (MCA) (arrow) and ACA (arrowheads) (D). The patient’s
fluctuating symptoms resolved and he improved moderately, although he was left
with a moderate sized MCA infarct.
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difficult or impossible to treat endovascularly. Similarly, patients with renal
insufficiency or a history of anaphylactic reaction to angiographic contrast
may not be appropriate candidates, although alternatives to conventional
contrast do exist. Platelet inhibition has been shown to be important in
preventing acute thrombus formation at the site of PTA or stenting in the
coronary arteries [80–82]. As a result, all extracranial interventions are
performed with platelet inhibition with aspirin, ticlopidine and or clopido-
grel and there is little to no disagreement about their use [82,83]. We pre-
fer clopidogrel to ticlopidine for its low risk of side-effects. Patients who
have contraindications to the use of aspirin, clopidogrel, or ticlopidine or
who are noncompliant or who continue to smoke and live an unhealthy
lifestyle may have higher restenosis risks or even acute postprocedure
thrombosis [84]. A relative contraindication to endovascular repair is the
need for major surgery within 30 days that would necessitate the discon-
tinuation of antiplatelet agents, although there have been some reports of
combined CAS and coronary artery bypass graft surgery [85,86]. Platelet
glycoprotein IIb/IIIa receptor (GPIIa/IIIa) antagonists have been used 
by some investigators in high-risk patients undergoing cervico-cranial
endovascular repair [23,87–90]. The role of such agents has yet to be

Fig. 18.4 A 47-year-old woman presented with lightheadedness and vertigo associated
with left arm claudication. A subclavian steal was suggested by duplex evaluation and
confirmed by angiography. An AP plane angiogram (A) of the left subclavian artery
shows a severe stenosis of the proximal vessel (arrow) with no filling of the vertebral
artery (VA) (curved arrow) and in fact shows retrograde flow into the subclavian from
the VA [note the washout of contrast (arrowheads) in the apex of the artery]. After
stenting (B) there is a resolution of the stenosis with normal anterograde flow into the
VA (arrow). The patient was asymptomatic following the procedure.
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defined by controlled studies, but one possible role is their use for patients
undergoing urgent interventions without prior adequate oral antiplatelet 
therapy or patients with long stenoses who will be treated with multiple
stents.

Advances in percutaneous coronary artery revascularization have
served as helpful models for endovascular cervico-cranial procedures.
Stents have been shown to improve patency both short term and long
term in the coronary arteries [91,92]. The causes of acute failure of PTA
include elastic recoil, dissection and intimal flap formation, vasospasm,
and thrombotic occlusion (platelet and/or fibrin). Stent deployment
decreases the incidence of acute closure or thrombosis secondary to elastic
recoil or dissection [3,10,93–96]. Stents may also decrease the risk of late
restenosis. In the extracranial cervico-cranial vessels, there is almost uni-
versal agreement on the use of stents especially in heavily calcified lesions
and at the ostia of the great vessels where elastic recoil is greatest [97] 
(Fig. 18.6).

Fig. 18.5 A 69-year-old man with a history of hypertension and smoking developed a
left cerebellar hemisphere infarct and was treated with warfarin. He then developed
recurrent (2–3/week) spells of hemiparesis and loss of consciousness. Angiography
revealed an occluded right vertebral artery (VA) at its origin and (A) a severe stenosis
of the left VA origin (arrow) with a moderate, ulcerated stenosis of the proximal
subclavian artery (arrowheads). The VA was primarily stented. (B) Note the stent
being deployed by an inflated balloon (arrow), the guidewire in the VA (arrowhead)
and the guide catheter in the subclavian (curved arrow) can be seen. The subclavian
artery was also stented because of the proximity of the stenosis and ulcer to the VA
origin and because there was a blood pressure gradient of 40 mmHg across the stenosis
suggesting that it was hemodynamically significant. Following stenting (C) the VA
ostium is widely patent (arrow). The patient had no further spells of hemiparesis or
loss of consciousness.



Fig. 18.6 A 78-year-old woman with extensive peripheral and coronary artery disease
had a right middle cerebral artery (MCA) territory transient ischemic attack (TIA).
Carotid duplex revealed severe bilateral internal carotid artery (ICA) stenoses. An
aortic arch angiogram shows severe atherosclerosis of the aortic arch (arrowheads) and
a severely calcified (short arrows), subtotal occlusion of the innominate artery (long
arrow) and occlusion of the right subclavian artery (curved arrow). An ipsilateral
oblique angiogram of the right common carotid artery (CCA) bifurcation (B) shows a
complex, ulcerated, calcified and subtotal occlusion (arrow) of the ICA. Angioplasty of
the innominate artery was carried out with multiple high-pressure inflations and only
after balloon expandable stent deployment and repeat dilatation was an adequate
result obtained (arrow in C). The ICA was successfully treated with a nitinol self-
expanding stent without any residual stenosis (arrow in D).
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Angioplasty and stenting are appealing because they are less invasive
and may be safer than conventional surgical approaches, but they are not
without risks. Risk factors for complications of CAS include age > 80 years,
symptomatic status, length of stenosis (> 10–11 mm), heavy ring-like
calcification at the ICA bulb, and the presence of intraluminal thrombus
[3,85,98]. Several series have found differences in complication rates
between symptomatic and asymptomatic patients [75,99]. A study of 111
patients by Qureshi et al. suggested that symptomatic patients may have 
an increased risk of perioperative stroke compared with asymptomatic
patients [98]. These results are supported by those obtained in a large mul-
ticentre survey of 36 centres that evaluated outcomes in 4749 patients
[100]. In that study symptomatic patients had a combined stroke and 
procedure-related death rate of 5.76%, while asymptomatic patients had 
a 3.38% complication rate. No statistical values were reported with these
figures, but with such a large series it is likely that those numbers rep-
resent a clinically significant difference. Risk factors that are of unclear
significance include the severity and complexity of the stenosis and recent
stroke < 3 weeks [3,20,75,98]. One characteristic that has not been cor-
related with complications is sex, which is in contradistinction to the
increased risk of complications in women reported in the Asymptomatic
Carotid Atherosclerosis Study (ACAS) [5,75]. Hypotension and brady-
cardia are common during interventions on the ICA bulb but are usually
transient and mild [101]. Complications of endovascular procedures not
specific to cerebral interventions include access site hematomas, allergic
reactions to contrast, heart failure, and renal toxicity, the incidences of
which are similar to those of cerebral angiography.

The most feared complication of carotid stenting is cerebral ischemia.
The most common mechanism of ischemia with endovascular therapy 
is distal embolization, but acute vessel occlusion due to dissection, vaso-
spasm, or thrombosis are other potential mechanisms. These other mech-
anisms are fortunately quite rare, especially with the current practice of
stent deployment in almost all patients and the aggressive use of anti-
platelet agents. Embolization remains the limiting factor in widespread
acceptance of PTA and stenting, especially [84]. Emboli as detected by
transcranial Doppler ultrasonography (TCD) have been shown to occur 
in virtually all patients undergoing endovascular treatment of the ICA,
especially at the time of balloon inflation and deflation [102–104].
Embolization as detected by TCD is not unique to CAS but also occurs dur-
ing CEA and has been correlated with the risk of ischemic complications 
in both CAS and CEA [95,103–105]. Emboli capture devices have the
potential to limit distal embolization during CAS (Fig. 18.7). Clinical ex-
perience with such devices is limited outside of the ongoing clinical trials
[57,106–109]. We feel, as do most experts in the field, that such devices
will greatly reduce the risk of distal embolization during CAS and several
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Fig. 18.7 High-intensity transient signals, some of which presumably represent emboli
are readily seen by transcranial Doppler ultrasonography following balloon deflation
in a patient undergoing carotid angioplasty and stenting (A). Several filter types or
‘umbrella’ emboli capture devices have been developed (B1–3). One such device
(Angioguard™, B1) is shown in (C) deployed in the high cervical internal carotid
artery (ICA) (arrow) prior to balloon dilatation and stent deployment. Particulate
material is frequently seen after the emboli capture devices are removed. In this case
(D) the magnified view shows white particles that were trapped on a filter. The
particles were hydrophobic and ‘greasy’ to the touch and probably represented
cholesterol and lipid particles from the ICA plaque.
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ongoing clinical trials, as will be discussed shortly, include the use of such
devices [3]. Intracranial hemorrhage is another possible complication of
cervicocranial revascularization, especially CAS. Possible causative mech-
anisms include embolization and hemorrhagic conversion of the infarcted
region, the use of heparin and potent antiplatelet agents, and cerebral
hyperperfusion syndrome. The latter is well described after CEA but has
rarely been reported following CAS [110,111]. Patients at risk of this 
complication can be identified preoperatively. Risk factors include peri-
operative hypertension, revascularization of a severe stenosis with poor 
collateral blood flow, or the presence of bilateral severe stenoses or con-
tralateral occlusion.

Outcomes and conclusions

There have been more than 25 series and one randomized study of CAS
published to date that had a combined total of 2606 patients, 69% of
whom were symptomatic. In many of these series there was no mention of
outcomes based on symptom status. In addition, Wholey et al. surveyed
the major centers that perform CAS and obtained global experience data
on 4757 patients which they published in 2000 [100]. Of those patients,
63% were symptomatic. As discussed above, these series reflect quite a
heterogeneous group of patients and techniques (Table 18.1). Of all of the
differences listed in Table 18.1, operator experience is perhaps the most
critical, as many studies have shown improved outcomes with increased
experience [75,77,100]. In the aforementioned 25 series the technical suc-
cess rate was 96.3% (range 71.4–100%). In this same group of patients,
complications within 30 days included TIAs in 4.4% (range 0–17.6%) and
strokes of all severities in 4.3% (range 0–13.3%), while 1.15% (range
0–5.9%) of patients died. For comparison the cohort of major centers 
surveyed by Wholey had lower complication rates of 2.82%, 3.84%, and
0.86%, respectively [100]. Follow-up of at least 12 months was reported
in 84% of the patients in this series and revealed a 2.3% 6-month resteno-
sis rate and a 12-month restenosis rate of 3.4%. The 30-day combined
stroke or death rate in symptomatic patients was 5.76%. At 12 months,
only 1.4% of patients had had an event, defined as a TIA, stroke, or stroke
death. These rates are comparable to those obtained in the NASCET trial 
of CEA for symptomatic patients [5]. The 30-day event rate in that trial
was 6.5%. Considering that many patients treated in major centers 
were considered high risk for CEA, the retrospective results suggest 
that CAS may be at least equivalent to CEA and may in fact be safer if
surgery-specific complications are considered (e.g. cranial neuropathies 
or neck hematomas). In asymptomatic patients, however, the complica-
tion rate of 3.38% is higher than that obtained in the surgical arm of the
Asymptomatic Carotid Atherosclerosis Study, although the stent patients
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were typically at higher surgical risk than the patients in ACAS [112]. The
results of endovascular treatment of other cervical vessels are promising
but the available data are nothing more than anecdotal case series. Given
that for many such patients there is no surgical alternative or what 
alternatives exist are quite invasive, endovascular treatment must be con-
sidered on a case by case basis and should be performed by highly experi-
enced interventionalists.

The only study published to date that directly compared endovascular
treatment and CEA in a randomized fashion was the CAVATAS study con-
ducted in Europe and Australia [4]. The study enrolled NASCET eligible
patients, 90% of whom were symptomatic (37% had had TIA) in the prior
6 months. The 30-day outcomes for stroke and death in the 251 endovas-
cular patients and the 253 CEA patients were 10% and 9.9%, respectively.
Although these results were almost double the NASCET results, they
showed clinical equipoise between the two therapies. At 1 year there was
a statistically significant (P < 0.001) increased rate of restenosis (> 70%) in
the endovascular group (14%) compared with CEA (4%); however, the
stroke rate at 3 years was similar in both groups. Local complications such
as cranial nerve injury and hematomas were higher in the surgical group.

Table 18.1 Differences between studies of carotid angioplasty and stenting (CAS)

Patient characteristic
Symptomatic vs. asymptomatic
High vs. low risk for carotid endarterectomy 
Retrospective vs. prospective data collection

Technical issues
Experience of interventionalist
Balloons and stents used
Use of emboli capture device
Antiplatelet regimen
Post-operative management

Outcomes measures
Inclusion/exclusion of transient ischemic attack
Definition of stroke
Definition of stroke severity
Perioperative mortality
Evaluation by neurologist
Definition of technical success

(Residual stenosis < 70, < 50, < 30%)

Follow-up
Duration
Method (US vs. angiography)
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In CAVATAS only 26% of patients were treated with a stent, which may
explain the very high rate of recurrent stenosis and may even have con-
tributed to the high perioperative event rate.

There are several ongoing clinical trials that will hopefully definitively
determine which procedure is superior, CAS or CEA. Table 18.2 lists the
major ongoing trials as well as planned trials that will begin enrollment
shortly. Only two of the trials are randomized, SAPPHIRE and CREST. The
aim of the Stenting and Angioplasty with Protection in Patients at High
Risk for Endarterectomy (SAPPHIRE) study is to show efficacy and safety
of CAS in a high surgical-risk patient population. The study utilizes a stent
that is optimized for the carotids along with an umbrella type of emboli
capture device (Angioguard™; Cordis Corp., Miami, FL, USA; Fig. 18.7).
The study has recently been presented in abstract form. The Carotid End-
arterectomy vs. Stenting Trial (CREST) is an NIH and industry-sponsored
trial of a stent specifically designed for the carotids but in a NASCET elig-
ible population (i.e. low surgical risk). Patients will be randomized to CAS
or CEA, but the use of an emboli capture device is optional. Enrollment
began in mid 2001 and results will not be available for several more years.

A consensus conference of experts from all disciplines (cardiology, radi-
ology, and surgery) was recently held [3,113,114]. The experts agreed 
further research is needed before CAS can be adopted universally. They
felt that the optimal techniques have not yet been defined and that better
equipment and cerebral protection devices are needed. A definitive state-
ment of equipoise or superiority of CAS must therefore await the results of

Table 18.2 Summary of major ongoing and upcoming clinical trials of carotid stenting

No. of High
Symptom status (stenosis severity)

Study name patients risk Symptomatic Asymptomatic Randomized Status

ARCHER 398 Yes Yes (> 50%) Yes (> 80%) No (Registry) Enrolling since

3/2001

CABERNET 380 Yes Yes (> 50%) Yes (> 80%) No (Registry) Pending

CREST 2500 No Yes (> 50%)* No Yes Enrolling since

8/2001

SAPPHIRE 900 Yes Yes (> 50%) Yes (> 80%) Yes† Enrolling since

8/2000

SECURITTY Yes Yes (> 50%) Yes (> 80%) No (Registry) Pending

SHELTER 480 Yes Yes (> 50%) Yes (> 80%) No (Registry) 1/2002

*More than 50% angiographic stenosis or > 70% stenosis by Duplex US.

Patients are randomized unless they are deemed inoperable by the surgeon, in which case

they are enrolled into a registry of stenting.
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a clinical trial that directly compares CEA and endovascular therapy per-
formed by experienced interventionalists with state of the art techniques
and equipment specifically designed for the carotids, and performed with
emboli capture devices. For the time being, CAS should be performed only
as part of a clinical trial or under an IDE.

Intracranial artery angioplasty and stenting

Intracranial atherosclerosis causes 8–10% of all ischemic strokes [115].
Patients at particular risk of intracranial stenosis include those who have
diabetes mellitus or hypercholesterolemia and those of African-American,
Hispanic, Asian, or Middle Eastern descent [115,116]. The pathophysio-
logy of most intracranial stenoses is thought to be atherosclerosis. The most
common locations for intracranial atherosclerosis are the petrous ICA, the
cavernous ICA, the clinoid or terminal ICA, the MCA trunk, the distal VA,
the vertebrobasilar junction, and the mid BA [117–119]. The small size of
these vessels, their location within the calvarium, their proximity to deli-
cate brain and cranial nerves, and the presence of small perforators com-
plicate and limit surgical therapeutic options. Surgical bypass has been
used in selected patients but in a randomized trial patients treated with
bypass of MCA stenoses fared worse than medically treated patients [120].
Recent developments in percutaneous or endovascular techniques and
equipment have overcome some of these difficulties and now make it 
possible to recanalize the intracranial vessels using PTA and stenting.

The data of the risks of stroke or TIA in patients who have intracranial
atherosclerosis have been obtained from mostly small and retrospect-
ive series of patients [121–132]. An accurate knowledge of these risks is
essential if the results of endovascular interventions are to be assessed 
critically. There is a great variability in the way patients were identified,
evaluated, treated medically, and the duration for which they were followed
in these series. Annual rates of stroke or TIA recurrence are reported to 
be as low as 3% and as high as 22.3% [120,124–126,128–130,132–134].
In most of these series the risk of recurrence was between 6% and 10%
annually. Thijs and Albers found as we did in our own unpublished series
that patients who fail any medical regimen are at a particularly high risk of
recurrent ischemia when compared with patients who are not taking an
antithrombotic medicine at the time of initial presentation [111,135].
There may also be differences in stroke risk based on the vascular territory
and patterns of atherosclerosis [113]. Also the risks of lesion progression
may vary depending on location. Akins et al. have reported that in 21
patients followed with serial angiograms over a mean of 26.7 months,
20% of intracranial ICA stenoses progressed > 10% [136]. Of patients with
MCA or VB stenoses, approximately 60% progressed angiographically.
Approximately 20% of lesions regressed and the remainder were stable.
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The risk of TIA or stroke in patients who have incidentally found intra-
cranial stenoses but are asymptomatic is unknown.

Stroke mechanisms and the goals of endovascular
therapy

The intracranial vasculature is most similar to the coronary vasculature in
size but unlike acute myocardial infarction, platelet and fibrin thrombus
formation upon an area of acute plaque rupture is not the only mechan-
ism of ischemia due to intracranial atherosclerosis [136–139]. Hypoperfu-
sion and embolism are the other common mechanisms of ischemia associ-
ated with intracranial stenosis [133,140]. It is likely that in many patients
a combination of these mechanisms is responsible for ischemia [141].
Improving flow through the stenosis should be the primary aim of any
endovascular attempt. Even small changes in diameter will have a great
effect on flow through the stenotic segment [118,142]. An angiographic
endpoint of a smooth lumen of normal caliber, while desirable, is not 
necessary to help the patient, and the pursuit of such a goal may lead to a
poor outcome.

The indications for endovascular repair of intracranial stenosis are con-
troversial [113,114]. Most neurologists and interventionalists would prob-
ably disagree with the point of view that the presence of a symptomatic
intracranial stenosis is by itself an indication for endovascular repair [113].
Most clinicians recommend angioplasty and or stenting only to those
patients who have failed maximal medical therapy, if at all. What is max-
imal medical therapy? There is no universally accepted definition, but 
the most common criterion for failure is recurrent symptoms despite a
combination of warfarin and low-dose aspirin, although, as was discussed
previously, it may be that failure of any regimen may put a patient at high
risk of recurrent stroke [135]. This would suggest that recurrent symptoms
on any regimen of anticoagulant or antiplatelet agent should be considered
a medical failure.

Intracranial angioplasty and stenting: techniques 
and results

Sundt and colleagues reported the first intracranial angioplasty in 1980
[143]. They performed PTA on two patients with BA stenosis. Their suc-
cess encouraged others and to date there have been many published case
reports and series of PTA of the major intracranial vessels [55,144–155].
Most of these reports have shown favorable outcomes, but all have been
retrospective and are for the most part anecdotal. As was the case for extra-
cranial interventions, these reports also differ significantly in patient selec-
tion, location of stenoses, endovascular techniques and adjuvant medical
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therapy used, as well as in the duration and type of follow-up assessment.
Direct comparisons between them are problematic and definitive conclu-
sions about efficacy, safety, and the superiority of particular techniques or
equipment cannot be made. Unlike the published series of extracranial in-
terventions, however, most if not all patients reported thus far who have had
intracranial interventions have been symptomatic. Nonetheless, several
concepts and techniques essential for the safe and successful completion of
intracranial angioplasty have been learned from this early experience.

As with extracranial interventions, patient selection is critical, perhaps
even more so for intracranial interventions. An important selection cri-
terion is the feasibility of the intervention in terms of vascular access, i.e. 
the presence of tortuous cervical vessels, proximal stenoses, etc. Accurate
measurement of vessel size is essential. Oversizing a balloon or stent may
cause vessel rupture. The cerebral vessels are quite thin and do not have
an external elastic lamina or adventitia. Patients who are medically un-
stable, who have a terminal illness or a short expected survival may not live
long enough to benefit from an intervention and may have an unneces-
sary high peri-procedural risk of stroke or death. Recent symptoms, espe-
cially if associated with an infarct, may increase the risk of complications,
particularly hemorrhagic transformation. Some clinicians have excluded
or delayed for 6 weeks or more operating on patients with a large stroke
[118,156]. The basis for this approach is anecdotal and in part reflects the
common practice of delayed carotid endarterectomy following stroke. This
is a reasonable approach and we advocate delaying therapy if there is a
large stroke. If there is hemorrhagic conversion then endovascular repair
should definitely be delayed. Although in general patients with chronic
occlusion of a cerebral vessel are not ideal candidates for endovascular
intervention because of the increased risk of dissection, Mori et al. have
reported two series of patients who had chronic occlusion who were
treated with angioplasty [157,158]. There was a higher technical failure
rate and a 66.7% restenosis rate in those patients, however, and these 
factors must all be taken into account when evaluating a potential patient.

As with extracranial interventions, adequate platelet inhibition is crit-
ical during intracranial interventions and we use the same regimen as 
discussed above. The role of GPIIa/IIIa antagonists, e.g. abciximab, in the
setting of intracranial endovascular stenting procedures is unknown
[159]. While clearly of benefit in the endovascular treatment of the sim-
ilarly sized coronary arteries, the lack of evidence supporting a beneficial
effect and the potential risk of ICH, particularly if there is a wire tip 
perforation, weigh against the use of GPIIa/IIIa receptor antagonists for
intracranial procedures. We feel that the use of GPIIa/IIIa should not be
routine in PTA of the intracranial vessels but should be reserved for highly
selected patients, in particular patients who were not adequately pre-
treated with oral antiplatelet agents.
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Whether to deploy a stent or not is controversial, and the experience 
to date with stenting is limited (Figs 18.8 and 18.9). Most large series of
intracranial interventions have not included stenting. A few case reports
and small series constitute the current published data on intracranial
stenting [96,149,152,159–169]. Some authors advocate stent deployment
as a ‘bail-out’ technique if there is a dissection, slow flow, or elastic recoil
after PTA or not at all [118,156,159]. Most authors argue that stents
should be deployed whenever possible [96,113,147,149,152,170]. The
potential drawbacks of stenting include: added technical complexity,
greater difficulty in delivery compared with balloons only, and the poten-
tial for occlusion, by the stent struts, of the ostia of small and microscopic
perforators off of the MCA and BA.

The first report of an intracranial stent deployment in the BA was pub-
lished in 1999, which was 19 years after the first report of BA PTA. There
are no commercially available stents that have been specifically designed
for the intracranial circulation, and coronary stents are used exclusively.
In such patients, especially if they have received GPIIb/IIIa receptor 
antagonists, blood pressure should be maintained in the low normal
range. Aspirin and clopidogrel or ticlopidine are continued for 30 days,
after which aspirin is continued indefinitely. TCD is a non-invasive and
relatively sensitive method of following most ICA siphon, MCA, VA, and
BA stenoses and is a convenient and non-invasive method for following
patients after an intervention. Acutely, blood flow velocities as measured

Fig. 18.8 In this patient with recurrent aphasia and poor cerebrovascular reserve by
single positron emission computed tomography (SPECT) an AP view (A) of the left
middle cerebral artery (MCA) shows a severe mid-MCA trunk stenosis (arrow). Also
note the poor filling of the distal MCA territory (arrowheads). In this unsubtracted,
ipsilateral-oblique image (B) the support wire (arrow) is seen placed in a proximal 
M3 branch. After balloon angioplasty (C) there is marked improvement in the 
luminal diameter (arrow) and filling of the distal branches (arrowheads). The 
MCA was of small caliber and a stent was not deployed. The patient’s symptoms
resolved completely.
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Fig. 18.9 An angiogram in the AP plane of a left vertebral artery (VA) (A) injection in 
a patient with recurrent brainstem ischemia shows a high-grade stenosis involving the
distal left VA (arrow) and a fenestration of the basilar artery (BA) (double arrows). The
BA fenestration is a relatively common anatomical variant that was not contributing to
his symptoms but did make the endovascular approach more difficult. The right VA (B)
is occluded distal to the PICA origin (arrow) and does not contribute flow to the BA.
AP (C) and lateral (D) projections show an excellent technical result after angioplasty
and stent deployment without any significant residual stenosis in the left VA (arrows
in C and D). The patient was cured of the transient ischemic attacks and is currently
being treated with one aspirin daily.
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by TCD may be elevated and, unless the patient is symptomatic, should
rarely be acted upon.

The two most serious and likely complications with intracranial inter-
ventions are intracranial hemorrhage and ischemia. Vessel perforation,
rupture or dissection with subarachnoid hemorrhage are the most feared
complication of PTA and occur with excessive dilatation of the thin-walled
cerebral vessels or due to wire tip perforation. In patients who have critical
stenoses with poor cerebrovascular reserve as documented by a functional
study, e.g. acetazolamide single positron emission computed tomography
(SPECT) or TCD, or those who have poor angiographic collaterals, there is
a potential risk of hyperperfusion syndrome and intracranial hemorrhage.
ICH is the most common cause of death in published reports of intracranial
interventions. Few patients will survive a subarachnoid hemorrhage in this
setting. Ischemia should be treated with measures to improve perfusion
such as blood pressure elevation, hydration and hemodilution, and con-
tinuation of antithrombotic agents. Unfortunately in either case, ICH or
ischemia, treatments are not ideal and these complications are best avoided.

Outcomes and conclusions

Technical and clinical outcomes have been generally favorable (Fig. 18.10).
As yet, however, there have not been controlled, randomized clinical trials
and results must be interpreted cautiously. Angioplasty alone has an
approximately 78% technical success rate. The stroke and death rates are
13% and 1.6%, respectively. Dissection and arterial rupture occurred in
8.7% of the 259 patients reported in the largest series. Data on restenosis
are not available from all of the series and the duration of follow-up varied
greatly between the different series. From what data are available, how-
ever, the restenosis rate is near 12%. The five series of intracranial stenting
published to date include only 58 patients. Although it is not possible to
generalize from such a small number of patients, some have suggested that
technical success appears to be greater with stenting and complications
may be lower [147]. There is, however, a significant case selection bias in
favor of stenting, since stents can often not be placed in the most severe
and poorly accessible lesions. A review of the combined outcomes of all of
the published series reveals that outcomes are not significantly different
between angioplasty alone and stenting. Technical success, at 87%, is
slightly better with stenting. Stroke and mortality may be higher with
stenting, however: 15.6% and 9.8%, respectively. As expected, the rate of
dissection or rupture is slightly lower at 6.1%. Restenosis data are even
scarcer for patients treated with stenting and no worthwhile conclusion
can be made at this time. Many factors may affect the technical and clinical
success of intracranial interventions. Operator experience, technical ad-
vances, patient selection, lesion characteristics, perioperative antithrombotic
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and antiplatelet medical treatment, and the method and duration of 
follow-up will all affect actual and measured outcomes. There are several
ongoing clinical trials, one of which has recently completed enroll-
ment. This study sponsored by Guidant Corporation (SYLVIA: Stenting 

Fig. 18.10 Bilateral internal carotid angiograms in the ipsilateral oblique planes (A and
B) demonstrate moderate to severe stenoses in both petrous internal carotid arteries
(ICAs) (arrows) in a patient who presented with postural lightheadedness and
refractory and lifestyle altering pulsatile tinnitus. The petrous segment of the ICA
cannot be approached surgically and is relatively easily treated with angioplasty and
stenting because of the lack of perforators and branches. This location has a lower risk
of SAH because of the extradural location of the vessels and because the petrous bones
limit vessel stretching, making rupture unlikely. In this patient both ICAs were treated
with angioplasty followed by stenting with excellent results technically (arrows in C
and D) and a significant and immediate decrease in the pulsatile tinnitus. Long-term
follow-up is not yet available.
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of Symptomatic atherosclerotic Lesions in the Vertebral or Intracranial
Arteries) was aimed at testing the safety and feasibility of using a pro-
prietary balloon and stent (NeuroLink™) delivery system designed spe-
cifically for the central nervous system. The study enrolled 60 patients
with symptomatic intracranial stenoses or cervical VA lesions that had
failed medical therapy. There was no control arm, as this was a feasibility
trial and no outcomes or results have been published at the time of writing.

Intracranial angioplasty and stenting are certainly feasible and are
appropriate therapeutic options in select patients. They should be reserved
for symptomatic patients who have failed medical therapy and not as the
primary mode of therapy for intracranial atherosclerosis [113,114]. Intra-
cranial interventions are very complicated procedures and the morbidity
and mortality risks associated with these techniques are significant. In 
particular, intracranial hemorrhage is the most feared complication as it is
almost universally fatal. Follow-up and medical management are also 
critical after interventions are performed. There is a pressing need for
prospective clinical trials of intracranial angioplasty and stenting with
standardized patient and lesion selection criteria, standardized perioper-
ative medical management, balloons and stents designed for the cerebral
vasculature, and comprehensive postoperative management criteria and
follow-up.
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Cost Effectiveness Issues
Susan L. Hickenbottom

Introduction

In 1998, the American Heart Association estimated the total annual cost
for stroke in the USA to be almost US $43 billion (£24 billion) [1]. This
figure included US $28.3 billion (£15.9 billion) for direct costs of stroke,
including costs for hospital and acute rehabilitation admission, nursing
home care, physician and other health professionals’ services, drugs, home
healthcare and durable medical equipment; and US $16 billion (£9 billion)
for indirect costs, attributable to lost patient wages and productivity. In the
USA, the estimated lifetime cost for first stroke in 1990 was approximately
US $100 000 (£56 200) [2]. The cost of stroke has been analyzed in many
other countries [3–10], with some countries reporting annual stroke-related
costs compromising up to 4% of their annual healthcare budgets [5,6].

Although these types of studies provide important information about the
cost of stroke to society, they do not provide information about which treat-
ments are most efficient in reducing overall disease burden in the setting
of economic constraints [11]. In recent years, randomized controlled trials
have demonstrated benefit for a multitude of medical and surgical inter-
ventions following transient ischemic attack (TIA), many of which have
been outlined in previous chapters. Cost-effectiveness analysis (CEA) can
provide a means to make comparisons between these interventions. In
brief, CEA is a method for evaluating the health outcomes and resource
costs of health interventions; the central function of CEA is to show the
relative value of alternate interventions for improving health by simultan-
eously assessing the health effects and costs of those interventions [12,13].

This chapter will review the fundamentals of CEA and examine CEA as
it has been applied to TIA and stroke.

Cost-effectiveness analysis

In 1993, the US Public Health Service convened the Panel on Cost-
Effectiveness in Health and Medicine [13–16]. The panel members included
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scientists and scholars with expertise in CEA, ethics, clinical medicine, and
health outcomes, who were charged with developing recommendations
that would provide a framework for consistent practice in CEA.

The central measure used in CEA is the cost-effectiveness ratio [17];
implicit in the cost-effectiveness ratio is a comparison between alternat-
ives. In general, one alternative is the intervention being studied, while
the other is a suitably chosen alternativea‘usual care’, another interven-
tion or no intervention. The cost-effectiveness ratio is calculated using the
following equation:

(Cost 2 – Cost 1)/(Outcome 2 – Outcome 1)

Thus, CEA always provides a relative comparison between two alternat-
ives. The costs included in the numerator are easy to understand; they are
the costs of the comparative interventions being evaluated. Outcomes 
in the denominator of the cost-effectiveness ratio can be defined in vari-
ous ways, which results in different types of cost-effectiveness analysis
[18]. The different types of CEA are summarized in Table 19.1. Cost-
minimization analysis is a form of CEA in which the effectiveness of 
the studied intervention and its comparison are presumed to be equal. 
In this case, the decision revolves only around cost. In a specific cost-
effectiveness analysis, health outcomes units are used in the denomin-
ator of the cost-effectiveness ratio. Health outcomes units can include
intermediate outcomes, such as disability days averted or number of
myocardial infarctions averted, or more distal outcomes, such as lives
saved or life years gained. In cost-utility analysis [19], a preference-
based system is used, and the outcome measure included in the deno-
minator is most often the quality-adjusted life years (QALYs). The QALY
(or other analogous measure) is the most comprehensive measure of 
outcome used in CEA, as it incorporates both quality and survival 
information, and it is the preferred outcome measure for CEA [13,14].
Several studies have established patient-based preferences for health
states relating to stroke and TIA, allowing for the assignment of QALYs 

Table 19.1 Types of cost analysis

Type Outcome measure Example(s)

Cost-minimization $ vs. $ (outcomes equal) $ saved

Cost-effectiveness* $/outcome unit $/myocardial infarction averted
$/ER visit avoided for asthma

Cost-utility $/quality unit $/quality-adjusted life-year

*Cost-effectiveness is often used as a general term to describe all types of cost analysis.
ER, emergency room.
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for these conditions [20–22]. It should be noted that the term ‘cost-
effectiveness analysis’ is often used to refer to any cost analysis study; this
more general usage will be employed in this chapter unless otherwise
specified.

Essentially, the cost-effectiveness ratio is the incremental price of
obtaining a unit effect (such as dollars per QALY) from a given health
intervention when compared with an alternative. When the intervention
under study is both less costly and more effective than the alternative, it is
described as ‘preferred’ or said to ‘dominate’ the alternative (see Fig. 19.1)
On the other hand, if the intervention under study is more costly and less
effective than the alternative, it is said to be ‘dominated’ by the alternative.
In either of these cases, there would be no need to perform a CEA as 
the decision about which intervention to choose would be obvious. In
general, CEA is most often performed in the circumstances under which
the intervention is both more costly and more effective than the alternat-
ive, and occasionally when it is less costly and minimally less effective
than the alternative. Interventions with a relatively low cost-effectiveness
ratio are ‘good buys’ and would have a high priority for resources [17]. 
An arbitrary cut-off may be set to delineate what is considered a ‘good
buy’, or cost-effective intervention. For example, most authors consider a

Cost

Outcome

DOMINATED

(more expensive and
worse outcome)

PREFERRED

(less expensive and
better outcome) 

?????

?????

2

1

Fig. 19.1 Graphic representation of cost-effectiveness ratios. In this diagram,
intervention 2 is the intervention under study and intervention 1 is the alternative
(e.g. usual care). Cost of the intervention is represented on the ordinate and the health
outcome measure (e.g. myocardial infarctions averted, quality-adjusted life year, etc.)
is represented on the abscissa. Interventions with cost-effectiveness ratios falling in the
upper left quadrant would be more expensive and less effective than the alternative
and thus dominated by the alternative; in the right lower quadrant, they would be less
expensive and more effective than the alternative and be dominant, or preferred, over
the alternative. In the example shown above, the intervention under study is more
expensive and more effective than the alternative. The slope of the line between the
two interventions would represent the cost-effectiveness ratio.
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cost-effectiveness ratio of less than US $50 000 to $100 000 (£28 000 to
£56 000) per QALY to be cost-effective [11]. The results of a CEA are 
generated by computer simulation, using decision tree modelling.

A simplified decision model is presented in Fig. 19.2. First, for the ques-
tion to be answered, the reference case is established for the analysis, for
example a 65-year-old man with TIA. For that reference case, probabilities
for stroke, complication rates and other pertinent data are gathered from
the literature for use in the decision model. A single decision node, repres-
ented by the solid square, begins the analysis: to treat with Treatment 2,
the intervention under study, or Treatment 1, which could represent no
treatment, or treatment with another agent/procedure, often the ‘stand-
ard of care’. Costs for these treatments are gathered from the literature.
More complex models could include more than two options at the deci-
sion node, and could also incorporate costs of diagnostic testing and poten-
tial complications associated with the treatment options.

The consequences following the decision node could be ‘stroke’ or ‘no
stroke’, and probabilities for each of these occurring over the course of a
set time period, often 1 year, are derived from the literature and incor-
porated into the chance nodes, represented by the circles. Probabilities 
at each chance node always sum to 1. The model can then cycle through

Fig. 19.2 Simplified decision tree for cost-effective analysis.
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multiple years, or even for the duration of a patient’s life if life table data
are incorporated into the model. When the model has been run for the
desired time period, cost estimates are produced for each arm of each
chance node. Each outcome (e.g. in this model, stroke with Treatment 2,
no stroke with Treatment 2, etc.) is then assigned a value based on data
from the literature. Using all these data, the model is able to calculate cost-
effectiveness ratios for each arm of each chance node, and thereby select
the most cost-effective intervention. In order to calculate cost-effectiveness
ratios over a broad range of potential costs or probabilities, sensitivity 
analysis can be performed. In sensitivity analysis, the cost of a treatment
such as warfarin, the probability of an outcome such as a stroke, or the 
probability of a complication such as intracerebral hemorrhage, can be
varied across a wide range of potential values and all these values can be
incorporated into the model, even simultaneously in very complex models.

Finally, the Panel on Cost-Effectiveness in Health and Medicine estab-
lished recommendations for the methodological design and reporting of
CEA [13–15]. These include establishing a reference case, which includes
basic demographic data about the theoretical cohort to be evaluated along
with assumptions that the model will make. It was also recommended that
CEA studies be performed from the societal perspective, rather than from
payor, provider, governmental, individual or other perspectives. While
studies performed using one of these alternative perspectives may be
appropriate to inform decisions from those particular perspectives, studies
based on different perspectives are not comparable. Thus a societal pers-
pective allows for comparisons across interventions and patient groups. 
In addition, the societal perspective represents the public interest rather
than any specific group and allows for maximizing social good under
resource constraint. Other recommendations from the panel included
what costs should be included in the numerator and denominator of the
cost-effectiveness ratio, how to incorporate time preferences and dis-
counting, and handling of uncertainty in CEA. Interested readers are
referred to more detailed texts for further discussion of these issues and
CEA in general [13–16,23].

Cost-effectiveness studies examining TIA and stroke

While the specific focus of this text is TIA, few CEA studies address TIA
specifically. Data from CEA studies specifically using TIA as the reference
case will be discussed below where available. Otherwise, results from CEA
studies using stroke alone or a combination of stroke and TIA as the refer-
ence case will be discussed, with the caveat that the results may not be
entirely applicable to the specific population of only TIA patients.

A recent systematic review by Holloway et al. summarizes the cost-
effectiveness of stroke-related diagnostic, preventive and therapeutic
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interventions published in 1998 or earlier [11]. This review identified 26
articles that met rigorous inclusion criteria for CEA, including compar-
ison between at least two competing strategies, providing an incremental 
analysis of cost per effect, and using QALYs as the measured health effect.
The review did not include studies that evaluated primary prevention
strategies of antihypertensive or lipid-lowering therapy, as systematic
reviews of those topics had been previously published, though not spe-
cific to stroke prevention [24,25]. Some of the interventions examined 
in the review are outside the scope of this text, for example, interventions
for cerebral aneurysms and subarachnoid hemorrhage [26–34], throm-
bolytic therapy for acute ischemic stroke [21], screening and management 
strategies for asymptomatic carotid stenosis [35–39], and postoperative
surveillance after endarterectomy [40]. The remaining studies will be 
discussed below, along with appropriate CEA studies published since the
1999 review.

Antiplatelet therapy for secondary stroke prevention

Three CEA studies regarding the use of antiplatelet therapy for secondary
stroke prevention following TIA or stroke have been published [41–43].
One of these studies [43] had methodological flaws, including failure to
define the reference case; using the payor perspective; and using ‘strokes
averted’ as its outcome measure (as used in cost-effectiveness analysis),
but then applying ratio cut-offs for QALYs (as used in cost-utility analysis)
to its outcomes. Thus, this study is excluded from further discussion. The
results of the two remaining studies are presented in Table 19.2. The first,
a 1994 study [41], compared ticlopidine, 250 mg twice daily, with aspirin,
650 mg twice daily, in a theoretical cohort of 100 high-risk, 65-year-old
men and women with recent TIA, transient monocular blindness or minor
stroke, followed for 5 years. Much of the ticlopidine data used in the trial

Table 19.2 Cost-effectiveness of antiplatelet therapy

Author Intervention(s) Alternative Reference case Cost/QALY, $ (£)

Oster [41] Ticlopidine ASA 65-year-old with recent 39 900 (22 400)

250 mg BID 650 mg BID cerebrovascular event

Sarasin [42] ASA 25 mg/ER-DP ASA 65-year-old with stroke ASA/ER-DP

200 mg BID 325 mg QD or TIA dominates

Clopidogrel 25 580 (14 360)

75 mg QD

ASA, Aspirin; BID, twice daily; DP, dipyridamole; ER, emergency room; QALY, quality-

adjusted life year; QD, once daily.
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were obtained from the Ticlopidine-Aspirin Stroke Study [44]. The study
found that the cost-effectiveness of ticlopidine compared with aspirin
ranged from US $31 000 to $55 000 (£17 000 to £31 000) per QALY
gained, with the assumption that poststroke utility, or the value assigned
to life poststroke, ranged from 0.75 to 0.95, compared with 1.0 for a
‘stroke-free’ life. At the midpoint of this range, cost per QALY gained was
US $39 900 (£22 378). If poststroke utility were lower, e.g. if quality of 
life poststroke were assessed to be only 0.5 (50%) of prestroke quality of
life, the use of ticlopidine would have been even more cost effective.

A 1999 study examined the cost-effectiveness of secondary stroke 
prevention with three different antiplatelet regimens: aspirin, 325 mg
daily; low-dose aspirin, 25 mg twice daily, in combination with extended-
release dipyridamole (ER-DP), 200 mg twice daily; and clopidogrel, 75 mg
daily [42]. Ticlopidine was not included in the analysis because it was
thought likely to be replaced in clinical practice by clopidogrel because of
its better hematological tolerance. The reference case for this study was a
hypothetical cohort of men and women aged 65 years who had experi-
enced a TIA or nondisabling stroke, and who were followed until death.
As in the ticlopidine study above, most of the data for the aspirin/ER-DP
and clopidogrel interventions came from single studies: the European
Stroke Prevention Study 2 (ESPS-2) [45] and Clopidogrel vs. Aspirin in
Patients at Risk of Ischemic Events (CAPRIE) [46] trials, respectively. This
CEA study found that treatment with the aspirin/ER-DP combination was
both more effective and less costly compared with aspirin alone; thus it
was found to be a dominant strategy. The incremental costs incurred by
the combination regimen were more than offset by the savings afforded
through the avoidance of additional stroke-related costs. Furthermore,
only when the additional efficacy of aspirin/ER-DP in preventing both
stroke and myocardial infarction was decreased by 50%, or when the cost
of therapy was doubled, did this strategy become more costly than aspirin
alone. Even then, the cost-effectiveness ratio remained below US $5000
(£2800) per QALY gained. Clopdiogrel was found to be both more 
costly and more effective than aspirin alone, with a marginal cost effect-
iveness ratio of US $26 580 (£14 910) per QALY gained. The results of 
this analysis were sensitive to the efficacy and costs of clopidogrel. The
cost-effectiveness ratio exceeded US $50 000 (£28 000) per QALY if 
the efficacy in preventing recurrent stroke was decreased by half or if 
the cost of clopidogrel was doubled. The authors concluded that the 
use of clopidogrel for secondary stroke prevention was cost-effective com-
pared with aspirin in most clinical settings. As there have been no head-
to-head clinical trials evaluating the combination of aspirin and ER-DP
against clopidogrel for secondary stroke prevention, no direct comparison
can be made regarding the cost-effectiveness of these agents compared
with each other.
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Antithrombotic therapy for atrial fibrillation

Four CEA studies have addressed the issue of anticoagulation in the set-
ting of atrial fibrillation (AF): two in patient cohorts with chronic non-
valvular AF (NVAF) [47,48], one in those with mitral stenosis and AF [49],
and one which expanded upon an earlier study using a patient preference-
based analysis [50]. Each of these studies analyzed models for primary
stroke prevention in the setting of AF, although several did stratify risk for
stroke based partly on history of previous stroke or TIA [47,50]. None
included analysis specifically for TIA alone; results from these studies are
included in this text for completeness, and with the assumption that the
results could be generalized to the population of AF patients with a history
of stroke or TIA since those patients would be at higher risk of stroke
recurrence [51], making any intervention more likely to be cost effective.

The first of the NVAF studies [47] analyzed the reference case of 65-
year-old patients considered ‘good’ candidates for treatment with either
warfarin or aspirin, and compared these interventions with the alternative
of no therapy, over a 10-year period. Patients were stratified to high risk
(NVAF and at least two additional risk factors of stroke, TIA, hypertension,
diabetes, or heart disease), moderate risk (NVAF and one additional risk
factor), or low risk (no additional risk factors). For high-risk patients, 
warfarin therapy dominated both aspirin and no treatment, as it was less
expensive and more effective than either alternative, even when addi-
tional costs for warfarin monitoring and warfarin-induced hemorrhages
were included. For moderate-risk patients, warfarin was more cost effect-
ive than aspirin, with a cost-effectiveness ratio of US $8000 (£4488)/
QALY gained [range US $200–30 000 (£112–16 800)/QALY gained], 
and both warfarin and aspirin dominated no treatment. For low-risk
patients, warfarin cost US $370 000 (£208 000) per QALY gained com-
pared with aspirin, making aspirin the more cost-effective intervention if a
US $100 000 (£56 000) per QALY cut-off were used [11]. However, this
analysis was especially sensitive to the recurrent stroke risk for low-risk
patients; if the annual rate of stroke were 0.5% higher, warfarin treatment
would cost US $66 000 (£37 000) per QALY gained and if the annual rate
were 0.5% lower, aspirin would dominate warfarin. The second NVAF
study [48] included patients up to the age of 75 in the reference case and
compared warfarin with no therapy. This study also found that warfarin
dominated no therapy, even with the inclusion of an older reference
cohort likely to have higher rates of hemorrhagic complications [52,53].

The study examining rheumatic AF [49] used a reference case of a 35-
year-old woman with mitral stenosis and AF, comparing warfarin inter-
vention with the alternative of no therapy, for the duration of the patient’s
life. In this case, warfarin was found to be a cost-effective therapy, with 
a cost-effectiveness ratio of US $3700 (£2075) per QALY gained. Finally,
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the design of the patient preference-based study [50] was slightly differ-
ent from those discussed above. It built on a previous study by the same
authors [47] but used preferences for therapy (warfarin, aspirin, or no
therapy) elicited from volunteers with AF [54,55], comparing preference-
based therapy with a warfarin-for-all strategy. For high-risk patients with
AF, preference-based therapy increased costs and did not improve quality-
adjusted survival; thus the warfarin-for-all strategy was considered super-
ior. For moderate and low-risk patients with AF, however, there was a
marginal increase in projected quality-adjusted survival and minimal cost
savings, leading the authors to recommend that patient preferences for
antithrombotic therapy be taken into account for these patients.

Echocardiographic evaluation for cardiac sources of emboli

In 1997, a complex study was performed to examine the cost effective-
ness of different diagnostic strategies for cardiac imaging, with the refer-
ence case of a 65-year-old patient not on any antithrombotic therapy, in 
normal sinus rhythm, and with a new-onset first stroke [56]. This study
did not specifically include TIA patients. Nine different diagnostic strate-
gies were examined: transthoracic echocardiography (TTE) either in all
patients or in a selective population of those with a history of cardiac prob-
lems (left ventricular dysfunction or valvular disease); transesophageal
echocardiography (TEE) either in all patients or in the above selective pop-
ulation; sequential TTE followed by TEE in patients with a negative TTE in
all patients or in the selective population; treating all patients with war-
farin without cardiac imaging; and treating no one with warfarin without
imaging. Using visualized left atrial thrombus as the only indication for
anticoagulation, TEE performed only in patients with a history of cardiac
problems cost US $9000 (£5050) per QALY gained. TEE in all patients cost
US $13 000 (£7293) per QALY. TTE, either alone or in sequence with TEE,
was not cost-effective compared with TEE strategies. The analysis was
most sensitive to efficacy of anticoagulation in preventing second stroke
and to incidence of intracranial hemorrhage. While the model was
reported to be only mildly sensitive to the cost of TEE, it should be noted
that only professional and technical costs for echocardiography were
included in the analysis. The impact of delay in performing TEE leading to
increased length of stay for hospitalized patients was not evaluated; this
situation can certainly arise in current medical practice and could affect
the cost effectiveness of a TEE imaging strategy.

Carotid endarterectomy

There is conclusive evidence from large randomized trials that carotid
endarterectomy (CE) reduces the risk of stroke in symptomatic patients
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with moderate to severe stenosis of the internal carotid artery [57–59].
Cost effectiveness of CE has also been widely evaluated [60]; as noted in
the introductory paragraph of this section, this chapter will focus only on
those studies evaluating CE for symptomatic patients (those presenting
with TIA or nondisabling stroke). Three studies meet these criteria and are
summarized in Table 19.3 [61–63].

The first of these studies [61] evaluated a theoretical cohort of 65-year-
old men with angiographically confirmed asymptomatic 60–99% carotid
stenosis or symptomatic (TIA or stroke not specified) 70–99% carotid
stenosis. For the symptomatic patients, CE was found to be very cost effec-
tive compared with best medical management as outlined in the North
American Symptomatic Carotid Endarterectomy Trial (NASCET), [57]
with a cost-effectiveness ratio of US $4100 (£2300) per QALY gained. The
analysis for symptomatic patients was not very sensitive to wide variations
in baseline assumptions, including age of patient, cost of CE, persistence 
of CE benefit, surgical risk reduction, and perioperative stroke risk. For
example, even with a perioperative stroke risk as high as 17.4%, the 
incremental cost-effectiveness ratio was still < US $50 000 (< £28 000) per
QALY gained. The second study examined 65-year-old men or women
with a prior TIA, presently ‘well’, with 70–99% carotid stenosis. In the
analysis, CE was compared with the alternatives of aspirin therapy or
observation alone. CE dominated both these alternative strategies, and as
with the first study [61], this model was insensitive to variations in the
baseline assumptions, confirming the cost effectiveness of CE in a variety
of clinical settings. The third study [63] analyzed a cohort of 65-year-old
men with either asymptomatic or symptomatic (TIA or stroke not specified)
carotid stenosis, comparing CE with no work-up or treatment. This study
also confirmed the cost effectiveness of CE in symptomatic patients, with a
cost-effectiveness ratio of US $38 955 (£21 846) per QALY gained. This
model was also insensitive to variations in its baseline assumptions.

Table 19.3 Cost-effectiveness of carotid endarterectomy

Author Alternative(s) Reference case Cost/QALY, $ (£)

Kuntz [61] ASA/best medical 65-year-old-man with 4100 (2300)
therapy angiographically confirmed

70–99% carotid stenosis

Nussbaum [62] ASA 65-year-old-man or woman Endarterectomy 
with TIA with 70–99% carotid dominates
stenosis, currently ‘well’

Matchar [63] No work-up 65-year-old-man with 38 955 (21 869)
symptomatic carotid stenosis
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Two of the three studies evaluating CE outlined above begin assessing
costs only at the time of surgery on an already defined operable carotid
lesion and do not include costs associated with work-up strategies, [61,62]
which may falsely elevate the cost effectiveness of the procedure. How-
ever, the one study that does include costs for screening/work-up still
finds CE to be cost effective [63]. A final study specifically addresses the
cost effectiveness of perioperative imaging strategies for symptomatic
carotid stenosis [64]. This study examined four different diagnostic imag-
ing strategies for a hypothetical cohort of symptomatic patients (stroke or
TIA not specified) undergoing preoperative evaluation for CE: duplex son-
agraphy (DS), magnetic resonance angiography (MRA), conventional
angiography (CA), and the combination of DS and MRA supplemented
with CA for disparate results (combination strategy). For purposes of ana-
lysis, all patients found to have a 70–99% stenosis were managed surgic-
ally, while those with 0–69% stenosis or arterial occlusion were managed
with best medical therapy as outlined in NASCET [57]. After incorporating
costs of testing, surgery, complications and stroke, MRA was not found 
to be cost effective, as this strategy was dominated by DS. CA was 
only marginally cost effective with a cost-effectiveness ratio of US $99 800
(£55 971) per QALY gained compared with DS. However, when the 
diagnostic ability of DS to detect 70–99% carotid stenosis was decreased 
to a moderately poor level, CA was associated with a favorable cost-
effectiveness ratio. For example, if the sensitivity and specificity of DS
were reduced to 0.8, CA cost US $32 700 (£18 340) per QALY gained. Ana-
lysis for CA was also sensitive to the cost of CA. The combination strategy
was found to be cost effective, costing US $22 400 (£12 563) per QALY
gained compared with DS alone. The analysis for the combination strategy
was most sensitive to the cost of MRA, but even when the cost of MRA
increased to US $1000 (£561) (90th percentile cost), the cost-effectiveness
ratio for the combination strategy increased only to US $42 000 (£23 555)
per QALY gained.

Other interventions

Recent attempts have been made to begin to define the cost effectiveness
of diagnostic testing for coagulopathies in patients with ischemic stroke,
especially young patients [65–67]. To date, no formal CEA has been 
performed to evaluate serologic work-up for ‘stroke in the young’; cur-
rent studies indicate that the pretest probability of detecting a coagulo-
pathy is low in the general stroke population, approximately 5% [65,66].
Diagnostic yield of coagulation tests may be increased by using tests with
the highest specificities and by targeting patients with clinical or historical
features that increase pretest probability, which is postulated to lead to
associated cost savings [65].



Chapter 19

426

Diagnosis and management of TIA

While specific guidelines have been developed for the diagnosis and man-
agement of patients with TIA, none has included recommendations about
hospital admission for evaluation of these patients [68]. Thus, there is 
currently no ‘standard practice’ for the evaluation of patients with TIA,
although many in the stroke field believe that hospitalization for exped-
ited evaluation would be best. Unfortunately, no CEA studies have been
performed to determine the cost effectiveness of differing evaluation
strategies for the diagnosis and treatment of TIA (hospital admission, 
evaluation in an observation unit, outpatient work-up following an 
emergency department visit, etc.) A 1992 British editorial discusses the
issue of the cost-effective TIA work-up, but the authors admit that formal
CEA was not performed [69].

A recent study on the short-term prognosis after emergency department
diagnosis of TIA may help to set the stage for such an analysis [70]. This
study retrospectively examined a cohort of 1707 patients diagnosed with
TIA in 16 emergency departments in the Kaiser-Permanente health 
system in northern California from March 1997 to February 1998. During
the 90 days after index TIA, the risk of stroke and other events, includ-
ing recurrent TIA, death and hospitalization for cardiovascular event was
assessed. Strokes occurred in 180 patients (10.5%) within 90 days of TIA
presentation, and half of those (91) occurred within 48 h. Strokes were
fatal in 38 patients (21%) and disabling in another 115 (64%). Five factors
were independently associated with stroke: age over 60 years, a history 
of diabetes, symptom duration > 10 min, and symptom presentation of
weakness or speech impairment. A total of 428 patients (25.1%) had some
adverse event (stroke, TIA, death or cardiovascular event) within 90 days.
The authors concluded that TIAs are ominous, carrying a substantial
short-term risk of stroke and other adverse events.

The determination of short-term prognosis following TIA is an import-
ant first step analysing the cost effectiveness of various management
strategies for TIA. These data can be used to predict probabilities of stroke
or other adverse events in decision analysis. However, more investigation
will need to be done into the short-term, early efficacy of diagnostic and
management strategies in preventing early recurrent TIA or stroke (exped-
ited carotid and cardiac evaluation, early initiation of antithrombotic or
other therapies) before formal cost-effectiveness analysis can be appropri-
ately performed.

Conclusion

Cost-effectiveness analysis is a rapidly growing and potentially useful addi-
tion to the medical literature, although its use in the fields of neurology in
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general and stroke specifically lags behind other areas. Where reliable data
are available, CEA can provide valuable information to healthcare organ-
izations and individual practitioners involved in complex decision making
in the face of limited resources. Further CEA studies regarding stroke
should be undertaken to assist in these decision-making processes.
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Clinical Vignettes
Seemant Chaturvedi

Introduction

Although the clinician strives to be guided by evidence-based medicine,
each patient presents a unique clinical scenario. Furthermore, there may
not be high-quality data to support clinical decision making in many situa-
tions. Therefore, best judgement and the ‘art of medicine’ are frequently
called upon.

Evaluation of patients with transient ischemic attacks (TIAs) or minor
stroke has become more evidence-based in the last two decades, although
considerable controversy remains in areas such as antithrombotic thera-
pies, indications for carotid endarterectomy (CEA), management of patent
foramen ovale (PFO), etc.

In this chapter, we present challenging clinical management dilemmas.
Each case presentation is followed by a discussion from one of the cere-
brovascular authorities who have authored chapters in this book. Their
discussion is meant to be focused and practical and to illustrate the range
of treatment practices.

Patient management

1. A 75-year-old-man is admitted to the hospital with dysphasia and right hemi-
paresis. Subsequent evaluation reveals a left striatocapsular infarct 2 × 2 cm. Carotid
duplex is negative. Two-dimensional echo shows an ejection fraction of 15% and
moderate aortic stenosis. Follow-up brain magnetic resonance imaging (MRI) 2
days after admission shows significant hemorrhagic transformation with hemor-
rhage occupying most of the initial infarct volume (not simply petechial hemorrhage).
How would you approach this patient in terms of antithrombotic treatment?

Discussant: Patrick Pullicino

This patient has a new-onset striatocapsular infarct and has a low ejection
fraction of 15% as an important risk factor for stroke. A third of patients
with striatocapsular infarcts have a cardiogenic embolic cause (38% car-
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diogenic, 20% middle cerebral artery disease), and given the low ejection
fraction, the heart is likely to be the source of the stroke in this patient.

If I had seen this patient prior to the finding of hemorrhage on the MRI,
the first question would have been whether he should be heparinized.
There is an increasing consensus against routine use of intravenous
unfractionated or low-molecular-weight heparin in acute stroke, even
cardioembolic stroke. There is an increased risk of hemorrhagic transfor-
mation of the stroke or of serious non-neurological bleeding coupled with
lack of evidence of benefit on outcome, mortality reduction or prevention
of recurrent stroke. If the patient was found to have an intracardiac
thrombus on echo, however, the very high risk of recurrent stroke would
probably have persuaded me to initiate heparin therapy acutely. Without
this, I would only have given subcutaneous heparin for prophylaxis
against deep vein thrombosis and continued any antiplatelet agent the
patient may have been on.

The MRI scan appearance at 2 days of a hemorrhagic transformation 
of the infarct precludes any antithrombotic treatment. Even without the
hemorrhagic change in the infarct, the question that poses itself is: is treat-
ment with warfarin indicated in patients with low ejection fraction? There
is really no current answer to this question, but only data from non-
randomized or inadequately randomized studies that are insufficient to
guide clinical practice. The atrial fibrillation trial results cannot be extra-
polated to low ejection fraction patients, because the risk of stroke is lower
in heart failure. Numbers needed to treat to prevent a stroke are going to
be too high unless (as for atrial fibrillation) we define subgroups at higher
risk of stroke. I would therefore only initiate warfarin if the patient had
atrial fibrillation in addition to low ejection fraction, and then only after
the hemorrhagic change had resolved. If the patient was in sinus rhythm 
I would probably have initiated aspirin, especially if the patient had
ischemic heart disease.

2. A 45-year-old woman has an episode of vertigo, double vision, and right-sided
numbness involving face/arm/leg while on vacation. Evaluation with MRI shows 
a left thalamic infarct. Angiography is negative for stenosis/dissection. Trans-
esophageal echocardiography (TEE) shows a moderate-size PFO and aortic valve
strands. Skin exam is consistent with livedo reticularis. Blood tests show an anticar-
diolipin antibody elevation with IgG 36 GPL units and IgM 24 units. All other tests
for hypercoagulability are negative. What antithrombotic regimen would you recom-
mend and would you recommend surgical or percutaneous PFO closure or neither?

Discussant: Karen Furie

This young woman has no apparent vascular risk factors and a clinical sce-
nario consistent with a basilar embolus ultimately resulting in a thalamic
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infarct. She has livedo reticularis and elevated anticardiolipin titers, thus
meeting the criteria for Sneddon’s syndrome. It would be important to
pursue a history of miscarriage or previous episodes of thromboembolism.
In addition, a family history focusing on these issues should be solicited.
There is no evidence of a large-artery stenosis/occlusion to explain an
artery-to-artery embolus. Cardiac testing, however, reveals two abnorm-
alities, a PFO and aortic valve strands.

In the absence of conventional risk factors, the relationship between 
the elevated anticardiolipin antibody titers and the embolic stroke appears
tenable, either on the basis of arterial thrombosis or paradoxical venous
thromboembolism. At this point, it would be reasonable to perform stud-
ies to look for venous thrombosis in the lower extremities and pelvic veins.
The finding of aortic valve strands does not independently increase her
risk of recurrent stroke. Valve strands have been observed to be found
more commonly in young patients with a recent embolic event than com-
parably aged healthy controls. Still, up to 15% of healthy young people
can have valve strands detected on echocardiography. It would be critical,
however, to exclude completely the possibility of nonbacterial thrombotic
endocarditis (NBTE), also known as marantic endocarditis. Libman–Sacks
endocarditis, NBTE with an associated hypercoagulable state, is associated
with lupus and antiphospholipid antibodies. In addition, it would be
important that repeat antibody titers should be checked approximately 
8 weeks later to ensure that the original finding was valid. I would also 
use that opportunity to look for other hypercoagulable factors which
might predispose to stroke in the young and venous thromboembolism,
specifically homocysteine (with B12), activated protein C resistance (with
factor V Leiden if abnormal), functional protein C, protein S, and
antithrombin III, and the prothrombin gene mutation G20210A.

I would favor treating this patient with warfarin with a target interna-
tional normalized ratio (INR) of 2.0–3.0. A recent randomized clinical trial
in patients with antiphospholipid antibody syndrome failed to show a
benefit of high-intensity (INR 3.1–4.0) warfarin therapy. Given her young
age and risk of recurrent thrombosis, particularly venous thrombosis, I
would favor percutaneous PFO closure to eliminate the possibility of para-
doxical embolism, recognizing that she might still require antithrombotic
therapy to prevent or treat venous thromboembolism. The concern would
be that given the natural vacillation of INRs over time, warfarin alone
might be inadequate to prevent recurrent paradoxical embolism.

3. A 65-year-old woman with a history of hypertension and smoking has an episode
of transient visual loss in the left eye lasting 5 min. One hour later, while shopping,
she has expressive speech difficulty and dragging of the right leg lasting for 45 min.
She comes to the emergency room and her neurological exam is normal. BP is
160/80. She is in normal sinus rhythm (NSR). Head computed tomography (CT) 
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is negative. She was not on aspirin previously. She has a soft left carotid bruit.
Would you admit her to the hospital? Would you place her on i.v. heparin or an
antiplatelet agent? If you would admit her, what tests would you do and how
quickly should they be done?

Discussant: James Meschia

This patient has a history and physical examination consistent with TIAs
due to artery-to-artery embolism. If she has high-grade stenosis of the 
cervical portion of the internal carotid artery and she is a good operative
candidate, she would need to undergo CEA. The patient is at high risk of
an ischemic stroke involving the left anterior circulation. This case should
be treated as a medical emergency. Within 24 h (and usually much sooner
than this) I would determine whether this patient needs CEA, and if she
does need surgery I would refer her immediately to surgeon with a track
record in carotid surgery. In general, I would admit a patient like this so
that the work-up and surgery could be expedited. There may be excep-
tions where I would not admit the patient. For example, if an ultrasound
of the carotid arteries can be obtained within a reasonable time frame and
the ultrasound shows minimal atherosclerosis in the carotid arteries, I
would be inclined to treat the patient with antiplatelet agents and follow
her as an outpatient. At St Luke’s Hospital (Jacksonville, FL, USA), some
attending neurologists might obtain an MRI of the brain and a contrast-
enhanced MR angiogram as the initial radiographic study of this patient 
as opposed to the head CT that she had. Such a multimodal MRI would
allow more informed triage decisions regarding admission to the hospital.
Again, the main point is that I would not discharge the patient from the
Emergency Department without first knowing that she has no need for CEA.

I would treat this patient with an antiplatelet agent. Low-dose aspirin
has been shown to be superior to high-dose aspirin in the perisurgical
period in patients who undergo CEA. In a subgoup analysis of the NINDS
heparinoid study known as TOAST, patients did better on intravenous
heparinoid if they were found to have a large-vessel type of ischemic
stroke. Of course, the usual caveats apply when discussing subgroup ana-
lyses. It is possible that the observed benefit was simply the result of the
play of chance, but I believe that an independent confirmation of the 
possible benefit of anticoagulation in patients with large-vessel ischemic
strokes is warranted. I am not aware of any reliable randomized controlled
trial data supporting the use of heparin or related compounds in patients
who present with an acute TIA.

As to the patient’s work-up, I would image the cervical carotid arteries. I
generally prefer contrast-enhanced magnetic resonance angiography (MRA)
as a screening technique. If the results come back as showing 40–69%
stenosis, I would obtain a conventional angiogram before making a final
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decision about CEA. I might not obtain an echocardiogram if the patient has
high-grade symptomatic carotid stenosis, because the yield of the echocar-
diogram would be low in such a case. The stroke work-up and, where nec-
essary, a preanesthesia medical evaluation should be completed within 24 h.

4. A 60-year-old woman is referred from ophthalmology. She had a visual disturb-
ance in the left eye 2 weeks previously and was diagnosed with a quadrant defect in
the left eye due to branch retinal artery occlusion. She has a history of hypertension,
smoking, and previous coronary artery bypass graft (CABG). She was on aspirin at
the time of this event. ECG shows NSR. Carotid duplex shows 50–79% left inter-
nal carotid artery (LICA) stenosis with a normal RICA. Two-dimensional echo
shows ejection fraction (EF) 50% with no wall motion abnormalities. Conventional
angiography shows 60% LICA stenosis (NASCET method) with no ulceration and
no distal intracranial stenosis. Would you recommend CEA, carotid stenting, or
medical management? If the last hospital audit found the CEA mortality rate to be
1.8% at your local hospital, how would this affect your recommendation if at all?

Discussant: Larry Goldstein

The patient has a moderate-grade (NASCET method 50–69%) stenosis
with symptoms and signs of retinal ischemia attributable to that vascular
distribution. Overall, the benefit of CEA plus medical therapy compared
with medical therapy alone in patients with 50–69% stenosis is moderate
(16% vs. 22% risk of ipsilateral stroke or death over 5 years, relative risk
reduction 29%, absolute risk reduction 6.5%, number needed to treat =
15 to prevent one event over 5 years). However, based on post hoc ana-
lyses, the risk and benefit do not appear to be uniform. Those with retinal
events are at lower risk of stroke than those with hemispheric events. 
In addition, the duration of her visual symptoms is not clear from the 
case description. The benefit among those with moderate stenosis who
had TIA is dramatically less than among those with stroke. In addition, the
benefit of endarterectomy in women with moderate symptomatic stenosis
appears seven- to eight-fold less than the benefit in men. Therefore, I would
not recommend an interventional procedure at this point in this patient.
She should be vigorously evaluated for other potentially treatable stroke
risk factors (dyslipidemia, hypertension, etc.). One might also consider
switching to a different platelet antiaggregant, although there are no pro-
spective data available to support this approach. Based on WARSS, there
would be no indication for warfarin.

5. A 77-year-old man with a history of hypertension (HTN), diabetes mellitus, and
coronary artery disease (CAD) presents with mild left-sided weakness. MRI shows
an enhancing, cortical right frontal infarct. His history is notable for previous par-
tial left middle cerebral artery (MCA) infarct. At the time of the current stroke, he is
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on ticlopidine. He is also on insulin and diltiazem. Examination reveals moderate
cognitive impairment, mild expressive speech difficulty, and mild left hemiparesis.
He is in NSR with BP 140/80. Carotid duplex is negative. MRA is negative. TEE
shows moderate to severe aortic atherosclerosis in the ascending aorta with no pro-
truding or mobile components. He lives at home with a daughter who is very sup-
portive. What antithrombotic regimen would you recommend? What factors would
you consider in deciding to anticoagulate an elderly patient? Is there a role for
screening for intermittent atrial fibrillation and if so, how would you do it?

Discussant: Shunichi Homma

The brain imaging finding appears to indicate stroke to be due to embol-
ism. Although there are no mobile, ulcerated or protruding components to
the aortic plaque, I would think the ‘moderate to severe’ plaque would
mean a plaque thickness of 4 mm or more which is strongly associated
with embolic stroke, particularly of cryptogenic subtype. The mechanism
of stroke in patients with large aortic plaques is thought to be due to
embolism, as transcranial doppler (TCD) in these patients often document
high-intensity transient signals (HITS). This patient was on ticlodipine
when the event occurred, so the next reasonable medical regimen would
be warfarin. Since the patient appears to have a supportive environment,
he should be able to tolerate it. In WARSS (Warfarin Aspirin Recurrent
Stroke Study), the rate of major hemorrhage was similar between those
on warfarin and aspirin. I would recommend keeping the INR at 2–3.
There is no definitive study that has compared an antiplatelet agent with
warfarin in stroke patients with aortic plaques. Our PICSS (PFO in
Cryptogenic Stroke Study) is investigating this issue and hopefully will
provide clarification on this issue.

6. A 62-year-old man with a history of diabetes and hypertension for 20 years each
is admitted with right-sided weakness. He has a history of left internal capsule 
lacunar infarct 3 years previously. He is taking aspirin 325 mg/day at the time of
admission. There is no history of CAD or peripheral vascular disease (PVD). Carotid
duplex shows 16–49% stenosis bilaterally. Two-dimensional echo is negative. MRI
shows 1.0 cm left paramedian pontine infarct with negative MRA. Creatinine is
1.1. Homocysteine is 11.2. He is on insulin, amlodipine, and lovastatin but is not 
on an ACE inhibitor. He recovers well after a brief rehabilitation stay and is dis-
charged home. What antithrombotic regimen would you recommend? Would you
recommend any other tests or medications?

Discussant: Steven Levine

This patient has a new penetrating vessel (paramedian pontine branch
syndrome) occlusive process. He has stroke risk factors of age, gender, 
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diabetes, hypertension, prior ischemic stroke (also a lacunar syndrome),
and carotid atherosclerotic disease. MRA fails to demonstrate significant
large-vessel occlusive disease of the basilar artery. This suggests either that
the occlusive process is, indeed, penetrating vessel disease from the stated
risk factors, or that the MRA is false negative and there is relevant disease
in the basilar artery. Given the risk factor profile, the prior and current
lacunar events, it is most likely that this new event is on the basis of 
arteriosclerosis of a basilar artery branch. Certainly atherosclerosis at the
origin (os) of the branch within the basilar artery lumen, with any varying
degree of basilar artery stenosis/plaque, cannot be ruled out definitively
with an MRA.

I would probably perform a transcranial Doppler ultrasound to look for
non-invasive concordance of a nonstenotic basilar artery, and if it was
normal or showed only elevated pulsatility/resistance indices (a sign that
suggests existing small-vessel disease), I would not pursue conventional
angiography. I would want to know about his glucose control as a diabetic
and order a hemoglobin A1c. I would more aggressively manage his 
glucose if there was evidence of significant hyperglycemia (consult an
endocrinologist or discuss further diabetic control with his primary care
physician). I would also want to know his blood pressure history and
would target the more aggressive blood pressure range for diabeticsa
under 130/85 mmHg. I would probably add an ACE inhibitor if his BP was
not at target values. Further tests would also include a lipid panel. I would
start vitamin therapy for the homocysteine (cheap, effective, although not
yet proven to reduce stroke risk) as risk is directly related to the level, even
within the normal range of values. I would inquire about and modify as
necessary life style, exercise, weight, diet, cigarette smoking, and regular
(at least yearly) diabetic health screenings. As he has had a second stroke
on aspirin, his risk of another stroke staying on aspirin may be higher 
than if he were switched to another antithrombotic regimen. Reasonable
choices include (not in any specific order): clopidogrel, ticlopidine (with
careful monitoring of hematological function), and lose-dose aspirin +
extended release dipyridamole. Combined aspirin plus clopidogrel, while
given commonly in clinical practice, has not been shown to date to be
more effective than aspirin alone in stroke prevention and the MATCH
trial did not demonstrate that clopidogrel + aspirin was more effective than
clopidogrel alone for preventing stroke. I would continue to monitor his
stroke prevention program and work on continued at least yearly updated
stroke risk assessment and prevention (‘STRAP’) strategies. This would
also include education about acute intervention if another event should 
occur, how to access acute care immediately, and the warning signs and
symptoms beyond those he has already suffered from. The choice of any
antiplatelet or combination therapy is only a part of the total picture of
stroke and cardiovascular disease prevention in this gentleman.
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vertebral artery 400
see also magnetic resonance angiography

(MRA)
angioplasty and stenting 382–414

carotid 386
carotid endarterectomy vs 394–395
complications 391
emboli, Doppler ultrasound 391, 392
failure causes 389
ongoing/upcoming clinical trials 395,

395
operator experience importance 393
outcomes and study conclusions

393–396
risk factors for complications 391
study comparisons 394
see also angioplasty and stenting,

extracranial
cerebral hemodynamic impairment

improvement 154
cervical carotid and vertebral artery

383–386
benefits 383
cerebral angiography 384, 385
gold standard therapy 383
standard practice 383–386
stenosis in distal vertebral artery (VA)

400
stent deployment for occluded VA 389

extracranial 386–393
anaphylactic reaction 388
contraindications 388–389
emboli capture devices 391–393, 392
emboli detection 391
failure causes 389
innominate artery angioplasty 390
intracranial hemorrhage after 393
patient selection 386–389
platelet inhibition 388–389
restenosis risk 388
risk factors for complications 391
stent deployment 389, 389, 390, 392
see also angioplasty and stenting, carotid

failure, causes 389
goals 397
innominate artery 390

intracranial arteries 396–397
atherosclerosis locations 396
basilar artery 399, 400
complications 401
delayed therapy in large stroke 398
factors affecting outcome 401–402
goals 397
hemorrhagic conversion 398
mid-MCA trunk stenosis 399
mortality 401
ongoing clinical trials 402–403
outcomes and study conclusions

401–403
patient selection 398
platelet inhibition 398
risk factors of intracranial stenosis 396
stent deployment 399, 399
stenting drawbacks 399
success rate 401
techniques and results 397–401
vascular access 398
wire tip perforation 398, 401

subclavian artery stenosis 388
stents 389

umbrella type embolic capture device 385,
392

vessels treatable 382
angiopoietin-1 (Angpo-1) 53
angiopoietin-2 (Angpo-2) 53
angiotensin-converting enzyme (ACE)

inhibitors see ACE inhibitors
angiotensin II 338
angiotensin receptor blockers (ARBs) 340
angular gyrus, PCA territory ischemia 83
anoxic depolarization 38
anterior cerebral artery syndromes 80
anterior inferior cerebellar artery ischemia,

symptoms 77
anterior ischemic optic neuropathy (AION)

105
arteritic 108–110

non-arteritic vs 110
see also giant cell arteritis

non-arteritic see non-arteritic anterior
ischemic optic neuropathy (NAION)

see under transient visual loss
anticardiolipin antibodies 218
anticoagulation therapy, oral 253–263

atrial fibrillation 190, 257–258, 271
atrial septal aneurysm 206
contraindications 253–254
crescendo TIAs 256
critical extracranial carotid artery stenosis

256
early studies 254
elderly (case study) 437
guidelines 275–276
International Normalized Ratio (INR) 254
intralumenal or intracardiac thrombus

255–256
left ventricular thrombus 192, 193
long-term, hereditary thrombophilias 217
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long-term, stroke prevention 257–260
antiphospholipid antibody syndrome

259
atrial fibrillation 257–258, 271
atrial septal defect 260
deficient intrinsic fibrinolytic factors 259
hypercoagulatable state 259
intracranial arterial stenosis 258
low cardiac output state 259
paradoxical embolism 260
patent foramen ovale 260
ventricular septal defect 260

main groups 253
mode of action 253
PFU (patent foramen ovale) in Cryptogenic

Stroke Study (PICCS) 202, 437
prophylactic

atrial fibrillation 257–258
before cardioversion in atrial fibrillation

197
in left ventricular thrombus 192

prosthetic valves 190
proximal aortic atheromas 198–200
recent studies 254–255

SPIRIT 254–255, 271
WARSS 255, 271, 437

rheumatic heart disease 190
short-term, stroke prevention 256–257

arterial dissection 257
myocardial infarction 256–257
WARIS II 257

side-effects 253–254
specific disease states 255–256
see also antiplatelet therapy; warfarin

anticoagulation therapy, parenteral see heparin
antihypertensives, oral see hypertension

treatment; specific drugs
antiphospholipid antibodies 218
Antiphospholipid Antibodies and Stroke Study

(APASS) 218, 259
antiphospholipid antibody syndrome 218

long-term anticoagulation 259
visual symptoms 94

antiplatelet therapy 235–252
antiphospholipid antibodies 218
aspirin see aspirin
atrial septal aneurysm 206
clopidogrel see clopidogrel
comparisons of treatment options 244–248

ACCP guidelines 245, 247, 248
aspirin dose 244
costs 245, 245
efficacy 245, 246
side-effects 245, 246, 247

dipyridamole see dipyridamole
drugs available 235–236
extracranial angioplasty and stenting 388
guidelines 275–276
indications 235
intracranial angioplasty 398, 399
secondary stroke prevention, cost-

effectiveness 420, 420–421

thienopyridine derivatives see thienopyridine
derivatives

TIA due to embolism (case study) 434
ticlopidine see ticlopidine
transient monocular visual loss (TMVL)

102
vertebrobasilar disease 105
see also specific antiplatelet agents

Anti-Platelet Trialists (APT), meta-analysis
antiplatelet therapy 299–300

Antiplatelet Trialists’ Collaboration (ATC)
237

meta-analyses, dipyridamole 242
randomized trials 17

antithrombin III 217
deficiency 217, 259

antithrombotic therapy
antiphospholipid antibody syndrome 218
cost-effectiveness, atrial fibrillation

422–423
elderly (case study) 437
left thalamic infarct, case study 433–434
see also antiplatelet therapy; thrombolysis

aortic arch, atherosclerosis 390
aortic atheroma 201

proximal 198–200, 201
cerebrovascular event risk 198
morphology 198, 199
prevention 198–200

Apaf-1, apoptosis regulator 47
apoptosis 46–49

after TIA 49
antiapoptosis 43, 48

Akt 43
ischemic tolerance 53

anti/proapoptotic genes 47, 48
delayed infarction 49
ischemic neuronal death due to 46–49

evidence supporting role 48–49
mitochondria regulatory role 47
regulator 47
TNF superfamily 47

apraxia 80
arachidonic acid (AA) 44, 50
arterial dissection

short-term anticoagulation 257
see also carotid artery dissection

ASPECT trial 192
aspirin 235, 236–239

allergy/intolerance 236, 246, 247–248
atrial fibrillation 190

cost-effectiveness 422–423
carotid endarterectomy vs in stroke

353–355
carotid endarterectomy with 369

cost-effectiveness 424
clopidogrel combination 241, 246
clopidogrel comparison 245, 246
contraindications 236
cost advantage 245, 247
diabetes mellitus 299–300

case study 438
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dipyridamole combination 242, 243, 248
dipyridamole comparison 245, 246, 247
dose 236, 237–239

ACE trial 238, 374, 374–375
Europe vs N. America 244
high, adverse effects 236
low 237–238
UK-TIA 16–17, 237

efficacy trials 237–239
Aspirin Trialist’s Collaboration (ATC)

238–239
meta-analyses 238–239

FDA guidelines 244
gastrointestinal side-effects 236, 238
intracranial angioplasty 399
long-term 257–260

see also anticoagulation therapy, long-term
migraine headache 104
mode of action 236
Reye’s syndrome 300
stroke prevention

cost-effectiveness 420, 420–421
in diabetes mellitus (case study) 438
heparin vs 271

ticlopidine comparison 240, 245
UK-TIA trial 16–17, 237
see also antiplatelet therapy

Aspirin and Carotid Endarterectomy (ACE)
trial 238, 353–355

aspirin dose after endarterectomy 374,
374–375

Aspirin Trialists’ Collaboration (ATC) 237,
238–239

astrocytes, [K+]e increase 38
Asymptomatic Carotid Atherosclerosis Study

(ACAS) 391, 394
ataxic hemiparesis 86
atherogenesis, fibrinogen levels effect 221
atheroma, proximal aortic see aortic atheroma
atheromatous disease

middle cerebral artery 79
posterior cerebral artery 82

atherosclerosis
aortic arch 390
basilar and intracranial vertebral arteries

81
intracranial see intracranial atherosclerosis
large vessel, stroke/TIA risk 75
morbidity reduction by statins 292
proximal vertebral, TIA/stroke 170
vertebrobasilar disease, duplex ultrasound

170–171
Atherosclerosis Risk in Communities (ARIC)

291
atrial fibrillation 189–191

adverse events after TIA and 18, 19
atrial septal defect 205
chronic, left atrial appendage thrombus

197
guidelines for stroke prevention 190
left atrial appendage thrombus 196–197

‘lone’ 189–190
management

anticoagulation therapy 190
electrical cardioversion 197
long-term anticoagulation 257–258

prevalence 189
rheumatic heart disease 189
stroke risk 189, 190

mechanism 190
TIA risk 190
transthoracic echocardiography (TTE)

190–191, 191
von Willebrand factor levels 221

atrial septal aneurysm 205, 205–206, 206
atrial septal defect (ASD) 204

atrial fibrillation complication 205
diagnostic studies 204, 204–205
long-term anticoagulation 260

atypical TIAs, stroke risk 6
atypical transient neurological symptoms,

neuroimaging 130
autonomic neuropathy, diabetes complication

288
autoregulation, cerebral blood flow see cerebral

blood flow (CBF)
autoregulatory vasodilatation

compensatory response to reduced CBF 32,
141–143

increase in cerebral blood volume and 146

B
bacterial endocarditis see infective endocarditis
basilar artery

angioplasty and stenting 399, 400
embolism 81

basilar artery syndromes 81–82
TIAs due to atherosclerosis 81

basilar branch disease 82
basilar migraine 82
bcl-2 family 47

overexpression 48
Behçet’s disease, arteritic AION 108
β-blockers, hypertension treatment

in acute brain ischemia 316, 317–318
primary stroke prevention 320

biguanides, diabetes treatment 296, 297, 298
blood–brain barrier, secondary ischemic event

52
blood flow

cerebral see cerebral blood flow (CBF)
stagnant, spontaneous echo-contrast 197

blood pressure
acute stroke prognosis 309–310
autoregulation of cerebral blood flow

310–312
increased

cerebral blood flow autoregulation
311–312

therapy see hypertension treatment
see also hypertension

lowering, guiding principles 316
monitoring in diabetes mellitus 301
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natural history of levels after stroke 314
reduced, cerebral blood flow autoregulation

311
targets for hypertension treatment 323

B-mode imaging 162
bocaspartyl (OMe)-fluoromethylketone (BAF)

48
brain see entries beginning cerebral
Brain Attack Coalition recommendations 269
branch retinal artery occlusion (BRAO) 100
British Heart Foundation/Medical Research

Council Heart Protection Study 336
bruit

carotid 78, 108
internal carotid artery stenosis 78
ocular 78
subjective 76

C
calcium

influx into neurons, control 37, 38–39
overload, necrosis associated 46

calcium antagonists
autoregulation of cerebral blood flow 317
hypertension treatment in acute brain

ischemia 317, 318
calcium channels

ligand-gated 36, 37
voltage-gated 37, 38–39

calpain(s) 43
activation 43, 44

calpain activity inhibitors, neuroprotective
effect 43–44

Canadian American Ticlopidine Study (CATS)
240

Canadian Cooperative Study (CCS) 237, 238
‘capsular warning syndrome’ 82

oral anticoagulants 256
carbon dioxide, 15O-labeled 145
cardiac blood flow, stagnant 197
cardiac diagnostic studies 188–213

anatomy and function information 189
atrial fibrillation see atrial fibrillation
atrial septal aneurysm 205, 205–206, 206
atrial septal defect 204, 204–205
cardiac tumors 194–195
embolic source detection 189, 423
infective endocarditis 193–194
left atrial appendage thrombus 196,

196–197
left ventricular thrombus 191–193, 192
marantic endocarditis 218
myocardial infarction 191–192
patent foramen ovale 200–203, 205, 206

contrast enhanced 201, 202, 204
proximal aortic atheromas 198–200, 201
screening test 189
spontaneous echo-contrast (SEC) 197–198
stagnant blood flow 197
TIA and coronary artery disease 207–208
transthoracic vs transesophageal

echocardiography 188–189

valve strands 206–207
valvular vegetations 193, 193–194, 195
see also echocardiography

cardiac event risk, transient neurological
attacks (TNAs) 6

cardiac output, low, long-term anticoagulation
259

cardiac tumors
diagnostic studies 194–195
malignant 195

cardioversion, atrial fibrillation 197
carotid angiography, carotid stenosis 368,

384, 385
carotid artery

angioplasty and stenting see angioplasty and
stenting

collateral blood flow 169
diameter, magnetic resonance angiography

101
endarterectomy see carotid endarterectomy
extracranial compression 175
imaging (case study) 435–436
stenosis see carotid stenosis
see also internal carotid artery (ICA)

carotid artery atherosclerosis
cervical, transcranial Doppler (TCD)

173–175
cholesterol levels 10
duplex ultrasound 163–167

carotid artery disease
ipsilateral

Hollenhorst plaque 95, 96
transient visual loss 94

occlusive
ocular ischemic syndrome 100
stenosis vs, ultrasound 168–169

plaque characteristics, duplex ultrasound
164, 167

TIA and 77–78
limb shaking TIA 78
mechanism 78
pathophysiology 77
symptoms and signs 78

transient monocular visual loss 93
carotid artery dissection 387

short-term anticoagulation 257
ultrasound characteristics 167, 168

carotid bifurcation
atherosclerotic plaque 164–165
non-atherosclerotic disease 167–168

carotid duplex ultrasound (CDUS) 163–169
angiographic criterion and 166
carotid atherosclerosis 163–167
criteria 166
endarterectomy benefit assessment 165
end diastolic velocity (EDV) 166
NASCET 166
non-atherosclerotic disease of carotid

bifurcation 167–168
pitfalls 168–169

carotid occlusion vs stenosis 168–169
plaque characteristics 164, 167
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prognostic value 165
sensitivity/specificity 166
temporal tapping 169

carotid endarterectomy 367–375
aspirin after (high- vs low-dose) 374,

374–375
aspirin use with 369
aspirin vs, in stroke 353–355
benefits, carotid duplex ultrasound use

165
carotid angioplasty and stenting vs

394–395
case study 434–436
cost-effectiveness issues 423–425, 424
crescendo TIAs, heparin as bridge therapy

272
efficacy 102, 370, 371, 371

diabetes mellitus 371
gender-based differences 371

elderly patients 373
hemodynamic status improvement 154
high-grade tandem lesions 372
indications 367
lacunar syndrome 372
medical therapy vs 353–355, 373
mortality/morbidity 369
ocular ischemic syndrome 101
patient selection 164, 167
perioperative platelet anti-aggregants

374–375
planning 173–175, 174
randomized controlled trials 368–375

ACE see Aspirin and Carotid
Endarterectomy (ACE) trial

NASCET see North American Symptomatic
Carotid Endarterectomy Trial (NASCET)

risks and complication rates 375
risks/benefits 164, 165

vs medical therapy (case study) 436
stroke prevention after 102, 375
subgroup analyses 371–373
timing of surgery 373–374
ulcerative plaque 372
unruptured intracranial aneurysm 373

Carotid Occlusion Surgery Study 155
carotid revascularization

hemodynamic impairment improvement
154

see also angioplasty and stenting
carotid stenosis

angiography 368, 384
carotid endarterectomy for see carotid

endarterectomy
carotid occlusion vs, ultrasound

168–169
cholesterol 10
critical extracranial, anticoagulants

256
CT evidence of infarction associated

120
level, and stroke risk 165, 165

risk of stroke after TIA 17
stroke risk 19, 165
transient monocular visual loss 98
von Willebrand factor levels 221
see also internal carotid artery (ICA)

carpal tunnel syndrome, diabetes
complications 287

case studies 432–438
anticoagulation in elderly 437
antithrombotic regimen for thalamic infarct

433–434
aortic valve strands 434
carotid endarterectomy for TIA 434–436

risk/benefits vs medical therapy 436
diabetes mellitus 436–438
endocarditis 434
Sneddon’s syndrome 434
striatocapsular infarct 432–433

caspase family 47
functions 47
inhibitors 48

causes of TIAs 73
mechanisms 10
see also pathophysiology, of brain ischemia

CD18, monoclonal antibody 52
cell injury

mechanism, excitotoxicity 39–42, 46
mediator, arachidonic acid (AA) 44
see also tissue injury

central retinal artery occlusion (CRAO)
99–100, 100

cerebellar stroke, cerebral blood flow
regulation 312

cerebral angiography, carotid stenosis 368,
384, 385

cerebral atrophy, accelerated rate, MRI studies
123

cerebral blood flow (CBF) 32–33
acute brain ischemia 312–313
autoregulation 141–143, 142, 310–312

acute brain ischemia 312–313
calcium antagonist effect 317
duration of disruption 312–313
increased blood volume and 146
increase in mean arterial pressure

311–312
reduction in mean arterial pressure 311
right shift 310–311
stroke type effect 312, 315

cerebrovascular reactivity definition 175
definition 144
implications of measurements 143
normal 310
paired measurements 143, 146
quantitative/qualitative measurements

144, 145–146
first-pass compounds 144

reduced 54, 143, 311
compensatory mechanisms 32–33,

141–143
regulation 31–32
stroke risk assessment, SPECT 150
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310–311, 311

xenon CT 122
cerebral blood volume (CBV) 146

regional, measurement 146
cerebral embolic event risk see emboli/

embolism
Cerebral Embolism Study Group, heparin use

266
cerebral hemodynamic assessment

in vivo 143
metabolic processing data 148
oxygen extraction fraction measurement

147
paired CBF measurements 143, 146
regional analysis of images 148
regional cerebral blood volume measures

146
vasodilatatory stimuli 143, 146
see also cerebral blood flow (CBF); positron

emission tomography (PET); single-
photon emission computed tomography
(SPECT)

cerebral hemodynamic impairment
changes in status over time 153
clinical/imaging findings, relationship

148–149
improvement by carotid endarterectomy

154
physiology 141–143
stroke risk associated 149–153

positron emission tomography 149,
151–152

SPECT 149, 150
see also cerebral blood flow (CBF); cerebral

perfusion pressure
cerebral hemodynamic parameters, definitions

313
cerebral hypoperfusion, risk in hypertension

treatment 316
cerebral infarct(s)/infarction

apoptosis features 49
delayed, apoptosis 49
detection rates 270, 270
epidemiology 21–22

incidence and prevalence 21–22
mortality and recurrence 22

hemorrhagic transformation 270
see also intracranial hemorrhage

imaging
CT evidence linked to age 120
duration of TIA and 74

lacunar see lacunar disease; lacunar TIAs
NASCET 20
prevention, heparin 271
unilateral thalamic, amnestic stroke due to

85
volume/size 41

fasL receptors 49
overexpression of bcl-2 48
period of ischemia 49

‘cerebral infarct with transient signs’ 119

cerebral ischemia
acute

blood pressure and cerebral blood flow
312–313

hypertension treatment see hypertension
treatment

transcranial Doppler ultrasound
175–176

brain injury due to, mechanism see
pathophysiology, of brain ischemia

carotid stenting complication 391
chronic, hypertension treatment 321
genes expressed after 40
neuronal death mechanisms 46–49

see also apoptosis
pathophysiology/mechanisms see

pathophysiology, of brain ischemia
period of and infarct size 49
prevention

in patent foramen ovale 202
see also stroke, prevention

reperfusion see reperfusion
reversible ischemic neurological deficit 3
secondary see pathophysiology, of brain

ischemia
severity/volume 129
tolerance 53–54, 54

cell death or cell protection 54
chronology 54
mechanisms 53

transient symptoms see clinical features, of
TIA; clinical syndromes

see also ischemic stroke; stroke
cerebral metabolic rate of oxygen consumption

(CMRO2) 35, 310
cerebral perfusion pressure reduction 142
quantitative value 147, 147
reduced by lacunar infarction 144

cerebral perfusion pressure (CPP) 310
autoregulation 141–143, 142
definitions 141
inadequacy 141
indirect measurements 141
intracranial pressure (ICP) elevation effect

312
reduced in TIAs 149

cerebrovascular disease
diabetes complications 291–292
see also stroke

cerebrovascular event risk
atrial septal aneurysm 206
left atrial appendage thrombus 197
patent foramen ovale 200, 206

cerebrovascular reactivity
acetazolamide 175
hypercapnia 175
transcranial Doppler ultrasound 175

‘cerebrovascular reserve’ 146
cerivastatin 334
cervical arteries, duplex ultrasound 173
cervical carotid angioplasty see angioplasty and

stenting
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cervical vertebral disease 170
children, behavior and warfarin 274
cholesterol

carotid atherosclerosis association 10
carotid stenosis due to 10
LDL-/HDL-, classification of levels 337
monitoring in diabetes mellitus 301
reduction by statins see statins
retinal emboli 95, 96
risk factor

ischemic stroke 11
stroke 333–334
TIA 10

total 337
Cholesterol and Recurrent Events (CARE)

study 335, 336
choroid, anatomy 97
cigarette smoking 340–341

cessation 341
diabetes mellitus 302
Framingham prospective study 340–341
prevalence 340
retinal emboli associated 99
risk factor, ischemic stroke 11
vascular disease predisposition mechanisms

341
cilio-retinal artery 100
circle of Willis, ultrasound 174
clinical features, of syndromes

anterior cerebral artery syndromes 80
basilar artery syndromes 81–82
carotid disease and TIAs 77–78
giant cell arteritis 109
lateral medullary syndrome 81
middle cerebral artery syndromes 79–80
posterior cerebral artery syndromes

82–83
transient global amnesia 84–85
vertebral artery syndromes 80–81

clinical features, of TIA
bruit see bruit
symptoms 73–74, 75–77

dizziness and vertigo 76–77
duration 3, 74
headache 75–76
Horner’s syndrome 76
miscellaneous 77
rostral basilar artery syndrome 76

temporal profile 74–75
tinnitus, pulsatile 76

clinical history of TIA 73
clinical syndromes, brain 73–92

activity at onset 75
anterior cerebral artery syndromes 80
basilar artery syndromes 81–82

basilar migraine 82
carotid disease see carotid artery disease
Horner’s syndrome 76
lacunar disease see lacunar disease; lacunar

TIAs
middle cerebral artery syndromes see middle

cerebral artery (MCA) syndromes

posterior cerebral artery syndromes see
posterior cerebral artery (PCA)
syndromes

prognosis 86–87
risk of death 86
risk of stroke 86, 87

subclavian steal syndrome 80–81
symptoms/signs see clinical features
temporal profile 74–75

crescendo TIAs 75
Harvard Stroke Registry 75
neurological deficits 74

transient global amnesia see transient global
amnesia

vertebral artery syndromes see vertebral
artery syndromes

clinical syndromes, ocular see ocular syndromes
clinical vignettes see case studies
clonidine, hypertension treatment in acute

brain ischemia 316
clopidogrel 239–241

aspirin combination 241, 246
in diabetes mellitus (case study) 438

aspirin comparison 245, 246
dosage 239
extracranial angioplasty and stenting

388
first-line therapy 248
intracranial angioplasty 399
mechanism of action 239
safety profile 239–240, 246
secondary stroke prevention, cost-

effectiveness 420, 420–421
ticlopidine comparison 245

Clopidogrel in Unstable Angina to prevent
Recurrent Events (CURE) 241

Clopidogrel vs Aspirin in Patients at Risk of
Ischemic Events (CAPRIE) 240–241,
246, 421

coagulation factors 214
activation/increased 215

coagulation studies/disorders 214–231
antiphospholipid antibodies 218
diagnostic testing 215–216, 216

cost-effectiveness 425
fibrinogen 215, 221
fibrinolysis 215, 219
hereditary thrombophilias 217–218, 

274
homocysteinemia 219–220

see also hyperhomocysteinemia
hypercoagulability and cerebrovascular

disease 214–215, 216
malignancy markers 222, 222
patient selection for coagulation testing

215–216, 216
primary disorders 215
prothrombotic genes 221–222
secondary disorders 215
Trousseau’s syndrome 222–223
von Willebrand factor 220–221

coagulation system 214–215
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carotid, ultrasound 169, 170
circle of Willis 174
leptomeningeal 175
transcranial Doppler 173–175, 174
vertebral artery, ultrasound 170

color Doppler 162–163
thrombo-embolic TMVL 101–102
vertebral artery 170

complex partial seizures 84
computed tomography (CT), of TIAs

additional techniques 122
perfusion CT 122
standard methods 120–121

diffusion-weighted imaging vs 124
infarction evidence 120
localization of lesions 121
NASCET 120, 121
prognostic role 121

survival times related to 121
xenon CT 122

computed tomography (CT) angiography
122

confrontation visual field testing 94–95
Copenhagen Stroke Study, stroke incidence

291
coronary artery disease (CAD)

diabetes complication 290
secondary prevention by aspirin

299–300
TIAs and 207–208
see also cardiac diagnostic studies; myocardial

infarction
cortical TIA, lacunar TIA differentiation 86
corticosteroids, systemic, giant cell arteritis

110
cost-effectiveness issues 415–431

analysis 415–419
cost-effectiveness ratio see cost-

effectiveness ratio
cost-minimization analysis 416, 416
cost-utility analysis 416, 416
decision tree 418, 418–419
health outcomes units 416
method/reporting recommendations

419
quality-adjusted life years (QALYS) 416
sensitivity analysis 419
types 416, 416

coagulopathy diagnostic testing 425
TIA and stroke studies 419–425

antiplatelet therapy for secondary stroke
prevention 420, 420–421

antithrombotic therapy for atrial
fibrillation 422–423

carotid endarterectomy 423–425, 424
echocardiography for cardiac sources of

emboli 423
magnetic resonance angiography 425

TIA diagnosis and management 426
short-term prognosis after emergency

diagnosis 426

cost-effectiveness ratio 416, 417
calculation 419
graphic representation 417

cost-minimization analysis 416, 416
cost-utility analysis 416, 416
COX-2, cyclooxygenases 44
crescendo TIAs 75

oral anticoagulants 256
use of heparin 272–273

cryptogenic stroke 188
coagulation abnormalities 214
patent foramen ovale 200, 260
PFO in Cryptogenic Stroke Study (PICSS)

202, 260
cyclooxygenases, COX-2 44
cystathionine β-synthase deficiency,

hyperhomocysteinemia 330
cytokines, post-ischemic inflammatory

reaction 51–52
cytotoxic swelling, neurons 38

D
dalteparin 268–269
danaparoid 265, 267–268
Dandy-Walker malformation, warfarin

embryopathy 274
dATP, apoptosis regulator 47
death receptors 48–49
definitions

brain ischemia 31–32
cerebral blood flow (CBF) 144
cerebral blood volume (CBV) 146
cerebral hemodynamic parameters 313
cerebral perfusion pressure 141
lipid values 337, 337
mild stroke 357
TIA 3, 4, 22, 73, 74, 119

acute TIA-associated infarct 122–123
research orientated tissue-based

132–133
time-based 131–132

demyelinating disease, transient visual loss
94

Diabetes Control and Complications Trial
(DCCT) 288

diabetes mellitus 281–308
atrial fibrillation 189
basilar artery syndromes 82
blood glucose monitoring 293, 295
care, guidelines 300–302

blood pressure 301
case study 438
cigarette smoking advice 302
dilated eye examination 302
foot examination 301
HbA1C 300
LDL-/HDL-cholesterol 301
microalbuminuria monitoring 300–301
triglycerides 301

carotid endarterectomy efficacy 371
case studies 436–438
classification 282, 282
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diabetes mellitus (cont’d)
complications see diabetic complications
cost of care 281
diagnostic criteria 283, 283
education (patient) 295
epidemiology 281–282
fibrinolytic function impairment 291
glycemic control

Type 1 288–289, 293
Type 2 289–290, 293

glycemic control and complication
prevention

American College of Endocrinology targets
293

American Diabetes Association standards
293

Diabetes Control and Complications Trial
288

Kumamoto trial 289–290
macrovascular complication prevention

292
Stockholm Diabetes Intervention Study

288–289
UKPDS 289

glycemic control in the hospital 302–304
contraindications to tight control 303
patient is eating 303–304
patient is NPO (nothing by mouth) 303

hyperglycemia see hyperglycemia
lacunar TIA 85
predictor of survival post TIA 20
as risk factor for

ischemic stroke 11
non-arteritic anterior ischemic optic

neuropathy 107, 108
risk factors of Type 2 284
screening 283–284
symptoms 282–283
treatment

aspirin 299–300
statin use 292

treatment, Type 1 292–295
blood glucose monitoring 293
exercise 294
glycemic control 288–289, 293
goals 292–193, 293
insulin see insulin
nutrition 293

treatment, Type 2 295–299
antidiabetic drug monotherapy 298
biguanides 296, 297, 298
blood glucose monitoring 295
combination antidiabetic drug therapy

298–299
exercise 296
α-glucosidase inhibitors 296, 297, 298
glycemic control 289–290, 293
goals 293, 295
meglitidinides 296, 297, 298
nutrition 295–296
oral drug characteristics 297
pharmacological therapy 296–299

phenylalanine derivatives 296, 297, 298
sulfonylureas 296, 297, 298
therapeutic strategy examples 299
thiazolidinediones 291–292, 296, 297,

298
diabetic amyotrophy 287
diabetic complications

acute 284, 285
chronic 286–292
macrovascular 286, 290–292

cerebrovascular disease 291–292
coronary artery disease 290
peripheral vascular disease 290
prevention 292

microvascular 286, 286–290
autonomic neuropathy 288
carpal tunnel syndrome 287
diabetic amyotrophy 287
distal symmetrical polyneuropathy 287
mononeuropathy 287
nephropathy 287
neuropathy 287–288
polyradiculopathy 287
prevention by tight glycemic control see

diabetes mellitus, glycemic control
retinopathy see diabetic retinopathy

diabetic ketoacidosis (DKA) 284, 285
diabetic retinopathy 286–287

aspirin therapy, Early Treatment Diabetic
Retinopathy Study (ETDRS) 299

nonproliferative 286
proliferative 286–287
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side-effects 242, 247
sustained-release 247, 248
Toulouse TIA 242–243

diuretics, hypertension treatment for stroke
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age and sex-specific rates 9
prognosis see prognosis, after TIA
risk factors see risk factors, of TIA
selected studies 13
stroke risk 4

epidemiology, of transient global amnesia
83–84

epilepsy
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HMG-CoA reductase inhibitors see statins

Hollenhorst plaque 95, 96, 99
Holter monitor, emboligenic arrhythmias

102
homocysteine (Hcy) 219, 330

current recommended levels 332–333
inherited metabolic disorder 220
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intracranial hemorrhage
complication of cervicocranial angioplasty

393
heparin use in endocarditis 273–274
risk associated with heparin 270
risk with rt-PA
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prognosis 359
rt-PA outcome 359
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cerebral metabolism reduction 144
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pure motor monoparesis 86
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low-molecular weight heparin (LMWH)
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lupus anticoagulant 218

M
macula, cherry-red spot 99
magnetic resonance angiography (MRA)

128–129
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cost-effectiveness 425
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MDL 28170 43–44
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antihypertensive see hypertension treatment
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statins see statins
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cerebral infarction 22
ocular ischemic syndrome 101

moyamoya disease 376
surgery 376–377

Moya Moya phenomena 145
MRI see magnetic resonance imaging (MRI)
myocardial infarction

risk reduced by antiplatelet agents 244
secondary prevention by aspirin in diabetes

299–300
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National Institutes of Health Stroke Scale Score
(NIHSS) 268, 352, 352

National Institutes of Neurological Disorders
and Stroke (NINDS) 202–203, 348,
354, 356–357, 358

NCEP guidelines, cholesterol levels 336–337
NEMC Posterior Circulation Registry,

intracranial vertebral artery stenosis
81

nephropathy, diabetes complication 287
neuroimaging 119–136

atypical transient neurological symptoms
130

diagnosis, etiological 127
distribution/anatomical localization of

lesions
CT 121
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investigations 101–102
ischemic optic neuropathies see ischemic

optic neuropathies

relative afferent pupillary defect (RAPD)
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pathophysiology, of brain ischemia (cont’d)
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mathematical model 140–141
‘partial volume effect’ 140
radiation detection system 139
radio-tracers 138, 139

secondary endpoint studies 153–154
SPECT differences 139

positron-emitting radio-isotopes 139
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