Foreword

The foreword to volumes 11 and 12 of the first series of the Handbook of Clinical Neurology dedicated to vascular
diseases (1972) started with a famous maxim (“On a 1’ age de ses arteres”), emphasizing the importance of vas-
cular diseases and their relation to the aging process. Nowadays, other pathological processes are considered as
even greater threats to normal aging. Cerebrovascular diseases, however, continue to be the most common life-
threatening and disabling neurological disease in the USA and in many other countries. It is therefore with great
pride that we present this volume of the Handbook of Clinical Neurology which is one of three volumes dedicated
to stroke.

These three volumes are part of the third series of the Handbook of Clinical Neurology, for which we have edi-
torial responsibility. In order to provide insight into physiological and pathogenetic mechanism and a basis for
new therapeutic strategies for neurological disorders, we have specifically ensured that the neurobiological aspects
of the nervous system in health and disease are covered, as well as the more clinical aspects of neurological dis-
ease. During the last quarter-century, dramatic advances in the clinical and basic neurosciences have occurred, and
these are emphasized in each volume of the handbook. In addition to the print form, the series is now available
electronically on Elsevier’s Science Direct site. This makes the handbook more accessible to readers and will also
facilitate search for specific information.

The present three volumes deal with various aspects of strokes. This group of disorders is bound to acquire
even greater importance with the aging of the population throughout the world. The chapters gathered in these
volumes were written at the original instigation of Julien Bogousslavsky and Marc Fisher, and were under their
editorial supervision. For personal reasons unrelated to this series, however, Dr. Bogousslavsky has felt compelled
to withdraw his name as volume editor, but we wish to record our gratitude to both editors and to all the authors
for the time and effort that they dedicated to this project. As series editors, we reviewed all the chapters and made
suggestions for improvement, but we were delighted to read such scholarly and comprehensive accounts of differ-
ent aspects of stroke.

We hope that these volumes will appeal to clinicians and neuroscientists alike. Until a few years ago, strokes
were considered “experiments of nature” which provided enormous help in understanding the functional anatomy
of the brain, but for which little could be done in terms of therapeutic intervention and prevention. Advances in
our understanding of the biochemical background of strokes coupled with advances in fields as diverse as epide-
miology, genetics, neuroimaging, interventional radiology, surgery, and even clinical psychology have profoundly
altered our approach to stroke. In the previous series dedicated to vascular diseases, only two or three chapters
dealt with therapy. In the present series, no less than 11 chapters cover therapy, including prevention and manage-
ment. Significant new advances continue to occur in all aspects of stroke research, leading to new insights that
demand a critical appraisal. Our goal is to provide basic researchers with the foundations for new investigations.
We also intend to give clinicians a source reference to enable them to gain a thorough knowledge and understand-
ing of the clinical features and management of the many neurological manifestations of stroke.

We are grateful to all those who contributed their time and expertise to summarize developments in their field
and helped put together this outstanding volume. As always, we are especially grateful to the team at Elsevier for
their unfailing and expert assistance in the development and production of this volume.

Michael J. Aminoff
Frangois Boller
Dick F. Swaab



Preface

The Handbook of Clinical Neurology has been a vital and comprehensive source of information for decades,
encompassing the entire gamut of knowledge related to clinical neurology and its basic science underpinning.
The current revamping and expansion of this historically important resource represents a major endeavor for
the series editors, volume editors, and contributors. It has been my privilege to participate in this task as the
volume editor for the cerebrovascular portion of the updated series.

The field of cerebrovascular disorders has experienced a rapid expansion of many aspects of knowledge from
basic mechanisms of disease to enhanced diagnostic and therapeutic capabilities. These volumes dedicated to cer-
ebrovascular diseases were conceived with the intent of comprehensively covering all of the major aspects of neu-
rovascular disorders managed by physicians around the world. This comprehensive effort required contributions
from a large number of authors from many disciplines, leading to three volumes and several thousand pages of
material. I thank the contributors for their comprehensive, insightful and illuminating chapters. Their efforts
and time made the completion of these volumes related to cerebrovascular disorders possible. I also thank the staff
at Elsevier for their considerable efforts related to the completion of these volumes. I thank Julien Bogousslavsky
for his contributions in the design and implementation of these volumes.

The knowledge base related to the field of cerebrovascular disorders continues to expand at a rapid pace. It is
my hope that the material contained within these volumes will educate those who are interested in this area and
inspire some to contribute to this ongoing effort so that understanding of the pathophysiological basis of these
disorders and patient care will continue to improve over the coming decades.

Marc Fisher
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Chapter 48

Assessment of a patient with stroke: neurological

examination and clinical rating scales
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48.1. Neurological examination

The neurological examination is a time-honored physi-
cian skill that is honed by neurologists and a key com-
ponent of the clinical assessment of a patient with
suspected stroke. The emphasis of the neurological
examination may vary among patients and differences
in evaluation are influenced by the patient’s history or
other findings detected prior to the physical examina-
tion. Unfortunately, none of the abnormalities found
on neurological examination are specific for stroke;
other acute brain illnesses can produce the same neu-
rological findings. Besides defining the neurological
deficits, clinical issues that are addressed by the exam-
ination are also influenced by the time since the stroke.
The initial examination helps localize the lesion and
provides clinical-anatomical correlations to help
answer the question: “Where is the stroke?” This ques-
tion is answered by the pattern of neurological impair-
ments and because specific combinations of signs
point to a defined brain location (Bogousslavsky
et al.,, 1988; Bogousslavsky, 1991; Donnan et al.,
1993; Vuilleumier et al., 1995; Tatu et al., 1996,
1998). In addition, the baseline neurological examina-
tion provides information that addresses the question:
“How severe is the stroke?” In general, the types and
severity of neurological deficits correlate with the size
of the brain injury and thus the seriousness of the vas-
cular event. This information affects decisions about
acute treatment and may provide prognostic guidance.

Subsequent examinations may be performed to
detect neurological worsening or improvement. In parti-
cular, detection of increased neurological impairments

affects management, including treatment of medical or
neurological complications. Persisting neurological
impairments found on examination have a direct corre-
lation with subsequent disability or societal handicap
and the severity of findings found on a convalescent
examination are used to rate outcomes from stroke.
Enduring neurological deficits also affect decisions
about the types of and locations for rehabilitation. All
these features of the neurological examination are of
direct relevance to the patient, family, physician, and
society. Because of its many attributes and clinical uti-
lity, the neurological examination remains the clinical
standard to which other components of the evaluation
of the patient are compared. Specific sections of the
neurological examination are used to construct the var-
ious clinical rating instruments to assess patients with
stroke.

The components of the neurological examination
are outlined in Table 48.1. The sequence of perfor-
mance of the parts of the examination varies greatly
but it is important to do as complete an assessment
as possible. In addition, the emphasis of parts of the
examination diverges among patients. Depending upon
the patient’s status and other neurological findings,
some components of the examination may be omitted.
For example, station and gait may not be tested in a
critically ill patient because the patient’s status or the
severity of other neurological impairments may pre-
clude testing. A comatose patient cannot do this part
of the examination or many other aspects of the neuro-
logical examination that requires communication with
and cooperation of the patient. A patient with a vola-
tile blood pressure may be too unstable medically for
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Table 48.1

Components of the neurological examination

Level of consciousness
Cognition and behavior
Station and gait

Motor system

Sensory system
Coordination

Reflexes

Vision

Eye movements

Other cranial nerves

the patient to be asked to stand. Conversely, station
and gait may be the key aspect of the neurological
examination of a patient with a suspected infarction
of the cerebellum or during assessment of recovery
from stroke. Thus, parts of the examination that were
omitted at baseline might be tested as the patient’s
condition improves.

Detailed assessment of focal cognitive impairments
might not be possible in a patient with impaired con-
sciousness. An acute delirium, aphasia, or disturbance
in consciousness affects the patient’s ability to coop-
erate with the examination and alternative strategies
to test parts of the examination may be needed. For
example, visual field defects might be detected by
responses to direct threat if the patient cannot comply
with instructions to count fingers. Because the bedside
neurological examination often provides limited infor-
mation about subtle cognitive impairments, a more
formal neuropsychological assessment may addition-
ally be used to define important but restricted beha-
vioral or higher brain disturbances. Other limitations
of the neurological examination include the expertise
of the physician in performing the assessment, the
physician’s inability to recognize the presence of any
subtle deficits, and the failure to integrate the findings.

Some basic principles may be applied when inter-
preting the findings detected on neurological examina-
tion. In the acute stroke setting, impairment in
consciousness or a delirium is more likely to be found
among patients with hemorrhages than among patients
with infarctions (Harrison, 1980). The exception to
this rule is a major infarction in the brainstem, which
causes coma. Severe headache, nausea, and vomiting
are also more common with hemorrhages than with
infarction (Arboix et al., 1994; Ferro et al., 1995). In
general, the presence of nausea and vomiting in a
patient whose other signs point to an acute vascular
event of the cerebral hemisphere suggests a hem-
orrthage. The combination of prominent headache,

nausea, and vomiting with the absence of other neuro-
logical signs is most commonly associated with subar-
achnoid hemorrhage. Approximately 20% of patients
with infarction having the complaint of headache,
severe nausea and vomiting can be found with infarc-
tions in the brainstem or cerebellum (Gorelick et al.,
1986; Ferro et al., 1995).

Because most infarctions are secondary to occlu-
sion of one artery, the resulting neurological signs
should reflect injury to a discrete area of the brain.
The patterns of deficits are relatively stereotyped.
Findings can be used reliably to predict the location
of infarction. On the other hand, hemorrhages often
do not respect a specific vascular anatomic territory
and the types of secondary neurological impairments
do not follow the patterns that are often seen with
infarctions. Infarctions more commonly affect the cer-
ebral cortex than hemorrhages do. Thus, the presence
of discrete cognitive or behavioral impairments points
to ischemia as the underlying vascular event.

Much of this chapter focuses on the importance of
the types of neurological impairments in predicting
the location of an infarction (Table 48.2). This locali-
zation is important for management, including deci-
sions about evaluation, acute care, and long-term
treatment. In general, infarctions are differentiated into
lesions that primarily involve (1) the cerebral cortex
and adjacent lobar white matter, (2) the deep nuclear
and white matter structures of the hemisphere, (3) both
deep and more superficial cerebral brain, or (4) the
brainstem and cerebellum. The patterns and combina-
tions of neurological impairments differ among these
four groups. In many cases, the neurological signs
are stereotypical for specific locations for infarctions.

The most likely cause of stroke can be predicted by
the location of the infarction. Lesions restricted to cor-
tical vascular territories are usually secondary to
embolic occlusions of branch pial (cortical) arteries
(Bogousslavsky et al., 1989; Bogousslavsky, 1991).
The emboli may arise from an extracranial or intracra-
nial arterial lesions or from the heart. Most small
infarctions restricted to the deep hemispheric areas
are due to local small-artery disease, often in the set-
ting of chronic hypertension or diabetes mellitus
(Fisher, 1982, 1991; Boiten and Lodder, 1991). Infarc-
tions affecting both deep and cortical structures are
usually secondary to occlusion of a major intracranial
or extracranial artery such as the internal carotid artery
or the proximal segment of the middle cerebral artery
(Lhermitte et al., 1970; Caplan et al., 1985).

Both the acute and long-term prognosis for an
infarction is influenced by the pattern of the neurologi-
cal impairments. The 30-day mortality among patients
with large hemispheric infarctions producing multiple



Table 48.2

PATIENT ASSESSMENT

General patterns of neurological abnormalities pointing to the location of infarction
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Local cortical

Hemisphere lacunar

Multilobar cerebral

infarction infarction infarction Brainstem infarction
Consciousness Normal Normal Normal or drowsy Normal to coma
Cognitive Prominent Subtle Prominent Absent
impairments

Motor impairments

Articulation

Cutaneous sensory
impairments

Comparison of motor
and cutaneous
impairments

Abnormal
coordination
secondary to motor
or sensory loss

Abnormal
coordination
secondary to
cerebellar
impairments

Visual loss
(homonymous)

Abnormal eye
movements

Cranial nerve palsies

Contralateral, arm,
face, or leg not
equal

Usually normal

Contralateral, arm,
face, or leg not
equal

Often concordant

Contralateral

Absent

Prominent
contralateral

Ipsilateral, conjugate
gaze palsy

Absent

Contralateral, arm,
face, and leg equal

Mild/moderate
dysarthria
Contralateral, arm,

face, and leg equal

Usually discordant

Contralateral

Absent

Subtle contralateral
Absent

Absent

Contralateral, arm,
face, and leg equal

Mild/moderate
dysarthria

Contralateral, arm,
face, and leg, equal

Usually concordant

Contralateral

Absent

Prominent
contralateral

Ipsilateral, conjugate
gaze palsy

Absent

Contralateral, bilateral,
ipsilateral face

Moderate/severe
dysarthria
Contralateral, ipsilateral

face dissociated

Usually discordant

Contralateral

Ipsilateral

Absent

INO+ contralateral
gaze palsy
Present, ipsilateral

Patterns vary if infarction is in the dominant or non-dominant hemisphere. Can be bilateral hemisphere in exceptional cases. 4 internuclear

ophthalmoplegia.

deficits is considerably higher than among patients
with cortical or isolated deep hemisphere strokes
(Heinsius et al., 1998). Patients with mild or restricted
impairments generally have a favorable outcome.
Patients with more severe impairments, including
those with cognitive defects, are more likely to
have serious residuals that lead to disability or loss
of independence.

No approach to the neurological examination is
foolproof. Predicting the localization of the infarction
is based on probabilities and patients may violate the
“rules.” The severity of the neurological impairments
may change spontaneously or as a consequence of
other factors such as fatigue, concomitant illnesses,
or complications of the stroke or its treatment. Wor-
sening in neurological signs also reflects progression
or recurrent stroke, while improvements generally
reflect recovery. Thus, physicians should interpret the

neurological signs in light of the patient’s history,
including interval developments.

48.1.1. Level of consciousness

Both the public and medical personnel recognize the
importance of impairment in consciousness. In reality,
it is a vital sign. Consciousness should be evaluated
first. Consciousness is included in any scoring system
that determines the severity of a stroke. The level of
consciousness is usually described as alert, drowsiness,
stupor, or coma. These are the descriptions of level of
consciousness that are included in the National Insti-
tutes of Health Stroke Scale (NIHSS) (Brott et al.,
1989a). In addition, a delirium may be detected among
patients with a hemorrhage. Regardless of the type of
illness, depression in consciousness is an important
negative prognostic finding (Szczudlik et al., 2000).
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A decline in consciousness usually means that the vas-
cular event is severe and the prognosis is poor. For
example, among patients with aneurysmal subarach-
noid hemorrhage, survival was approximately 85%
among patients who were initially alert and 15%
among patients who arrived in a coma (Torner et al.,
1981). Detection of stupor or coma affects emergency
management. Protection of the airway, probably
including intubation, is needed to avoid obstruction,
aspiration, or pneumonia. Other measures of life
support are also critical.

Most patients are alert during the first hours follow-
ing an infarction (Table 48.2). Almost all patients with
a lacunar infarction within the cerebral hemisphere or
a branch pial occlusion (cortical infarction) have nor-
mal consciousness. While patients with major hemi-
spheric infarction may act stunned, their level of
consciousness is not impaired. Most patients with
stroke respond quickly to stimuli and are aware of
their environment. They interact with the physician
and will follow commands or often mimic gestures.
For example, an aphasic patient maintains good eye
contact and attempts to communicate in non-verbal
ways. Drowsy patients are sluggish in response to ver-
bal stimulation but their responses are correct. They
may have waxing and waning of alertness. With severe
drowsiness bordering on stupor, responsiveness wanes
quickly. Painful stimuli are usually applied to assess
consciousness in patients with stupor. Still, the
response is appropriate; the patient will protect himself
from the stimulus. Comatose patients have no response
to painful stimuli or responses that are not protective
and that often includes posturing. A delirious patient
is usually agitated and irritable. He will not respond
correctly to stimuli and usually will not make eye con-
tact with the physician. While a delirium is generally
uncommon among persons with infarction, it may be
prominent with subarachnoid hemorrhage, strokes sec-
ondary to infections, or metabolic derangements such
as hypoglycemia (Wallis et al., 1985).

Patients with non-dominant hemisphere infarctions
may exhibit neglect severe enough to mimic stupor.
The patient is typically encountered at the bedside
with closed eyes (cerebral ptosis) and no spontaneous
speech or interaction. They do not answer when asked
an open-ended question such as “How are you today?”
They respond immediately to specific commands or
concrete questions, however, such as “Hold up two
fingers.” Such patients should not be considered to
be in a stupor, and non-neurologically aware personnel
must be counseled to avoid treating them as such.

Consciousness is a function of the reticular activat-
ing system, which is located in the brainstem. Based
on a review of comatose patients with brainstem

stroke, Parvizi and Damasio (2003) found that lesions
causing coma are located bilaterally in the rostral pon-
tine and caudal mesencephalic tegmentum. Thus, early
coma following infarction is most likely to occur
among patients with an occlusion of the basilar artery
(Table 48.3). Patients with unilateral infarctions of
the brainstem usually do not have coma. Waxing and
waning alertness or disturbances of the sleep—wake
cycle may also develop with bilateral medial thalamic
infarctions secondary to embolic occlusion of the dis-
tal basilar artery or the interpeduncular-thalamic artery
(artery of Percheron), known as top-of-the-basilar syn-
drome (Caplan, 1980; Bassetti et al., 1996). Bilateral
hemispheric ischemic events may also cause coma
including bilateral watershed infarctions following a
major hypotensive event, or a stroke complicating
major cardiovascular procedures.

Among patients with hemorrhage, early declines in
consciousness are usually attributed to mass effect of
the hematoma, acute hydrocephalus, or increased
intracranial pressure (Harrison, 1980) (Table 48.3).
A large (>2 cm in diameter) cerebellar infarction or
hematoma may induce acute hydrocephalus secondary
to distortion of the brainstem or compression of the
fourth ventricle or aqueduct of Sylvius. In this situa-
tion, consciousness may deteriorate within hours of
onset of the vascular event. Other potential causes of
a decline in consciousness are seizures or metabolic
disturbances such as hypoglycemia or hyponatremia.

Any decline in consciousness may be a manifesta-
tion of worsening of the stroke or development of

Table 48.3

Causes of depressed consciousness patients with stroke

Hemorrhage
Mass effect of hematoma
Acute hydrocephalus
Increased intracranial pressure
Brainstem destruction
Infarction

Secondary brain edema

Hemorrhagic transformation

Hydrocephalus

Basilar artery occlusion

Bilateral thalamic infarctions
(top-of-the-basilar)

Bilateral infarctions

Other causes

Seizures

Hypoxia

Glucose disturbances

Electrolyte disturbances

Medications
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medical or neurological complications (Table 48.3). An
increase in intracranial pressure with secondary cerebral
hypoperfusion or brainstem dysfunction is the most ser-
ious cause. In such a case, the deterioration in con-
sciousness usually does not occur within the first
hours following stroke. Subacute hydrocephalus (non-
communicating secondary to compression of cerebrosp-
inal fluid pathways by the mass of the stroke or commu-
nicating resulting from decreased absorption of
cerebrospinal fluid in patients with subarachnoid
hemorrhage) or secondary seizures are other causes of
delayed declines in consciousness. A sudden decline in
consciousness may represent recurrent stroke or a symp-
tomatic hemorrhagic transformation of an infarction.
Other causes include hyponatremia, hypoxia, hypogly-
cemia, hyperglycemia, systemic infection such as pneu-
monia or urinary tract infections, or side-effects from
medications. Management of the comatose patient
includes supportive care to protect the patient and speci-
fic measures to treat the presumed cause of the coma.

A prolonged impairment in consciousness has a very
negative effect on the prognosis. Affected patients need
extensive and expensive care to prevent complications
and to protect the patient. Issues such as maintenance
of hydration and nutrition need to be addressed. Deci-
sions about placing feeding tubes will need to be made.
Rehabilitation is hampered because the patient is not
sufficiently alert to cooperate. Plans for therapies to
prevent recurrent stroke are affected. Patients with
prolonged impairments in consciousness are usually
admitted to a long-term care facility. Prolonged uncon-
sciousness is a cause of considerable pain and stress to
family members. Decisions about palliative care or
withdrawal of life-sustaining measures often need to
be addressed.

48.1.2. Cognition and behavior

Focal behavioral or cognitive impairments primarily
reflect injury to the cerebral cortex. These signs are
detected by the bedside examination that includes
assessment of orientation, attention, memory, lan-
guage, knowledge, and executive function. Talking to
the patient during the time of obtaining the history
usually detects problems in memory, language, atten-
tion, or orientation. Impairments in cognition can also
affect the entire neurological examination; the patient
may not understand the requests or questions of the
physician. As a result, many of the components of
the examination need to be modified to meet the
patient’s ability to cooperate. Some parts of the exam-
ination may need to be omitted. For example, it might
be impossible to adequately test fund of knowledge in
a patient with global aphasia.

The pattern of cognitive impairments may lead to the
diagnosis of unilateral or bilateral disease of the cerebral
cortex. The pattern of cognitive abnormalities also
provides important clues about the affected area of cer-
ebral cortex. The patterns of cognitive or behavioral
abnormalities have stereotypical clinical-anatomical
correlations. The presence of a restricted cognitive
impairment such as aphasia without other major signs
is also an important clue as to the type of cerebral infarc-
tion; it often suggests an embolic occlusion of a branch
(pial) cortical artery. The pattern of cognitive impair-
ments can also provide more detailed localization with
the cerebral hemisphere. The severity of deficits also
reflects the extent of the vascular injury. Disorders of
cognition affect the prognosis of the patient and influ-
ence decisions about rehabilitation. For example, a
patient with profound neglect, anosognosia, or Wer-
nick’s aphasia will not appreciate the nature of other
impairments or the need for rehabilitation. Cognitive
and behavioral disorders complicating stroke also affect
both the patient’s and family’s perceptions on quality of
life. These deficits also limit the person’s ability to
return to work or perform many of the activities of daily
living. Thus, higher brain dysfunction affects the patient
in all stages of stroke.

Because most infarctions are unilateral, it is impor-
tant to differentiate the signs reflecting injury to either
the right or left hemisphere (Table 48.4). Almost all

Table 48.4

Localizing value of the types of cognitive or behavioral
deficits in patients with stroke

Left (dominant)
hemisphere

Aphasia
Alexia
Acalculia
Apraxia
Gerstmann syndrome
Abulia

Right (non-dominant)

hemisphere

Dysprosody
Geographical disorientation
Neglect
Anosognosia
Asomatognosia

Bilateral
Abulia
Impaired executive function
Prosopagnosia
Balint syndrome
Anton syndrome
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right-handed patients and a majority of left-handed
patients have a dominant left hemisphere. The signs
of dominant hemisphere stroke differ from those found
with lesions in the non-dominant hemisphere. Many
are readily detectable on the neurological examination.
Language abnormalities are pre-eminent with infarc-
tions in the left (dominant) hemisphere. Non-fluent
aphasia associated with preserved comprehension is
generally found with anterior hemisphere lesions,
while fluent aphasia with associated impaired compre-
hension is detected with lesions in the parietal lobe or
superior portion of the temporal lobe. Aphasias
marked by prominent impairments in the ability to
repeat are usually due to strokes near the Sylvian fis-
sure. Watershed infarctions may also produce lan-
guage impairments denoted by the retention of the
ability to repeat sentences (transcortical motor or
transcortical sensory aphasia). Occasionally, an atypi-
cal aphasia is detected in a patient with a striatocapsu-
lar infarction or hemorrhage in the thalamus or basal
ganglia (Donnan et al., 1991). Other behavioral
abnormalities with strokes in the dominant hemisphere
include alexia, acalculia, apraxia, or Gerstmann’s syn-
drome. Occasionally, abulia is detected with an infarc-
tion affecting the medial aspect of the frontal lobe.

Strokes in the non-dominant (right) hemisphere may
produce dysprosody, neglect, geographical orientation
impairments, anosognosia, or asomatognosia. Bilateral
paramedian hemisphere infarctions, including those that
complicate rupture of anterior communicating artery,
may have abulia or prominent changes in executive
function. Bilateral infarctions may also produce beha-
vioral abnormalities. Those affecting the posterior
aspects of the cerebral hemispheres may lead to pro-
found behavioral disorders of vision including proso-
pagnosia, Anton’s syndrome, or Balint’s syndrome.

Behavioral or cognitive impairments are included
directly or indirectly in most clinical scales that rate
the severity of stroke. Among the most commonly
tested items are orientation, language, and neglect.
Impairments also affect the ratings found on outcome
rating instruments and they influence both the patient’s
and family’s perceptions that can be detected by scales
that assess the quality of life after stroke.

Although a stroke may cause major impairments in
a specific component of cognition, a single vascular
event usually does cause dementia. Multiple infarc-
tions may lead to global cognitive disturbances includ-
ing impairments in memory and recurrent stroke is
second to Alzheimer’s disease as a cause of dementia.
Stroke also may potentiate the mental impairments of
degenerative dementia. Several patterns of vascular
dementing syndromes including Binswanger’s disease
and multi-infarction dementia have been reported.

48.1.3. Station and gait

Evaluation of the patient’s posture (station) and the abil-
ity to walk (gait) is a part of the examination of most
patients with neurological disease. First, the patient is
usually asked to stand. Then, the ability to maintain
the station with eyes closed (Romberg test) is also eval-
uated. Thereafter, the patient is asked to walk and poten-
tial impairments are stressed by maneuvers such as
tandem walking or turning. While most patients are able
to walk without the use of assistive devices (braces,
canes, or walkers), some may need this equipment.
The need for the use of these devices in order to main-
tain mobility should be noted. The use of such devices
is an important feature of scales that rate physical limita-
tions following stroke (Mahoney and Barthel, 1965).

This assessment provides a screening function
because walking is a sophisticated neurological activ-
ity that tests motor and sensory systems, coordination,
vestibular function, vision, and higher brain function.
The pattern of a gait disturbance points to the localiza-
tion of the brain injury. For example, a stroke in the
brainstem or cerebellum can cause truncal and gait
ataxia. The patient may lurch to the affected side of
the cerebellum. More commonly, many patients with
a stroke in a cerebral hemisphere have a hemiparetic
gait with decreased function of both the upper and
lower extremities, contralateral to the lesion. Bilateral
or multiple strokes can lead to other disturbances
including gait apraxia or a spastic gait.

The severity of any impairment in standing or walk-
ing may affect rehabilitation; improvements in both
activities are major goals for physical therapy. How-
ever, some patients may be at very high risk for falls
and potential for injury greatly affects decisions about
mobilization and medical management. For example,
the physician may not prescribe oral anticoagulants as
part of a regimen to prevent recurrent stroke because
of the potential for traumatic intracranial hemorrhage
or other bleeding secondary to falls.

In general, neither station nor gait is tested in the
setting of acute stroke and as a result, these are not
included in most acute stroke scales. The exception
is the Scandinavian Stroke Scale (Lindenstrom et al.,
1991). However, once the patient’s neurological and
medical status is stabilized, both station and gait
should be tested, but with caution. The ability to stand
or walk is included in most instruments that rate the
outcomes following stroke. Some scales, such as the
Barthel index, specifically test the ability of the patient
to walk (Mahoney and Barthel, 1965). Other instru-
ments test these activities indirectly. Major impair-
ments in the ability to stand or walk are strongly
correlated with unfavorable outcomes.
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48.1.4. Motor system

Examination of the motor system is a leading compo-
nent of the neurological assessment; it is evaluated
during both the acute setting and convalescence.
Motor responses are a key component of all clinical
rating instruments including both acute stroke and out-
come scales, and are the most reproducible (inter-rater
agreement) items in the examination. Abnormalities
are found with vascular events happening throughout
the central nervous system. The pattern and severity
of motor impairments provide information about the
site of the stroke (Kunesch et al., 1995). Motor deficits
in the upper and lower extremities are generally due to
dysfunction of the corticospinal tract and are contralat-
eral to the lesion. Motor impairments in the face and
bulbar musculature may be secondary to a lesion in
the corticospinal tract or to injury to one or more cra-
nial nerves. The facial and bulbar motor abnormalities
may be either ipsilateral or contralateral to the lesion.
The most common motor impairment is a hemiparesis.
Less commonly, a monoparesis, paraparesis, or quadri-
paresis is found. In addition, chorea or athetosis can be
an acute motor manifestation of a stroke located deep
in a cerebral hemisphere.

The degree of involvement of the contralateral arm,
leg, and side of the face provides clues for localization
(Table 48.2). A monoparesis may occur with a cortical
lesion (Mohr et al., 1993; Boiten and Kappelle, 1995).
Greater weakness of the face and arm than the leg
points to a stroke affecting the lateral aspect of the cer-
ebral cortex (middle cerebral artery) while weakness
of the leg suggests that the vascular lesion has affected
the medial aspect of the cerebral hemisphere (anterior
cerebral artery). Relatively selective motor impair-
ments affecting the shoulders and arms with less weak-
ness in the hand, face, or legs can develop with a
watershed infarction (Bogousslavsky and Regli,
1986a,b). If the lesions are bilateral, then “man-in-
the-barrel” syndrome may result (Sage and Van Uitert,
1986). The same degree of involvement of the face,
arm, and leg usually implies that the stroke has
affected an area where the corticospinal fibers are con-
centrated; the most common locations are the internal
capsule or the rostral brainstem. The finding of ipsilat-
eral facial weakness and contralateral arm and leg
weakness (crossed motor signs) points to a stroke in
the brainstem. Isolated motor impairments (paralysis
without other deficits) are most commonly found with
small vascular lesions affecting the internal capsule or
the basis pontis.

In the acute setting, the first step in assessing the
motor system is to note the position of the patient’s
limbs in relationship to the body. This can be done

while the patient is lying on a cart or an examination
table. The finding of an externally rotated lower extre-
mity (foot everted), which mimics the posture that is
found with a fractured hip, usually points to a hemi-
paresis. The physician can also observe the sponta-
neous movements of the limbs to denote normal or
paretic limb function. Absence of any voluntary move-
ment points to profound paralysis (hemiplegia).
Abnormal motor responses (decerebrate [extensor] or
decorticate [flexor] posturing) may also be observed.
These motor phenomena, which are found among
patients with devastating vascular events, usually hap-
pen in response to stimulation such as endotracheal
suctioning or pinching.

Alert patients are asked to move limbs. The spec-
trum of responses may be: (1) normal movement,
(2) mild weakness manifested by a drift of the limb,
(3) some difficulty moving against gravity, (4) inabil-
ity to move the limb from the surface of the examina-
tion table, (5) a flicker of movement, or (6) absence of
any movement. The right and left sides of the body are
compared, as are the upper and lower extremities. This
testing, which corresponds to the motor assessments in
the NIHSS, emphasizes motor function of the proximal
muscles (Brott et al., 1989a). Testing of the strength of
individual muscles or muscle groups, including distal
muscles, is also performed. Testing coordination is
another measure of motor function. While coordina-
tion may not be assessed in a paralyzed limb, such
testing might accentuate mild-to-moderate weakness
or a paretic extremity. For example, difficulty with
fine finger or rapid alternating movements is often a
manifestation of motor impairments. In some patients
with mild strokes, these impairments may be the most
prominent motor deficits.

Motor function of face usually is evaluated by ask-
ing the patient to smile or make other facial gestures.
The function of the orbicularis oculi and other facial
muscles may also be assessed by asking the patient
to resist opening the eyes or making other facial move-
ments such as smiling. The aim is to determine the pat-
tern of facial muscle weakness, which is important in
differentiating an upper motor neuron pattern (sparing
the muscles of the eye and forehead) secondary to a
lesion of the corticospinal tract from a lower motor
neuron pattern (involving the whole half of the face)
secondary to an injury of the pons affecting the facial
nucleus or facial nerve.

Muscle tone is generally normal or slightly reduced
in the setting of acute stroke. However, increased tone
(spasticity) in the affected muscles is often found
within the first few days and increases during conva-
lescence. Movement disorders, most commonly hemi-
chorea or hemiathetosis, may occur acutely with
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stroke or appear in the subsequent days afterwards.
The abnormal movements may be of sufficient sever-
ity to necessitate early treatment. Atrophy of the
affected muscles is a late consequence of stroke.

Seizure activity, which is either localized or gener-
alized, may be detected. Seizures are more likely to
occur with embolic events that affect the cerebral cor-
tex or hemorrhages. A history of seizure complicating
stroke needs to be differentiated from a focal seizure
with secondary post-ictal paralysis (Todd palsy).

Problems in articulation (dysarthria) are also found
among patients with strokes in either hemisphere or
the brainstem. Speech disturbance therefore does not
have great localizing value (Table 48.2). Dysarthria
is rare with cortical lesions, present but not severe
among patients with stroke affecting the deep struc-
tures of the cerebral hemisphere, and more severe with
lesions affecting the brainstem. Speech that is unintel-
ligible from articulatory problems is usually secondary
to a brainstem lesion. The presence of a nasal sound in
the speech points to weakness of the palate secondary
to a brainstem stroke. Speech that is arrhythmic and
that has a “scanning” component is found with lesions
of the cerebellum.

48.1.5. Sensory system

Neurological examination includes an evaluation of
the patient’s ability to perceive cutaneous stimuli.
Testing involves the patient’s report of feeling the sti-
mulus and whether there is any diminution in sensa-
tion or hypersensitivity. In most cases, the patient is
asked to describe the quality and to quantify the sever-
ity of the sensory loss. Some patients may describe a
sensation that is painful or hyperesthetic. Because the
ascending tracts carrying the modalities of temperature
and pain are anatomically distinct from those trans-
porting vibration and position sense, testing includes
assessments of modalities from both systems. Gener-
ally, the face, trunk, and both upper and lower extre-
mities are tested with comparisons made between the
right and left sides. Areas of sensory abnormalities
may be plotted and the pattern of the sensory loss
may be used to help localize the lesion. Accurate sen-
sory testing may be limited in a patient with impaired
consciousness or the ability to communicate, therefore
adjustments in the testing paradigm are needed. For
example, the patient’s facial or emotional motor reac-
tions to stimuli such as pain may be noted. Among
comatose patients, a movement of the affected limb
in response to a painful maneuver provides a clue that
the stimulus was felt.

Disturbances in cutaneous sensation are found
with strokes throughout the central nervous system

(Table 48.2). The goal of the examination is to help
localize the lesion and to provide an estimate of the
severity of the stroke. In general, the sensory loss is
contralateral to the lesion, whether the stroke is in
the cerebral hemisphere or brainstem. Typically, sen-
sory loss following a stroke in the cerebral hemisphere
affects all cutaneous modalities. Similar to the pattern
of motor impairments with cortical lesions, differences
in the severity of sensory loss can vary among the con-
tralateral side of the face and the arm and leg. The
usual pattern is more involvement of the hand and face
with lateral lesions and leg involvement with parasa-
gittal lesions. Characteristically, sensory loss second-
ary to an infarction involving deep hemisphere
(thalamus) structures affects the face, arm, and leg
equally (Paciaroni and Bogousslavsky, 1998). Crossed
sensory loss with impaired sensation on the ipsilateral
side of the face due to dysfunction of the trigeminal
system and impaired feeling on the contralateral side
of the body can be detected with a lesion in the caudal
brainstem, most commonly with a stroke producing
the dorsolateral medullary syndrome of Wallenberg
(Fisher and Tapia, 1987; Sacco et al., 1993). Because
of the anatomic location of the ascending sensory
pathways, bilateral sensory loss is uncommon follow-
ing a vascular event in a single site. Dissociated sen-
sory loss (selective loss of pain and temperature or
vibration and position sense) is found with brainstem
lesions. In some patients, the sensory loss may be
accompanied by pain or hyperesthesia; this situation
is relatively uncommon in the acute setting and most
often develops during the period of recovery from
stroke.

The abnormalities detected during the sensory
examination should be compared to those found on
motor testing. Differences in the location and severity
of motor or sensory loss should be sought because
such findings provide important clues as to the loca-
tion of stroke. While some accentuation of the motor
deficits is found with anterior hemispheric strokes
and more severe sensory loss is found with posterior
hemispheric lesions, vascular effects primarily affect-
ing the cerebral cortex generally affect both systems.
Because the primary motor and sensory cortices abut
each other, strokes in the area of the central sulcus
usually cause similar degrees of motor and sensory
loss. The absence of any sensory findings in a patient
with marked motor impairments, or vice versa,
strongly points to a primary subcortical location for
the vascular event. Sensory loss without paralysis can
be found with restricted vascular events affecting the
thalamus or brainstem. The syndrome of pure sensory
stroke is most commonly found with a lesion of the
thalamus. Because the spinothalamic tract, the
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trigeminal complex, and the ascending trigeminal con-
nections are located in the dorsolateral brainstem, iso-
lated loss of pain and temperature sensation without
paralysis is found with strokes in this location.

48.1.6. Coordination

Coordination of the limbs may be tested in cooperative
patients. Activities include examination of fine finger
movement, finger-to-nose or finger-to-finger testing,
heel-to-shin testing, and rapid alternating movements.
The goal is to look at the speed and smoothness
of the movements, the actions between agonist and
antagonist muscles, and the ability to accurately place
the limb in space. While these tests are often described
as measures to evaluate the function of the cerebellum,
evaluation of coordination also tests the integrity of
the motor and sensory systems. Incoordination second-
ary to motor or sensory loss is usually contralateral to
the location of the stroke and the resultant clumsiness
usually affects the arm more than the leg. A patient
with profound motor impairments will not be able to
do the tests. A patient with mild-to-moderate weakness
will have problems in accurately performing the tests.
The loss of sensation of position means that the patient
may not know where the limb is located in space and
as a result tests of coordination will be impaired. Thus,
the physician should be cautious about ascribing
abnormalities in coordination to cerebellar disease
unless the motor or sensory impairments are mild or
absent.

Disturbances in motor function are prominent with
cerebellar disease (Amarenco, 1991; Barth et al.,
1993) however. Because they have an important role
in localizing the cerebellar areas affected by a
stroke, testing coordination is important (Table 48.5).
Although vascular lesions affecting the cerebellar ver-
mis and peri-vermian portions of the hemispheres are
uncommon, such strokes may produce truncal and gait
ataxia, which could be detected by testing station and
gait. Severely affected patients may not be able to
maintain a sitting position without support. Patients
with midline lesions also may have prominent scan-
ning speech. Vascular events affecting the inferior por-
tion of the cerebellum (flocculo-nodular lobe) may
produce vertigo and nystagmus. Most vascular lesions
affect the cerebellar hemispheres and the resultant
impairments usually involve the upper extremity more
than the lower, with the abnormalities found ipsilateral
to the stroke. The abnormalities include dysmetria,
dyssynergia, dysdiadochokinesia, an action and term-
inal tremor, and hypotonia. Rebound or overshoot
can also be found. Most of these findings are elicited
by asking the patient to move the affected upper

Table 48.5

Abnormalities found with strokes affecting the cerebellum

Lesions affecting the
vermis and other
midline structures
Prominent truncal and gait

ataxia
Dysarthria
Lesions affecting the
flocculonodular lobe
Nystagmus
Lesions affecting the
cerebellar
hemisphere—ipsilateral
Dysmetria
Dyssynergia
Dysdiadochokinesia
Action tremor
Hypotonia

Rebound or overshoot

extremity. Because vascular events affecting the cere-
bellum often involve the brainstem, affected patients
often have the combination of the above neurolo-
gical impairments in conjunction with cranial nerve
abnormalities, paralysis, or sensory loss.

48.1.7. Reflexes

Examination of reflexes is a traditional component of
the neurological assessment but it does not add much
to the determination of either the location or severity
of stroke. Any changes detected by their evaluation
are usually associated with other impairments. Thus,
abnormalities on reflex testing buttress other signs
including motor or sensory loss. Changes in muscle
stretch reflexes, most commonly hyper-reflexia, help
confirm that the stroke has affected the corticospinal
system. Initially, muscle stretch reflexes may not be
affected or hypoactive following stroke. Subsequent
testing could demonstrate an increase in reflex
responses. Pathological reflexes, such as the Babinski
sign, also help confirm the presence of dysfunction
of the corticospinal system.

Because reflexes may usually be tested in an unco-
operative patient, its utility increases during the eva-
luation of a patient with impaired consciousness.
Asymmetry of muscle stretch reflexes or the presence
of pathological reflexes help distinguish the location of
a major vascular event that leads to coma. Testing
of cranial nerve reflexes also provides information
about the functional integrity of brainstem circuits;
the gag reflex tests the vagal and glossopharyngeal
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nerves, the jaw jerk evaluates the trigeminal nerves,
and the corneal reflexes assess the trigeminal and
facial nerves. The finding of asymmetrical cranial
nerve reflexes facilitates the localization of strokes.
Responses are impaired ipsilateral to the brainstem
lesion.

While testing the reflexes is useful in examination
of a patient with suspected stroke, the results do not
have important prognostic implications. As such, the
results of reflex testing are usually not included in
scales that test the severity of impairments or disability
following stroke.

48.1.8. Visual system

Testing of the visual system provides important infor-
mation about the type and severity of intracranial vas-
cular events. In particular, abnormalities found by
visual testing give data about the localization of
strokes affecting the cerebral hemisphere. The compo-
nents of the assessment include testing visual acuity,
visual fields, pupillary responses, and funduscopic
examination. Communicative patients may be asked
to count fingers, to identify objects, or to read; the
results provide knowledge about the visual acuity and
the integrity of the visual fields. Eye opening to look
at the examiner is included as a key component
of the Glasgow Coma Scale. Non-communicative
patients may have their vision tested by watching their
responses to visual threats. They may blink when a
threat is perceived in the preserved visual field while
they do not react when the threat is in the impaired
visual field.

Among patients with cerebrovascular disease,
monocular visual loss is usually secondary to occlu-
sion of the ophthalmic, central retinal, or cilioretinal
artery. A branch retinal artery occlusion can cause a
restricted monocular visual loss. Binocular visual field
defects are most commonly found with intracranial
vascular events. Bitemporal visual field defects may
be found with pituitary apoplexy. Complete blindness
of both eyes can also occur with cavernous sinus
thrombosis or other acute anterior cranial fossa
lesions.

Detection of a visual field defect has important
localizing value; it provides strong evidence that the
stroke involves the posterior portion of the contralat-
eral cerebral hemisphere (Table 48.2). Visual field
defects are relatively uncommon with small infarctions
or hemorrhages involving the deep structures of the
hemisphere. A lesion of the lateral geniculate nucleus
may produce a homonymous sectoropia. Besides being
rare, finding this defect on bedside examination is
difficult. Generally, the presence of a homonymous

visual field defect points toward damage in the cortex
or lobar white matter. Bilateral occipital lesions can also
cause complete loss of vision in both eyes (cortical
blindness). Complex neurobehavioral syndromes such
as Balint’s or Anton’s syndrome may occur (Aldrich
et al., 1987). A contralateral homonymous visual field
defect can occur with vascular lesions of the cerebral
hemisphere. Occlusion of the posterior cerebral artery,
which is accompanied with preserved blood flow to
the occipital tip, may produce a contralateral homon-
ymous hemianopia with macular sparing. Alexia may
complicate an infarction in the dominant occipital lobe
if the lesion extends into the genu of the corpus callo-
sum. Lesions in the parietal lobe or supra-calcarine
portion of the occipital lobe may cause a contralateral
homonymous inferior quadrantopia while vascular
events of the temporal lobe or infra-calcarine areas of
the occipital lobe produce visual loss in the superior
quadrant. Abnormalities in vision are included in most
scales assessing the baseline severity of cerebral infarc-
tion and residual visual field impairments are included
in some disability and outcome scales.

The pupillary responses to light test both afferent
(vision) and efferent (oculomotor parasympathetic
nerve) functions. An abnormality in light reaction
(afferent pupillary defect) may occur with a retinal or
optic nerve lesion. Blindness secondary to ischemic
disease in both eyes may produce an absence of pupil-
lary responses. Assessment of the pupils and their
responses is a key component of the evaluation of
the patient with impaired consciousness. Bilateral
unreactive pupils may be secondary to severe brain
disease. Differences in pupil size (anisocoria) also pro-
vide important information. An abnormally small pupil
that does not react quickly to light is a sign of Horner’s
syndrome, which may be found with an ipsilateral
brainstem infarction (dorsolateral medullary syndrome
of Wallenberg) or damage to the ipsilateral internal
carotid artery. An abnormally large pupil that does
not react to light is a finding with parasympathetic
dysfunction secondary to an oculomotor nerve injury.
The abnormality may be secondary to an intrinsic
lesion of the mesencephalon, an ipsilateral aneurysm
of the posterior communicating or basilar artery, or
herniation secondary to a major hematoma or infarc-
tion of the ipsilateral cerebral hemisphere. While the
pupillary responses are important parts of the clinical
examination of patients with stroke, they do not pro-
vide information that affect either prognosis or out-
comes. Thus, pupillary responses customarily are not
included in stroke scales.

Ophthalmoscopic examination also provides insights
about stroke. Retinal hemorrhages can be found among
patients with severe intracranial hemorrhage. Other
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findings include papilledema, optic pallor, or emboli.
Funduscopic examination may also reveal retinal
changes secondary to diabetes mellitus or chronic
hypertension.

48.1.9. Eye movements

The position of the eyes should be assessed and any
spontaneous eye movements may be noted. Abnormal-
ities in eye movements are important for localization
of strokes that affect either the hemisphere or brain-
stem. Impairments may reflect dysfunction of specific
cranial nerves or circuits within the midbrain, pons,
and medulla. Impairments in ocular motility do pro-
vide important prognostic information. Thus, changes
in eye movement are assessed in acute stroke scales.

Normally, the eyes are conjugate and close to the
midline. A dysconjugate position of the eyes or a
deviation of both eyes can be found with acute brain
disease. Alert patients are asked to volitionally move
the eyes and those patients with impaired conscious-
ness have reflexive eye movement responses evalu-
ated. In comatose patients, either Doll’s eyes
responses or caloric testing are performed. Motor dys-
function of the oculomotor nerve is often found in
conjunction with pupillary changes.

Conjugate deviation of the eyes may be found with
acute lesions of either hemisphere or the brainstem.
With acute destructive lesions of the cerebral hemi-
sphere, most commonly in the frontal lobe, the patient
has a tendency to look toward the lesion. The conju-
gate deviation from a loss of volitional eye movements
should be differentiated from a gaze preference sec-
ondary to a visual field defect or neglect. The eyes also
look away from the hemiparesis. Alert patients may
briefly look toward the paralyzed side and among
comatose patients, the eyes can move to midline or
to the other side with Doll’s eyes or caloric testing.
A conjugate gaze preference, often associated with
adversive eye movements, could be found with an irri-
tative lesion of the hemisphere. In this situation, the
eyes are deviated towards the side of motor dysfunc-
tion. With a pontine stroke affecting the center for
conjugate horizontal eye movement, the eyes are
deviated away from the lesion and towards the side
of the paralyzed arm and leg. An affected patient will
often have ipsilateral facial nerve palsy. Alert patients
with pontine infarction will not be able to look to the
side of the lesion and among comatose patients,
neither Doll’s eye nor caloric testing will elicit a
response. Severe bilateral destruction of the pontine
tegmentum may cause bilateral lateral gaze paralysis;
this abnormality can be found among comatose
patients or among those with locked-in syndrome.

Dysconjugate gaze is generally found among
patients with stroke of the brainstem (Table 48.2).
Either horizontal or vertical abnormalities may be
found. A skew deviation is marked by a dysconjugate
vertical position of the eyes (Kobari et al., 1987).
Usually, the lower of the two eyes is ipsilateral to
the lesion. When the dysconjugate eye positions are
horizontal, the eye closest to the midline is usually
normal. If the abnormal eye is deviated laterally, the
finding suggests medial rectus palsy (oculomotor
nerve dysfunction). A medial deviation of the eye
points to a lateral rectus palsy (abducens nerve dys-
function). The abnormality can be accentuated by ask-
ing the patient to volitionally look to the left and right
or up and down. A small infarction of the rostral pons
or caudal midbrain may produce an internuclear
ophthalmoplegia. Besides impairment in movement
in the adducting eye, nystagmus is found in the
abducting eye. The stroke is ipsilateral to the adduct-
ing eye. Other disorders of ocular motility include
nystagmus secondary to vestibular or cerebellar dys-
function or jerking movements consistent with sei-
zures (Brazis, 1992; Dieterich and Brandt, 1992).
Abnormal recurrent involuntary vertical eye move-
ments (ocular bobbing) are most commonly due to
pontine hemorrhage.

48.1.10. Cranial nerve palsies

In addition to affecting the facial, trigeminal, and ocu-
lomotor nerves, strokes also alter the function of the
other cranial nerves (Table 48.2). Dysfunction of the
acoustic, glossopharyngeal, vagus, or hypoglossal
nerves may occur with lesions of the caudal pons or
medulla (Vuilleumier et al., 1995). Hypoglossal nerve
palsy usually is unilateral and secondary to a parame-
dian medullary lesion (medial medullary syndrome)
(Kim et al., 1995). It causes paralysis of the ipsilateral
half of the tongue. Rarely, bilateral hypoglossal nerve
palsies can occur with caudal medullary infarction
and produce a clinical state that appears similar to
the locked-in syndrome that is found with bilateral
pontine infarction.

The other cranial nerve palsies are found with dor-
solateral lesions. Unilateral hearing loss most com-
monly is secondary to an occlusion of the anterior
inferior cerebellar artery with secondary ischemia of
the ear (Hankey and Dunne, 1987; Huang et al.,
1993). Less commonly, hearing loss can be secondary
to brainstem injury. Nystagmus, most prominent on
the affected side, may also be secondary to dysfunc-
tion of the labyrinth, acoustic nerve, or brainstem
(Kim, 2003). Unilateral vocal cord paralysis secon-
dary to a vagal nerve dysfunction usually produces
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hoarseness, one of the cardinal symptoms and signs of
infarction of the dorsolateral medulla. Vagal and glos-
sopharyngeal nerve dysfunction also leads to dyspha-
gia and a nasal component to the speech. Ipsilateral
impairment of the gag reflex is also found.

48.1.11. Conclusions about the neurological
examination

Because of the diversity of impairments following
stroke, the neurological examination remains a key
clinical tool. Detected findings help the physician
localize the area of brain injury. The types and severity
of the neurological impairments reflect the seriousness
of the stroke and are associated with outcomes. The
pattern and severity of neurological impairments affect
acute treatment decisions and plans for rehabilitation.
Because the results of the neurological examination
are of direct relevance to the physician, the patient,
and society, its importance will not decline in the
future.

48.2. Stroke scales

Several stroke scales are used to help quantify the
types and severity of neurological defects found
among patients (Table 48.6). Stroke scales are used
in clinical care and in clinical trials. Quantitative
scales use numerical scorings of clinical findings to
give some sense about stroke severity and the scores
are used to categorize groups of patients with a wide
diversity of signs. The clinimetric features of a variety
of scales have been reviewed (Lyden and Lau, 1991;
Boysen, 1992; Hantson and De Keyser, 1994; D’Olha-
berriague, 1996). The astute neurologist should be
aware of the deficiencies of all currently available rat-
ing instruments; a stroke scale score is an imperfect
description of an individual patient that is useful for
quick communication among healthcare workers about
the severity of the stroke symptoms in their patients.
For the most part, the currently used stroke scales were
designed to reliably describe cohorts of patients

Table 48.6

Stroke scales

Differentiate hemorrhagic from ischemic stroke

Categorize stroke by clinical syndrome and vascular territory
Categorize stroke by etiology (ischemic stroke subtypes)
Pre-hospital rating of the severity of impairments

Rating the severity of impairments—ischemic stroke
Rating functional outcomes

Rating outcomes by quality of life

enrolled in clinical trials. To improve reproducibility
among examiners of varying backgrounds, the scales
use arbitrary scoring rules that are occasionally coun-
terintuitive. Recently, stroke scales have been used to
monitor individual patients treated in a clinical setting.
While the score does provide information about the
patient’s status, the examiner should understand that
the score on a stroke scale does not necessarily provide
a complete description of an individual patient’s defi-
cits. Rather, the score should be considered as com-
plementary to the other neurological and medical
findings.

Some scales are used to differentiate hemorrhagic
from ischemic stroke or to distinguish subtypes of
ischemic stroke, either by location and clinical syn-
drome or by presumed etiology. The scores obtained
on the scales provide prognostic information and also
help select patients for treatment. Repeated perfor-
mance of the stroke scale can be used to monitor the
patient’s course with either neurological improvement
or worsening quantified by the changes in score.
Finally, scales are used to help determine outcomes
following stroke. Stroke scales cannot describe all
the nuances of stroke and thus the rating instruments
include some element of lumping of patients into
groups.

The items assessed vary among the scales. Some of
the rating instruments include variables other than
findings detected on neurological examination. For
example, some of the commonly used stroke scales
can include history or epidemiological data, findings
on general medical examination, the results of brain
imaging, or the abnormalities detected on other diag-
nostic studies. These scales may be most suitable for
prognostic purposes.

Clinical rating scales themselves should be tested
before they are implemented in either clinical research
or patient care (Feinstein et al., 1986; Asplund, 1987).
Clinical scales should be easy to administer and the
components should be germane to the question that is
being addressed by the scale. For most stroke scales,
this is the type and severity of neurological impair-
ments found on examination. These attributes are
especially important for any scale that is used in the
acute setting. The findings tested by the scale should
be clinically relevant; that is, the resulting scores
should be of importance for physicians, patients, and
society (face validity). The score should provide an
image or impression of the patient’s status. The scale
should be tested for reliability, inter-rater agreement,
and intra-rater reproducibility. These attributes are
aimed to provide assurance that the scale actually rates
the clinical items that are important, that more than
one examiner should achieve a similar score when
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evaluating the same clinical situation, and that one
examiner will score impairments in a consistent man-
ner. In order to assure that clinical researchers do
achieve similar scores, most trials now require a pro-
cess of certification in the performance and assessment
of the clinical rating instruments (Albanese et al.,
1994; Lyden et al., 1994).

48.2.1. Differentiating hemorrhagic from
ischemic stroke

Clinical rating instruments have been developed to help
differentiate hemorrhagic from ischemic stroke. The
most commonly used scale is the Guy’s Hospital Score
(Sandercock et al., 1985) (Table 48.7). The instrument

Table 48.7
Guy’s Hospital Score

combines information about past medical history, con-
comitant heart disease, risk factors for atherosclerosis,
history of the neurological event, and physical findings.
The score adds and subtracts points; if the patient has a
score of —30 to 0, the probability of an infarction is
95%; if the score is 25 to 50, the probability of a hemor-
rhage is 95%. The intermediate scores (0-25) are not
specific for either type of stroke. Unfortunately, in
validity testing done to date, these scales show a rela-
tively low specificity and sensitivity in differentiating
hemorrhagic and ischemic cerebrovascular events
(Weir et al., 1994; Besson et al., 1995; Hui and Tang,
2002; Badam et al., 2003; Soman et al., 2004). There-
fore, these scales should not substitute for brain imaging
when evaluating a patient with suspected stroke.

Apoplectic onset
None of the following

Two or more of the following

Level of consciousness
Alert
Drowsy
Unconscious
Plantar responses

Both flexor or one extensor

Both extensor
Diastolic blood pressure
(within 24 hours)
Atheroma markers
None

Angina, claudication or diabetes

History of hypertension

None
Present
Previous TIA or stroke
(any number)
No
Yes
Heart disease
None

Aortic or mitral murmur
Cardiac failure
Cardiomyopathy

Atrial fibrillation

Cardiomegaly on chest x ray
Myocardial infarction last 6 months

Constant

0 points
21.9 points
Loss of consciousness
Headache within 2 hours
Vomiting
Stiff neck
0 points
7.3 points
14.6 points
0 points
7.1 points

0.17 point x value

0 points
—3.7 points

0 points
—4.1 points

0 points
—6.7 points

0 points
—4.4 points
—4.3 points
—4.3 points
—4.3 points
—4.3 points
—4.3 points

—12.6 points
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48.2.2. Categorization of stroke by clinical
syndrome and vascular territory

Bamford et al. (1991) developed a system to cate-
gorize ischemic stroke based on the pattern of neurolo-
gical impairments (Table 48.8). The Oxfordshire
system categorizes the strokes as being consistent with
a large hemispheric infarction (total anterior circula-
tion syndrome, or TACI), less severe infarctions
affecting primarily the cerebral cortex (partial anterior
circulation syndrome, PACI), lacunar infarctions
(lacunar infarction syndrome, or LACI) affecting pri-
marily the deep structures of the hemisphere and
strokes affecting the brainstem (posterior circulation
syndrome, POCI). The rating system is relatively
straightforward and is based on the types and severity
of neurological impairments that would be apparent on
admission and before extensive laboratory or radiolo-

Table 48.8

Oxfordshire classification of stroke

H.P. ADAMS AND P. LYDEN

gical investigation. Although the system has not been
extensively tested for validity, reliability, inter-rater
agreement, or intra-rater reproducibility, it likely
would meet all these criteria because of the nature of
the scale (Bamford et al., 1989; Mead et al., 2000;
Lyden et al., 2002). Clinical researchers have used
the system to help describe the cohort of patients
enrolled in studies (Lyden et al., 2002). In this regard,
the classification system has utility. In addition, the
type of stroke in the classification is strongly asso-
ciated with prognosis, with the patients with TACI
having the poorest prognosis (Dennis et al., 1993).
Such a finding is not surprising given the nature of
the severity of the vascular event. The Oxfordshire
classification is used in clinical trials to help define
the type of stroke but its utility in comparison to sys-
tems that quantify the severity of neurological impair-
ments directly is untested. While the Oxfordshire

Total anterior circulation syndrome

Contralateral weakness of face, arm, and leg
Contralateral homonymous hemianopia
Behavioral or cognitive deficit

Partial anterior circulation syndrome

Two of the following

Contralateral restricted motor or sensory impairment
Contralateral homonymous hemianopia
Behavior or cognitive deficit

Posterior circulation syndrome

One or more of the following

Bilateral motor or sensory signs

Ipsilateral incoordination (cerebellar) not explained by weakness
Diplopia with or without extraocular muscle palsy

Crossed motor or sensory signs

Isolated homonymous hemianopia

Lacunar syndromes
Pure motor stroke

Pure sensory stroke

Ataxic hemiparesis

Sensory-motor stroke

Contralateral hemiparesis involving face,
arm, or leg
No other impairments

Contralateral sensory loss involving face,
arm, or leg
No other impairments

Coexistent cerebellar and motor signs
May have dysarthria
No visual or cognitive impairment

Contralateral sensory and motor signs
involving face, arm, or leg
No visual or cognitive impairment




PATIENT ASSESSMENT 985

classification has also been used to define the pattern
of clinical findings among patients with intracerebral
hemorrhage (Barber et al., 2004b), the utility of this
strategy has not been established. While clinical
researchers will likely continue to use this system to
provide a global description of patients enrolled in
trials, it will probably be of less assistance to a clini-
cian when examining an individual patient.

48.2.3. Categorization of stroke by etiology
(ischemic stroke subtypes)

Ischemic stroke may be caused by a large number of
diseases that affect blood vessels, the heart, or the coa-
gulation system. Because acute prognosis and risk for
recurrence are affected by the presumed cause, the
most likely etiology of stroke should be established
whenever possible. The most common causes of stroke
are large extracranial or intracranial arterial athero-
sclerosis, disease of smaller intracranial arteries, and
cardiac sources of embolism. Non-atherosclerotic vas-
culopathies and diseases of coagulation are less com-
mon. Because the clinical findings, including the
neurological examination, are often not specific for a
particular cause of stroke, diagnostic studies are often
required. The location and size of the brain lesion as
detected by imaging affects both prognosis and acute
treatment decisions. The presence of a small lesion
deep in the cerebral hemisphere or brainstem points

Table 48.9

to small-artery disease. A multilobar hemispheric
infarction suggests an occlusion of a major artery,
often due to atherosclerosis or cardio-embolism. Smal-
ler infarctions restricted to the cortex are usually asso-
ciated with emboli that arise from an arterial or cardiac
source. The vascular and cardiac abnormalities are
confirmed by the use of imaging such as duplex ultra-
sonography, arteriography, or echocardiography.

In order to facilitate classification of subtypes of
stroke by most likely etiology, the investigators in
the Trial of ORG 10172 in Acute Stroke Treatment
(TOAST) developed a system to categorize strokes
into five categories (Adams et al., 1993; Gordon
et al.,, 1993) (Table 48.9). The system used clinical
findings supplemented by the results of brain, vascu-
lar, and cardiac imaging. The diagnoses were categor-
ized as probable or possible based on the strength of
the supporting information. If the patient had had an
incomplete evaluation, negative evaluation, or findings
that pointed to two or more causes of stroke, the cate-
gory of stroke of undetermined etiology was used. The
TOAST classification system allows investigators to
lump together patients with a variety of stroke causes
into a few broad categories that make sense phenom-
enologically. In practice, the diagnostic category of
large-artery atherosclerosis is the most difficult to
establish because it requires the demonstration of an
occlusion or stenosis greater than 50% in the relevant
artery; the necessary vascular imaging may not always

Trial of ORG 10172 in acute stroke treatment (TOAST) classification of subtype of ischemic stroke

Large artery atherosclerosis

Clinical evidence of cerebral, cortical, or cerebellar dysfunction
Cortical, cerebellar, brainstem, or subcortical infarct >1.5 cm

Stenosis or occlusion of relevant major intracranial or extracranial artery
No high-risk cardiac lesion (for probable diagnosis)

Cardiac embolism

Clinical evidence of cerebral, cortical, or cerebellar dysfunction
Cortical, cerebellar, brainstem, or subcortical infarct >1.5 cm
Cardiac source of embolism (high vs medium risk)

No large artery atherosclerosis lesion (for probable diagnosis)

Small artery occlusion

Clinical evidence of a lacunar syndrome

Subcortical or brainstem infarction <1.5 cm

No cardiac source of embolism (for probable diagnosis)

No large artery atherosclerosis lesion (for probable diagnosis)

Other cause

Evaluation demonstrates another cause of stroke

Undetermined cause

Two or more causes identified, not sure which is most likely
No abnormality found on evaluation
Evaluation was incomplete
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be available. Also, the classification does not permit
classification of stroke secondary to large-artery ather-
osclerosis if a complex plaque does not produce either
stenosis greater than 50% or an occlusion. While the
TOAST classification was developed before the wide-
spread use of computed tomographic angiography or
magnetic resonance angiography, the results of these
tests could easily be used in the rating system.
Already, there is evidence that the patterns of acute
stroke as demonstrated on emergency MRI studies
can influence the subtype diagnoses as outlined in
the TOAST classification (Ay et al., 2005; Rovira
et al., 2007). The TOAST classification exhibits rea-
sonable inter-rater agreement and intra-rater reprodu-
cibility after suitable training (Gordon et al., 1993).
Still, physicians do disagree and many physicians are
reluctant to make the diagnosis of stroke of undeter-
mined cause, which typically is the most common
“cause” of stroke in stroke data banks (Foulkes et al.,
1988). In addition, the TOAST classification is not
easily used in the first hours following stroke, when
the results of ancillary studies are not available and
hence the initial presumptive stroke subtype diagnosis
often changes as more data become available through-
out the hospitalization (Madden et al., 1995). This
means that careful training of physicians is required
to use this system in a reliable way. Fure et al.
(2005) used the TOAST system to classify causes of
stroke among patients seen shortly after admission to
the hospital and found that they were able to success-
fully differentiate the strokes secondary to small-
vessel disease from the other categories. Still, the pru-
dent course for clinical trials is that the study should
not use the TOAST classification or similar scoring
systems as an entry criterion because the degree of
accuracy of subtype diagnosis is not sufficiently high;
truly eligible patients will be excluded and ineligible
patients will be enrolled. In addition, clinical trials will
need to include an adjudication system to address
variances in subtype diagnoses.

The TOAST classification has been adapted to
hospital-based and epidemiological studies looking at
subtypes of stroke, including causes of stroke in young
adults (Pinto et al., 2004, 2006; Nedeltchev et al.,
2005; Paradowski and Maciejak, 2005; Ghandehari
and Moud, 2006; Liu et al., 2006; Tuttolomondo
et al., 2007). Ay et al. (2005) used an algorithm based
on the TOAST classification to include advances in
imaging of the brain and vasculature; with the use of
their revised system, they were able to reduce the
number of cases of stroke ascribed to undetermined
etiology from approximately 40% to 4%. Despite the
widespread use of the TOAST classification in clinical
trials in stroke, it does have limitations (Landau and

Nassief, 2005). There are ways in which the TOAST
classification could be improved and, in the future,
clinical trials may wish to substitute another more
accurate system. Still, until such a rating system
becomes available, the TOAST classification remains
the most useful adjunctive clinical measure for defin-
ing stroke subtypes in stroke studies. It has stood the
test of time in a wide variety of stroke treatment and
prevention trials.

A variation of the TOAST classification has been
developed for strokes occurring in children (Wraige
et al., 2005). The subgroups differ considerably from
those described for adults. The categories for pedia-
tric ischemic stroke include: (1) sickle cell disease,
(2) cardio-embolism, (3) moyamoya, (4) cervical arter-
ial dissection, (5) steno-occlusive cerebral arteriopa-
thy, (6) other determined cause, (7) multiple possible
causes, and (8) undetermined etiology. Another sub-
type classification system has been developed by Han
et al. (2007) but this system has not been used outside
the original institution that developed the clinical
instrument. Hoffman et al. (2007) criticized the
TOAST classification for too much “lumping” of sub-
types and proposed an expanded classification that
included: (1) large-vessel cerebrovascular disease,
(2) small-vessel cerebrovascular disease, (3) cardio-
genic, (4) dissection, (5) prothrombotic states, (6)
migraine-induced, (7) cerebral venous thrombosis, (8)
vasculitides, (9) other vasculopathy, (10) miscella-
neous, and (11) unknown. While there is some amalga-
mation of a wide range of causes of stroke in the
TOAST category of “other demonstrated cause,” it is
not clear how this system would improve the classifi-
cation of subtypes. In addition, such a new rating sys-
tem would need extensive testing to determine whether
it is sufficiently robust for use in clinical research. The
large number of categories will weaken the kappa sta-
tistics for showing inter-rater agreement.

48.2.4. Pre-hospital rating of stroke
and severity of impairments

Several groups have developed instruments that can be
used by emergency medical services personnel to
determine if the patient’s neurological symptoms are
secondary to stroke and to provide some insights
on the severity of the neurological impairments.
(Table 48.10).

The Glasgow Coma Scale (GCS) was first used to
assess the severity of brain injury among persons with
craniocerebral trauma (Jennett et al., 1979). Its use has
been expanded to a wide range of patients including
those with stroke (Weir et al., 2003; McNarry and
Goldhill, 2004; Mayer et al., 2005; Mendelow et al.,
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Table 48.10
Los Angeles Pre-Hospital Stroke Scale

General screening

Age >45 years Yes

No history of seizures Yes

Symptoms <24 hours Yes

Not in wheelchair/bedridden Yes

Blood glucose >60 and <400 Yes

Examination

Facial smile Normal

Grip Normal ____
Right absent ____

Arm strength Normal
Right falls

Has only unilateral weakness Yes ___

No _ Unsure ___
No Unsure ___
No _ Unsure __
No _ Unsure ___
No Unsure __

Right droop ___ Left droop ___
Right weak __ Left weak
Left absent

Right drift ___ Left drift __
Left falls ____

No

2005). Emergency medical services personnel, nurses,
and physicians are proficient in use of the GCS. It
is included in most emergency medical records. Poten-
tial scores range from 3 to 14 points and are based on
best verbal, eye movement, and motor responses
(Table 48.11). In general, patients with a score of less
than 8 have a serious brain injury.

Table 48.11

Glasgow Coma Scale

Best eye opening response

Eyes open spontaneously, not necessarily 4 points
aware of environment

Eyes open to speech, not necessarily in 3 points
response to command

Eyes open in response to painful stimulus 2 points

No eye opening in response to painful stimulus 1 point

Best motor response

Follows simple commands, can have paresis 6 points
or hemiplegia

Responds to painful stimulus by attempting to 5 points
remove source of pain

Withdraws to painful stimulus 4 points

Develops abnormal flexor (decorticate) 3 points
posturing in response to painful stimulus

Develops abnormal extensor (decerebrate) 2 points
posturing in response to painful stimulus

No motor response to painful stimulus 1 point

Best verbal response

Patient oriented to time, place, and person 5 points

Patient confused by responds to conversation 4 points

Language is intelligible but no sustained 3 points
sentence

Incomprehensible sounds, moans, or groans, 2 points
no words

No verbal response 1 point

The GCS is a key component of the World Federa-
tion of Neurological Surgeons (WFNS) scale for rating
the severity of aneurysmal subarachnoid hemorrhage
(Oshiro et al., 1997; Ogungbo, 2002) (Table 48.12).
As the name implies, the utility of the GCS is greatest
in the assessment of patients with impairments in con-
sciousness; thus its value is greatest in assessing
patients with intracranial hemorrhages (Hemphill
et al.,, 2001; Mayer et al., 2005; Mendelow et al.,
2005). Because most patients with ischemic stroke
have normal consciousness, the GCS probably pro-
vides little help in predicting their outcomes. The
exception seems to be those patients with major
strokes in the posterior circulation; Tsao et al. (2005)
found that the score of the GCS was a stronger predic-
tor of outcomes than the NIHSS. Weir et al. (2003)
found that the verbal and eye scores of the GCS did
provide important prognostic information following
ischemic stroke. An alternative scale to assess the
severity of subarachnoid hemorrhage is the Hunt—Hess
Scale (Hunt and Hess, 1968). This widely used scale
has many of the features that are comparable to the
WENS scale.

Table 48.12

World Federation of Neurological Surgeons scale rating
severity of subarachnoid hemorrhage

Glasgow coma

Grade score Focal signs

| 15 Absent

II 13-14 Absent

111 13-14 Present

v 7-12 Present or absent
A" 3-6 Present or absent
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Additional scales have been developed to assess
patients with possible stroke (Kothari et al., 1997
Kidwell et al., 2000). These have been validated in
field-testing and they emphasize a few neurological
signs, most commonly facial asymmetry, language,
and arm function (Table 48.10). Some of the rating
systems also include information about the patient’s
history and finding on general examination. Emer-
gency medical personnel can use these rating instru-
ments quickly and they achieve a fairly high degree
of accuracy in determining that the patient’s symptoms
are secondary to ischemic stroke. The primary aim of
the scale is to help emergency medical personnel con-
fidently report that a patient has had a stroke. This
information can be conveyed to the hospital so that
appropriate resources to treat the patient can be mobi-
lized. Paramedic use of a field scale to facilitate
recruitment into a clinical trial has been validated for
the study of magnesium for treatment of acute stroke
(Saver et al., 2004).

48.2.5. Rating the severity of impairments
in patients with ischemic stroke

Several scales have been developed to rate the severity
of neurological impairments following ischemic
stroke. Most scales include the same items in the mea-
surement system and include a range of scores for each
tested item. Some integrate weighting of certain com-
ponents; for example, the number of points for each
score on language item might be greater than for each
increment on a motor or sensory component of the
scale. The scales generally have a total score, with
some having a maximum total score of 100 or a simi-
lar number. In some scales, a high total score is con-
sidered to represent a minor stroke while in others a
low score denotes a less severe event. Some of the
scales have not been widely used. Many have not been
tested for validity, reliability, inter-rater agreement, or
intra-rater reproducibility.

The Mathew Scale is one of the oldest rating instru-
ments and it includes most of the features of other
stroke scales (Mathew et al., 1972) (Table 48.13).
The scale does include items that are of limited value;
for example, the scoring of the reflexes does not add
much to the other neurological assessments. In addi-
tion, a large number of points are ascribed to perfor-
mance or disability. This global rating item is not
well defined and it might not be completely applicable
to the acute stroke setting. The scale has been shown
to rate patients in a similar way to other acute stroke
scales (De Haan et al., 1993). The rating instrument
was used in a clinical trial of glycerol but it has not
been rigorously tested for validity and reliability.

While this scale is no longer used, it does provide a
historical foundation for the development of other
rating systems.

The Orgogozo Scale includes assessments of con-
sciousness, language, and motor function (Orgogozo,
1992) (Table 48.14). An advantage of this scale is that
both proximal and distal motor function is assessed.
Disadvantages include scoring of tone and the absence
of assessment of vision or independent assessment of
articulation (included in language). The value of test-
ing tone is not apparent. It is not clear if this item adds
greatly to the evaluation of motor function and
strength. The scale has been shown to correlate with
other acute stroke scales (De Haan et al., 1993). Still,
the scale has not undergone the testing of some of
the other acute stroke rating instruments and it is not
widely used.

The Canadian Stroke Scale (Canadian Neurological
Scale or CNS) differs from some of the other acute
stroke rating instruments in that it has two ways to cal-
culate the patient’s neurological impairments (Cote
et al., 1986, 1989). The scale focuses on rating con-
sciousness, language, and motor function but different
items are scored for patients with impaired conscious-
ness or for alert patients (Table 48.15). Other variables
such as sensory loss, visual loss, and dysarthria are not
tested. Cognitive impairments affecting the right hemi-
sphere, such as neglect, are also not included in the
scoring. The scale has been used in clinical trials in
stroke (Hagen et al., 2003; Leira et al., 2004). The total
score of less than 6.5 on the scale also strongly pre-
dicts outcomes including mortality at 1 month and
1 year (De Haan et al., 1993; Castillo et al., 1994; Sta-
vem et al., 2003a,b). Castellanos et al. (2005) used the
CNS as a measure of severity of stroke among patients
with medium-to-large intracerebral hemorrhages. A
high score was associated with a favorable prognosis.
In general, the CNS correlates well with the NIHSS
and other acute stroke scales. However, the CNS does
underestimate functional impairments (De Haan et al.,
1993). Muir et al. (1996) found that the scale func-
tioned similarly to the NIHSS but also reported that
interconversion of scores between the NIHSS and the
Canadian scale was problematic. In particular, the
two scales show poor concordances among patients
with severe strokes or with aphasia. Testing has
demonstrated the validity and reliability of the Cana-
dian scale (Cote et al., 1986; D’Olhaberriague, 1996;
Stavem et al., 2003). Goldstein and Chilukuri (1997)
demonstrated that retrospective scoring of the
severity of stroke using an algorithm based on the
CNS could be performed reliably. D’Olhaberriague
(1996) concluded that the Canadian scale was one of
the more effective measures to assess patients with
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Table 48.13
Mathew stroke scale
Mentation
Level of consciousness
Fully conscious 8 points
Lethargic but mentally intact 6 points
Obtunded 4 points
Stuporous 2 points
Comatose 0 points
Orientation
Oriented to time, place, and person 6 points
Oriented to two of the above 4 points
Oriented to one of the above 2 points
Disoriented in all three areas 0 points
Language
Language—severity of impairments 0-23 points
Visual fields
No visual field defect 3 points
Mild homonymous hemianopia 2 points
Moderate homonymous hemianopia 1 point
Severe homonymous hemianopia 0 points
Eye movement
Normal eye movements 3 points
Mild conjugate deviation of eyes 2 points
Moderate conjugate deviation of eyes 1 point
Severe conjugate deviation of eyes 0 points
Facial weakness
Normal facial motor function 3 points
Mild facial weakness 2 points
Moderate facial weakness 1 point
Severe facial weakness 0 points
Motor function (each limb scored
independently)
Normal strength 5 points
Contracts against resistance 4 points
Elevates against gravity 3 points
Moves if gravity is eliminated 2 points
Flicker of movement 1 point
No movement 0 points
Performance or disability status
score
Normal 28 points
Mild impairment 21 points
Moderate impairment 14 points
Severe impairment 7 points
Death 0 points
Reflexes
Normal reflexes 3 points
Asymmetrical or pathological reflexes 2 points
Clonus 1 point
No reflexes found 0 points
Sensation
Normal sensation 3 points
Mild sensory abnormality 2 points
Severe sensory abnormality 1 point
No response to pain 0 points
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Table 48.14

Orgogozo scale

Consciousness

Normal, awake and responsive to stimuli 15 points

Drowsy, can be awakened to remain awake 10 points

Stupor, localizes and responds to painful 5 points
stimuli

Coma, non-purposeful response to painful 0 points
stimuli

Verbal communication

Normal language 10 points

Difficult language, includes dysarthria 5 points

Extremely difficult, impossible to 0 points
communicate

Eyes and head shift

Normal horizontal eye movements 10 points

Gaze failure—neglect, gaze restricted to 5 points
one side

Forced deviation, unable to cross midline 0 points

Facial movements

Normal or slight asymmetry 5 points

Marked facial weakness or paralysis 0 points

Proximal arm movement

Can raise arm above horizon against 10 points
resistance

Can move against gravity but not 5 points
horizontally

No arm abduction 0 points

Hand movement

Normal hand function 15 points

Restriction of fine movements, slow, or 10 points
clumsy

Gross movements possible, can hold cane 5 points

Cannot hold or carry objects even if it 0 points
moves

Arm tone

Normal or near normal 5 points

Overt spasticity or flaccidity 0 points

Proximal leg movement

Can be elevated from bed, similar to other 15 points
side

Move against resistance, can elevate but 10 points
weak

Possible against gravity but not resistance 5 points

Cannot lift leg from bed 0 points

Foot dorsiflexion

Possible against resistance even if some 10 points
weakness

Can move against gravity, foot off the floor 5 points

Foot drop 0 points

Leg tone

Normal or near normal 5 points

Overt spasticity or flaccidity 0 points

acute stroke. The CNS remains an important option for
both researchers and clinicians.

The Scandinavian Stroke Scale (SSS) is widely
used to assess patients with ischemic cerebrovascular
disease (Table 48.16). It was developed for a clinical
trial of hemodilution and includes two forms of
the scale (Scandinavian Stroke Study Group, 1985;
Lindenstrom et al., 1991) The acute prognostic scale
has a range of 0-22 points, with the higher scores
being associated with a good prognosis. The convales-
cent version has a range of 0—48 points. The two ver-
sions of the scale test different components of the
neurological assessment. For example, consciousness
is rated in the acute scale but not subsequently, while
orientation and language are not rated in the acute
scale but are important parts of the follow-up score.
The utility of the SSS is similar to other acute scales
(Lindenstrom et al., 1991; De Haan et al., 1993; Sprigg
et al., 2007). Barber et al. (2004a) tested the validity
and reliability of components of the SSS when applied
in a retrospective manner. They found that most compo-
nents of the scale, except consciousness and eye move-
ments, could be tested with a high degree of success.
A poor (low) score on the SSS is a predictor of early neu-
rological deterioration following acute ischemic stroke
(Davalos et al., 1999). The total SSS score also corre-
lates well with the presence of a lacunar infarction
(Sprigg et al., 2007). A low score on the SSS at baseline
or 24 hours is a strong predictor of death within 30 days
of a hemispheric ischemic stroke (Szczudlik et al., 2000;
Willimas and Jiang, 2000). Christensen et al. (2005)
found that the SSS score also strongly predicted out-
comes among persons with mild stroke. Conversely,
improvement (increase in score of 5—10 points) strongly
predicted favorable outcomes (Jorgensen et al., 1997).
Sprigg et al. (2007) found that a lack of improvement
in the SSS score within 4 days of stroke was associated
with a favorable functional outcome following stroke.
The SSS has been combined with other factors to
predict 12-month survival among persons with stroke
(Willimas and Jiang, 2000).

The long-term score has not been as extensively
evaluated as the early prognostic score. Still, the apha-
sia component of the SSS was tested in comparison to
formal testing by a language therapist in an indepen-
dent study (Davalos et al., 1999). While the sensitivity
and specificity of the SSS was satisfactory, the posi-
tive predictive value was low suggesting that the scale
had a high chance for false positive results.

Overall, the SSS is a very useful rating instrument.
The definitions for the scoring categories are relatively
clear, but information about the scale to assure
valid and reproducible results, such as those used for
assuring accurate use of the NIHSS, is not available.
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Table 48.15

Canadian Neurological Scale
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Level of consciousness

Alert 3 points

Drowsy 1.5 points
Orientation

Oriented 1 point

Disoriented, not applicable 0 points
Language

Normal 1 point

Expressive deficit 0.5 point

Receptive deficit 0 points
Motor function (scoring if normal comprehension)
Face

No facial weakness 0.5 point

Facial weakness present 0 points
Proximal arm

No weakness 1.5 points

Mild weakness 1 point

Significant weakness 0.5 point

Paralysis 0 points
Distal arm

No weakness 1.5 points

Mild weakness 1 point

Significant weakness 0.5 point

Paralysis 0 point
Proximal leg

No weakness 1.5 points

Mild weakness 1 point

Significant weakness 0.5 point

Paralysis 0 points
Distal leg

No weakness 1.5 points

Mild weakness 1 point

Significant weakness 0.5 point

Paralysis 0 point
Motor function (scoring if comprehension is impaired)
Face

Symmetrical 0.5 point

Asymmetrical 0 points
Arms

Equal 1.5 points

Unequal 0 points
Legs

Equal 1.5 points

Unequal 0 points

Still, the SSS has been used successfully in several
clinical trials (Steiner et al., 1998; Lyden et al.,
2002; Roden-Jullig et al., 2003; Barber et al., 2004a).
The SSS has also been used to rate the severity of neu-
rological impairments among patients with intracereb-
ral hemorrhage (Barber et al., 2004b). The SSS will
likely continue to be used in clinical trials in stroke.

Data about the widespread use of the scale in general
patient care settings are not available.

The NIHSS is the most widely used scale for the
assessment of neurological impairments among per-
sons with stroke (Table 48.17). The NIHSS is a
15-item physical deficit-rating instrument that was first
described in 1989 to assess level of consciousness; gaze;
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Table 48.16

Scandinavian stroke scale
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Prognostic score Long-term score
Points Points
Item 0-22 0-48
Consciousness Calculated Calculated
Fully conscious 6
Somnolent, can be awakened 4
Reacts to verbal command 2
Orientation Not calculated Calculated
Correct for time, place, person 6
2 of the above correct 4
1 of the above correct 2
Completely disoriented 0

Language

No aphasia

Limited vocabulary

More than yes/no—no sentences
Only yes/no or less

Eye movements

No gaze palsy

Gaze palsy present

Conjugate eye deviation

Arm, motor power, affected side
Raises arm with normal strength
Raises arm with reduced strength
Raises arm with elbow flexion
Can move, not against gravity
Paralysis

Hand, motor power, affected side
Normal strength

Reduced strength in full range
Some movement of fingers
Paralysis

Leg, motor power, affected side
Raises leg with normal strength
Raises leg with reduced strength
Raises leg with knee flexion
Can move, not against gravity
Paralysis

Facial palsy

None or dubious

Facial palsy present

Gait

Walks 5 meters without aids
Walks with aids

Walks with person helping

Sits without support

Bedridden or wheelchair

Not calculated

Calculated
4
2
0
Calculated

[ SRV e

Not calculated

Calculated

SN B~ N

Not calculated

Not calculated

Calculated
10
6
3
0
Not calculated

Calculated

SN B~

Calculated
6
4
2
0
Calculated

SN B~

Calculated
2
0
Calculated
12

9

6
3
0

visual fields; motor function of the face, upper extre-
mity, and lower extremity; articulation; limb ataxia;
sensory function; language; and the presence of neglect
(Brott et al., 1989a,b). Some of the scale components

were included to allow for measurement of brains-
tem or cerebellar deficits. The scale includes detailed
definitions of the scores for each item that inclu-
des advice about scoring when the patient’s status
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Item Score
Level of consciousness
Alert 0 points
Drowsy 1 point
Stupor 2 points
Coma 3 points
Response to two questions
(orientation)
Know age and current month 0 points
Answers one question correctly 1 point
Cannot answer either question correctly 2 points
Response to two commands
Follows two commands correctly 0 points
Follows one command 1 point
Cannot follow either command 2 points
Best gaze (movement of eyes
to left or right)
Normal eye movements 0 points
Partial gaze paresis to one side 1 point
Forced gaze palsy to one side 2 points
Visual fields
No visual loss 0 points
Partial homonymous hemianopia 1 point
Complete homonymous hemianopia 2 points
Bilateral visual loss 3 points
Facial motor function
No facial weakness 0 points
Minor unilateral facial weakness 1 point
Partial unilateral facial weakness 2 points
Complete paralysis of one or both sides 3 points
Upper extremity motor function
(right and left scored
independently 0-8 points)
Normal movement 0 points
Drift of upper extremity 1 point
Some effort against gravity 2 points
No effort against gravity but moves 3 points
No movement 4 points
Lower extremity motor function
(right and left scored
independently 0-8 points)
Normal movement 0 points
Drift of lower extremity 1 point
Some effort against gravity 2 points
No effort against gravity but moves 3 points
No movement 4 points
Limb ataxia (cannot be tested in
presence of paresis)
No limb ataxia 0 points
Ataxia present in one limb 1 point
Ataxia present in two limbs 2 points

(Continued)
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Table 48.17
(Continued)

Sensory function

No sensory loss 0 points
Mild-to-moderate sensory loss 1 point
Severe-to-total sensory loss 2 points
Language
Normal language 0 points
Mild-to-moderate aphasia 1 point
Severe aphasia 2 points
Mutism 3 points
Articulation
Normal articulation 0 points
Mild-to-moderate dysarthria 1 point
Severe dysarthria 2 points
Extinction or inattention
(neglect)
No neglect or extinction 0 points
Visual or sensory inattention or extinction 1 point
Profound inattention to visual and sensation 2 points

precludes testing some items and although these defini-
tions are frequently—and erroneously—detached from
the scale, the validated version uses an answer sheet
with the detailed instructions printed on its face. For
example, additional points are included for orientation
and articulation items when a patient has a severe apha-
sia and cannot answer questions or speak. Some items of
the scale have proven problematic, in particular the
scoring of limb ataxia, articulation, and facial weakness
has resulted in poor agreement, indicating that some
modification of the NIHSS is needed (Goldstein et al.,
1989; Goldstein and Samsa, 1997; Dewey et al., 1999;
Lyden et al., 2001). Simplified versions have been pro-
posed but most have not been validated. The most fre-
quently used modified version (mNIHSS) eliminates
rating levels of consciousness, facial motor assessment,
limb ataxia, and articulation and could be used in inno-
vative ways such as telemedicine (Meyer et al., 2002,
2005). The inter-rater agreement was much higher with
the elimination of these scale items. It remains to be
determined whether the elimination of these compo-
nents affects the strong prognostic ability of the scale.
The scale was not originally intended to produce an
aggregate score but during the initial testing of the
NIHSS a strong correlation between the total score and
volume of infarction on a day-7 CT was found; the
Spearman’s correlation was 0.74 (Brott et al., 1989b).
The NIHSS has been validated extensively using a vari-
ety of clinometric methods. The scale measures two
main constructs or factors, each corresponding to one
of the cerebral hemispheres (Lyden et al., 1999, 2001,
2004). There is a tendency for left hemisphere strokes

to receive a higher rating than those events affecting
the right hemisphere (Woo et al., 1999; Lyden et al.,
2004). The rating instrument shows excellent reproduci-
bility and inter-rater reliability if the users are properly
trained (Goldstein et al., 1989). Non-neurologists and
non-physicians can perform the NIHSS successfully
(Goldstein and Samsa, 1997). Kasner et al. (2003) found
that NIHSS could be estimated by retrospective review
of medical records. Initial evaluation of the scale found
that the rating instrument could be performed in
approximately 6 minutes (Brott et al., 1989b). Still, reli-
able use of the NIHSS depends on prior training because
the rating instrument is designed to maximize reprodu-
cibility during a clinical trial. Based on the assessment
of scoring of items on the NIHSS obtained during a cer-
tification process, Josephson et al. (2006) found that
scoring was inconsistent and such results could impact
the results of clinical trials. To enhance reproducibility,
some of the scoring rules are rather arbitrary and some
seem counter-intuitive. In order to provide proper
implementation of the NIHSS, video instruction and
certification are available (Albanese et al., 1994; Lyden
etal., 1994). Digital video disks are available to improve
training and certification of the NIHSS (Lyden et al.,
2005). These steps enhance the reliability and the repro-
ducibility of the scale when used in clinical trials.

The NIHSS has been used widely in clinical trials test-
ing interventions for treatment of stroke, including the
trials testing recombinant tissue plasminogen activator
(rtPA) (Brott et al., 1992; Haley et al., 1993a; National
Institute of Neurological Disorders and Stroke rtPA
Stroke Study Group, 1995; Publications Committee for
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the Trial of ORG 10172 in Acute Stroke Treatment
[TOAST] Investigators, 1998; Abciximab in Ischemic
Stroke Investigators, 2000; Abciximab Emergent Stroke
Treatment Trial [AbESTT] Investigators, 2005; Young
et al., 2005b). The scale has been adapted for use during
evaluating Spanish-speaking patients (Montaner and
Alvarez-Sabin, 2007). Because of its widespread use in
clinical trials and because the scores obtained on the
NIHSS affect decisions about administration of rtPA,
the scale is cited in guidelines (Adams et al., 1996,
2003; Adams et al., 2005). The NIHSS has been used to
assess patients with intracerebral hemorrhage and it was
found to be useful in predicting outcomes including mor-
tality (Cheung and Zou, 2003). Wider experience with
the scale in assessing patients with hemorrhagic stroke
is limited however. In addition, the scale has been imple-
mented in trials testing therapies for patients with subar-
achnoid hemorrhage (Todd et al., 2005).

The baseline NIHSS score is an important predictor
of outcome following stroke (Adams et al., 1999;
Lyden et al., 2004; Kasner, 2006). Schlegel et al.
(2003, 2004) found that the NIHSS score was a strong
predictor of outcome in a broad range of patients. Gly-
mour et al. (2007) found that the NIHSS is a better
predictor of outcomes among patients with subcortical
infarctions than among patients with cortical lesions.
In general, the NIHSS score on admission is the single
most important forecaster of survival or recovery after
stroke. Even among patients with basilar artery occlu-
sion treated with intra-arterial rtPA, a low NIHSS
score predicts a favorable outcome (Arnold et al.,
2004). Patients with a baseline NIHSS score of less
than 5 generally have a favorable prognosis while
those with scores more than 20 have a low likelihood
of favorable outcomes. Improved patient selection for
enrollment by the use of the baseline NIHSS score
may improve the efficiency of clinical trials (Weimar
et al., 2006). As a result clinical trials are using the
baseline NIHSS score as a criterion for enrollment;
those with very low scores and those with very high
scores are often excluded. This practice, however, is
not valid and can be criticized for excluding classes
of patients that may very well benefit from putative
neuroprotection. A more rigorous and statistically jus-
tifiable approach uses the baseline NIHSS as a stratifi-
cation factor for clinical trials enrolling patients with
stroke (Abciximab in Ischemic Stroke Investigators,
2000). The baseline NIHSS score is also being used
as a baseline forecaster for responses to therapies in
clinical trials, the criterion for success is greater for
patients with low scores than it is for patients who
have major impairments (Adams et al., 2004). The
use of an endpoint adjusted by NIHSS score could
allow therapeutic effects from medications to be iden-

tified easily (Young et al., 2005b). The baseline score
also affects responses to treatment, as demonstrated by
the trials of thrombolytic therapy (National Institute of
Neurological Disorders and Stroke rtPA Stroke Study
Group, 1995; NINDS tPA Stroke Study Group,
1997). The number of patients achieving favorable
outcomes with intravenously administered rtPA was
much lower among those persons with high NIHSS
scores than among those whose scores were less than
10, yet at all levels of severity, the outcome in patients
treated with rtPA is better than those treated with pla-
cebo. In other words, although more severely affected
patients are likely to have a poor outcome, their outcome
is improved with thrombolytic therapy, and baseline
NIHSS cannot be used to select any particular subgroup
for treatment. The baseline score also predicts the risk of
hemorrhagic complications following administration of
rtPA or other agents aimed at restoring perfusion
(NINDS tPA Stroke Study Group, 1997; Publications
Committee for the Trial of ORG 10172 in Acute Stroke
Treatment [TOAST] Investigators, 1998; Derex et al.,
2005). A discrepancy (mismatch) between the baseline
neurological impairments (high NIHSS score) and the
findings on the initial brain imaging study (CT or
MRI) might be used to select patients for emergency
treatment (Messe et al., 2007; Tei et al., 2007). How-
ever, the utility of the use of this relationship for treating
patients has not been established.

Alterations in the NIHSS score have been used to
monitor for recanalization following treatment with tPA
(Mikulik et al., 2007). Changes in the NIHSS score are
used to monitor improvement or neurological worsening
(Wityk et al., 1994; Bruno et al., 2006; Kasner, 2006).
Early improvements in scores are associated with better
long-term outcomes. This effect was found among
patients receiving intra-arterial thrombolytic agents
(Takada et al., 2004). One of the advantages of using
changes in the NIHSS score as an outcome measure is
that changes in score are not fully comparable to dichot-
omized functional outcomes (Bruno et al., 2006).

Despite some obvious limitations, the NIHSS is the
most widely used clinical instrument to rate the types
and severity of neurological impairments. It strongly
predicts outcomes and response to interventions; thus,
it has face validity. A wide range of healthcare profes-
sionals can use the scale with reasonable assurance of
accuracy. Educational programs are available to assure
its accurate use (see www.asatrainingcampus.net for
example). The scale now is used in almost all acute
stroke trials and it also is being used in the community
setting. While some modifications of the NIHSS are
likely to occur, it will be the standard instrument for
rating the severity of acute stroke rating for the fore-
seeable future.
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Because most of the clinical rating scales empha-
size assessment of impairments accompanying strokes
of the cerebral hemisphere, a new scale that focuses on
the scoring of patients with vertebrobasilar infarctions
is required. The Israeli Vertebrobasilar Stroke Scale
(IVBSS) has been tested in a limited number of
patients and its results seem to correlate well with
the scores on the NIHSS and modified Rankin Scale
(mRS) (Gur et al., 2007).

48.2.6. Functional outcome scales

Stroke-related disability can be assessed by a number of
relatively simple functional outcome scales, which can
also be used to formulate a functional prognosis. Such
assessments have been proposed for guiding rehabilita-
tion, making decisions about placement, and providing
continuing services for survivors of stroke; but this
function has been difficult to validate (Gresham et al.,
1980; Granger et al., 1989). In addition, some of
these scales are used to assess the patient’s overall
outcome from stroke and to measure the success of
acute interventions to treat the stroke.

More than 3 million Americans have some degree
of limitation of activities (disability) secondary to
stroke and more than 60% of all stroke survivors have
such limitations. Globally, the impact of stroke may be
even greater; being among the leading causes of long-
term disability (Wolfe et al., 2004). Thus, simple mea-
sures that can be performed reliably and rapidly are
needed. Many functional outcome scales measure the
patient’s ability to perform activities of daily living
(ADL) and a plethora of such scales have been devel-
oped. The scales differ in their approach to the perfor-
mance of each patient and the complexity and types of
tasks they evaluate. Some scales emphasize observa-
tion while others require patient interview or actual
performance of specific activities, but the most com-
monly used scales tend to behave similarly from a
clinometric standpoint (Salter et al., 2005). The most
commonly used instruments are the Barthel index
(BI), Functional Independence Measure (FIM), Katz
index of ADL, the Frenchay Activities index, and
Pulses Profile (Katz et al.,, 1963; Mahoney and
Barthel, 1965; Granger et al., 1979b; Wade and Collin,
1988; Granger et al., 1989, 1993; Sulter et al., 1999;
Kasner, 2006; Appelros, 2007). While the FIM has
been implemented widely in rehabilitation settings, it
has not been validated for use in clinical trials for
stroke (Table 48.18). The most widely used disability
(activities dimension) rating instrument in stroke is
the BI.

The BI, which measures ADL, was initially devel-
oped for use in chronic disease hospitals in Maryland
(Mahoney and Barthel, 1965). It was originally used

to evaluate patients with neuromuscular or musculo-
skeletal disorders but the BI became more widespread
in intervening years. It is now a frequently used measure
of ADL and as an assessment of stroke-related disability
in clinical stroke trials (Granger et al., 1979b; Wade and
Collin, 1988; Olsen, 1990; Lyden and Lau, 1991; Dods
et al., 1993; Hsueh et al., 2002). The BI is used in clini-
cal settings as well, and is also useful for planning stra-
tegies for rehabilitation (Kasner, 2006).

The patient or caregiver is asked a series of ques-
tions about the patient’s activities. Ten items are rated
and assessments include feeding, chair/bed transfer,
grooming, toileting, bathing, ambulation, stair climb-
ing, dressing, bowel control, and bladder control
(Table 48.19). The high priority given to mobility
and continence has been considered arbitrary but some
authorities consider it to have been a shrewd decision
(Gresham et al., 1980). Scores are calculated based
on complete dependency, partial dependency, or inde-
pendence. Full competence in all areas yields a score
of 100. Generally, a score greater than 60 indicates
functional independence (Granger et al., 1979b).
Patients with high scores are likely to be able to live
outside an assisted living environment, although a
patient with a score of 100 may not necessarily be able
to live independently (Granger et al., 1979a; Wade and
Collin, 1988; Hsueh et al., 2002). In general, higher
scores are associated with shorter hospital stays and
less need for intensive rehabilitation after discharge
from an acute care setting. The score on the BI also
predicts mortality at 12 months after stroke.

The BI does have some limitations. Because of the
emphasis on mobility, patients with cognitive impair-
ments, including those with aphasia, may score rela-
tively well. Another limitation of the BI is a ceiling
effect and the non-normal distribution of scores (The
Ancrod Stroke Study Investigators, 1994; Tilley, 1999;
Broderick et al., 2000). Despite these limitations, the
BI has been evaluated extensively and concurrent vali-
dation has been reported (Granger et al., 1979a; Hsueh
et al., 2002). The definitions of the various activities
are relatively straightforward. It is easy to administer
and to calculate the total score. Not surprisingly, it has
substantial inter-rater reliability (x = 0.80) and excel-
lent internal consistency (¢ = 0.96). In preparation for
a trial of rtPA, NINDS investigators validated the relia-
bility of the BI for studies in stroke, especially when the
rating instrument was used during a telephone conversa-
tion (Lyden et al., 1995). Agreement with other valid
measures of disability is substantial (Gresham et al.,
1980). Recently, a study showed that a BI score of 95
correlated with an mRS score of 1, a BI score of 90
matched an mRS score of 2, and a BI score of 75 corre-
sponded to an mRS score of 3 (Uyttenboogaart et al.,
2005).
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Personal care

Grooming

Bathing

Dressing upper body

Toileting

Bladder control

Bowel control

Mobility—transfers to
bed, chair, or wheelchair

Mobility—transfer
to toilet

Mobility—transfer
to shower or tub

Total independence of all aspects of eating and drinking
Requires preparation of food or adaptive devices
Requires supervision or help during eating and drinking
Requires total assistance or enteral feeding

Total independence in brushing teeth, washing face,
grooming hair, shaving or make-up

Requires preparation or assistive devices or is very slow

Requires supervision or moderate assistance

Requires total assistance, cannot do alone

Total independence in bathing and drying body
Requires assistive devices, is slow, or unsafe
Requires supervision or moderate assistance
Requires total assistance, cannot do alone

Total independence in dressing and undressing
Needs assistive devices, modified clothing
Requires supervision or moderate assistance
Requires total assistance, cannot do alone

Total independence in all aspects

Needs adaptive equipment or is slow
Requires supervision or moderate assistance
Requires total assistance

Controls bladder, no incontinence
Requires catheter, bag, or medication—can use on own
Requires supervision or moderate assistance

Requires total assistance, incontinent despite use of devices

Controls bowels, no incontinence

Requires artificial help including medication, no accidents
Requires supervision or moderate assistance

Requires total assistance, incontinent most days

If walking, can sit down and rise without help

If wheelchair, can move to and from chair without help
Requires special assistive device to transfer

Requires supervision or moderate assistance

Requires total assistance

If walking, can sit down and rise without help

If wheelchair, can move to and from toilet without help
Requires special assistive device to transfer or is unsafe
Requires supervision or moderate assistance

Requires total assistance

If walking, can move into and out of bath/shower
If wheelchair, can approach and transfer safely

4 points
3 points
2 points
1 point

4 points

3 points
2 points
1 point

4 points
3 points
2 points
1 point

4 points
3 points
2 points
1 point

4 points
3 points
2 points
1 point

4 points
3 points
2 points
1 point

4 points
3 points
2 points
1 point

4 points
3 points
2 points
1 point

4 points
3 points
2 points
1 point

4 points

(Continued)
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Table 48.18
(Continued)
Requires special assistive device or is unsafe 3 points
Requires supervision or moderate assistance 2 points
Requires total assistance 1 point
Locomotion
Walks 50 meters without use of assistive device
Walks 50 meters but needs device or orthosis 4 points
If wheelchair, can maneuver at least 50 meters 3 points
Requires supervision or moderate assistance 2 points
Requires total assistance or cannot achieve 1 point
Stairs
Goes up and down one flight of stairs without support 4 points
Goes up and down one flight of stairs with device 3 points
Requires supervision or moderate assistance 2 points
Requires total assistance, cannot go up or down stairs 1 point
Comprehension of language
Comprehends spoken or written conversation 4 points
Has difficulty with spoken or written conversation 3 points
Does not follow conversation without cues or assistance 2 points
Does not follow spoken or written conversation 1 point
Expression of language
Expresses complex ideas intelligibly and fluently 4 points
Expresses complex ideas with difficulty but communicates basic 3 points
wants and needs
Expresses thoughts in confused pattern or needs assistance 2 points
Does not express basic needs or wants 1 point
Social interaction
Interacts appropriately with family and other people 4 points
Participates appropriately in structured situations 3 points
Unpredictable or uncooperative behavior 2 points
Does not function in a group or family setting 1 point
Problem solving
Able to apply knowledge, to initiate and carry out task 4 points
Has difficulty in initiating or self-correcting 3 points
Needs help of another person to complete task 2 points
Does not solve problems 1 point
Memory
Recognizes people and remembers daily routines easily 4 points
Has some difficulty with memory, has self-initiated cues 3 points
Requires prompting from another person for memory 2 points
Does not recognize other people or remember routines 1 point

The BI has been used as a functional outcome mea-
sure in several clinical trials, including the NINDS
trial of rtPA (National Institute of Neurological Disor-
ders and Stroke rtPA Stroke Study Group, 1995; Pub-
lications Committee for the Trial of ORG 10172 in
Acute Stroke Treatment [TOAST] Investigators,
1998). Some trials have been designed with the BI as
the primary outcome measure. Because of its ceiling
effect and because it may miss important behavioral or
cognitive sequelae of stroke, it probably is not the best
method for measuring responses to treatment in large
clinical trials, but due to its simplicity and the impor-

tance of the resulting scores, the BI is widely recognized
by physicians treating patients with stroke. The BI will
remain an important adjunctive rating instrument for
trials testing promising therapies for stroke.

Several global outcome scales rank patient handi-
cap (participation dimension) into one of a limited
number of categories. The best of these scales are brief
with a few well-demarcated choices. The most fre-
quently used measures are the Glasgow Outcome
Scale (GOS) and the Rankin Scale, which is now
widely used in a modified version (mRS) (Rankin,
1957; Jennett and Bond, 1975). Other scales also have
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Table 48.19
Barthel index

Area assessed Dependent Partial Independent
Feeding/eating 0 5 10
Chair/bed transfers 0 5/10 15
Grooming 0 0 5
Toilet transfers 0 5 10
Bathing 0 0 5
Walking 0 5/10 15
Climbing stairs 0 5 10
Dressing 0 5 10
Bowel control 0 5 10
Bladder control 0 5 10

been proposed (Wahlgren et al., 1995; Essink-Bot
et al., 1997). The advantages of these global outcome
measures include high reproducibility and widesp-
read familiarity among stroke physicians. On the other
hand, the definitions for these scores are rather arbitrary
and some difficulty in achieving high inter-rater agree-
ment can be found when physicians deal with those
patients who have minimal residuals from their stroke.
The GOS was developed as a companion to the GCS
and was oriented to the assessment of outcomes among
patients with craniocerebral trauma (Jennett and Bond,
1975; Teasdale et al., 1998) (Table 48.20). Among raters
taught the nuances for determining each grade, the GOS
has acceptable inter-observer reliability (x = 0.62) and
intra-observer reproducibility (x = 0.75) (Teasdale
etal., 1978). Differentiating between a score of 2 (moder-
ate disability) and 3 (severe disability) has been

Table 48.20

Glasgow Outcome Scale

5 points Good recovery

(a) Full recovery without symptoms or signs

(b) Capable of resuming normal activities,
minor complaints

Moderate disability, independent but disabled

(a) Signs present, can resume most former
activities

(b) Independent in activities of daily living,
cannot resume previous activities

Severe disability, conscious but dependent

(a) Partial independence in activities of daily
living, cannot return to previous
activities

(b) Total or almost total dependency for
activities of daily living

Vegetative state

Death

4 points

3 points

2 points
1 point

problematic. The GOS has been used in clinical trials
testing interventions to treat ischemic stroke (Wahlgren
et al., 1995; Publications Committee for the Trial of
ORG 10172 in Acute Stroke Treatment [TOAST] Inves-
tigators, 1998; Yamaguchi et al., 1998; Tirilazad Interna-
tional Steering Committee, 2000). It also has been used as
a rating instrument in clinical trials testing interventions
for management of subarachnoid hemorrhage (Kassell
etal., 1990; Haley et al., 1993b). While the GOS remains
an important measure of outcome following acute brain
injury, it substantially duplicates the information of the
mRS. Because the mRS is more geared towards the
assessment of patients with stroke, it has replaced the
GOS as an outcome measure in most clinical trials in
stroke.

The mRS was developed in 1957 to assess the extent
of handicap (participation dimension) following stroke
(Rankin, 1957). Subsequently, it was modified to
expand the scale to 6 categories (0-5) (van Swieten
et al., 1988) (Table 48.21). In order to receive a score
of 0, a patient must have no symptoms from the stroke.
This definition presents a problem because even though
a patient may enjoy an excellent recovery, a patient
with residual but minimal symptoms cannot achieve a
score of 0. The definition also means that the score of
1 covers a wide spectrum of patients. On the other hand,
the mRS does consider behavioral and cognitive seque-
lae of stroke as factors in rating outcomes. The mRS
has moderate-to-excellent inter-rater agreement (Bonita
and Beaglehole, 1988; van Swieten et al., 1988; Broder-
ick et al., 2000). Training enhances the reliability of the
instrument (Broderick et al., 2000). The mRS appears to
be more powerful than the BI and other scales as a pri-
mary measure of success of interventions being tested
in stroke trials (Young et al., 2003, 2005a; Weir et al.,
2004). As a result, the mRS has been used as a primary
outcome measure in clinical trials testing therapies for
stroke (Abciximab in Ischemic Stroke Investigators,
2000; Abciximab Emergent Stroke Treatment Trial
[AbESTT] Investigators, 2005).

Table 48.21
Modified Rankin Scale

Score Impairments

0 No symptoms at all

1 No disability despite symptoms

2 Slight disability but does not require assistance
3 Moderate disability but can walk

4 Moderately severe disability

5 Severe disability, often bedridden

6 Dead
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Global outcome measures such as the mRS are
increasingly popular endpoints for clinical trials test-
ing therapies for stroke, for several reasons (Wilson
et al., 2002; Young et al., 2003, 2005a; Weir et al.,
2004). Generally, agreement among observers is
increased when the scales offer few choices. Close
agreement means that the endpoint shows less obser-
ver variation and the required sample size for the trial
to demonstrate an effect can be reduced (Young et al.,
2005a). Because the global outcome scales are rela-
tively simple and do include some lumping of patients
with a variety of neurological sequelae together into a
group, some skilled clinicians find these rating instru-
ments to be a problem because they do not properly
describe an individual patient. This criticism is valid
in that the score of mRS for one patient is fairly crude.
However, the power of these rating instruments
derives from their use in larger groups of patients.
The problem with a detailed scoring system is that it
assesses a large number of variables and creates large
numbers of subgroups. As a result, such scoring may
be accurate for an individual patient performed by an
individual physician but it will not be appropriate for
larger groups, such as those enrolled in a clinical trial.
The differences in the scoring among physicians
become a problem and inter-observer variations will
significantly weaken the results of the trial (Shinar
et al., 1985). The nuances and scoring of simple scales
may be taught to many raters of varying backgrounds,
something that more complex rating instruments can-
not achieve. Thus, the simpler the scale, the more
accurate the aggregate data become. A simple outcome
scale is more sensitive to subtle changes within
groups. This phenomenon is true even though a
detailed scale might provide a clear description of
the status of a single patient.

48.2.7. Assessment of quality of life

Since 1948, when the World Health Organization
(WHO) defined health as both the absence of disease
and infirmity and the presence of physical, mental,
and social well-being there has been increasing aca-
demic and clinical interest in the quality of life of
patients and the best ways to assess this outcome
(Testa and Simonson, 1996). The phrase “quality of
life” is part of everyday speech and includes an almost
infinite number of concepts. For some healthcare pro-
fessionals, it translates to the word happiness (McKevitt
et al., 2003). However, quality of life probably covers
many more areas of functioning. Mayo et al. (2002)
found that many stroke survivors complain of a lack of
meaningful activity, depression, boredom, and a poor
quality of health. The term health-related quality of life
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(HRQL) refers to the physical, psychological, social,
and health domains and are viewed as distinct areas that
are influenced by a person’s experiences, beliefs, expec-
tations, and perceptions (Ophoff et al., 2001). The
HRQL is more easily defined than quality of life. HRQL
is influenced heavily by the way patients perceive and
react to their health status and to other non-medical
aspects of their lives (Testa and Simonson, 1996; Smout
et al., 2001).

Despite years of investigation and several attempts
to develop rigorous measures of quality of life, such
assessments have yet to prove useful in either outcome
research or assessment of health technology (Testa and
Simonson, 1996; Smout et al., 2001; De Haan, 2002;
Buck et al., 2004). Such limitations are particularly
true when HRQL measures are used in studies of per-
sons surviving stroke. Despite the lack of rigorous
measures, there is ample evidence that the quality of
life of stroke survivors is not satisfactory (Lawrence
and Christie, 1979; Kappelle et al., 1994; Duncan
et al.,, 1997; Parker et al.,, 1997; Mayo et al., 2002;
Sturm et al., 2004b). Not surprisingly, the severity of
stroke is a strong predictor of subsequent quality of
life (Tengs and Luistro, 2001; Sturm et al., 2004a).
Stroke is a life-changing experience for the patient
and the family, so most measures of quality of life will
report worsening following a cerebrovascular event
and a survey of quality of life will detect these pro-
blems (Bluvol and Ford-Gilboe, 2004). The reduction
of quality of life is found among persons of all age
groups and regardless of the cause of stroke. Both phy-
sical and psychosocial aspects of the quality of life are
affected by stroke (Kauhanen et al., 2000). Because
the perceptions of quality of life for individuals differ
considerably, population ratings of quality of life may
not be valid for each affected person (McPherson
et al., 2004). The real issue is whether any of the current
measurements of quality of life can prove to be useful
in the setting of an acute stroke trial and whether
specific interventions can improve perceived HRQL.

Several assessment scales have been developed in
response to the growing appreciation of HRQL and
in recognition that no scale properly measures the
desire to describe the many factors that are encom-
passed by the term quality of life (Tables 48.21 and
48.22). Designers of these scales have tried to cover
each objective and subjective component (symptom,
condition, or social role) that is important for affected
persons and that could be affected positively or nega-
tively by interventions (Testa and Simonson, 1996).
A scale that meets this criterion is said to have good
coverage. To prove useful, the HRQL instruments
must have the same vigorous testing as the acute
stroke and outcome scales (De Haan et al., 1993;
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Table 48.22
Short Form Health Survey (SF—36)

Physical health

Physical
functioning
Limited doing vigorous activities
Limited doing moderate activities
Limited lifting or carrying groceries
Limited climbing several flights of stairs
Limited climbing one flight of stairs
Limited bending, kneeling, or stooping
Limited walking more than one mile
Limited walking one-half mile
Limited walking 100 yards
Limited bathing or dressing
Role—physical
Cut down amount of time spent on work
Accomplished less than would like
Limited in the kind of work
Difficulty performing the work
Bodily pain
Pain—magnitude
Pain—interference with work
General health
Overall rating of general health
I seem to get sick easier than others
I am as healthy as anyone I know
I expect my health to get work
My health is excellent
Mental health
Vitality
Did you feel full of life?
Did you have a lot of energy?
Did you feel worn out?
Did you feel tired?
Social functioning
Extent of limitations
Time of limitations
Role—emotional
Cut down time spent working
Accomplished less than would like
Did not work as carefully as usual
Mental health
Have you been a nervous person?
Have you felt down in the dumps?
Have you felt calm and peaceful?
Have you felt downhearted and low?
Have you been a happy person?

De Haan, 2002; Buck et al., 2004). Unfortunately, for-
mal studies testing the validity, reliability, sensitivity,
and efficacy of these instruments are few. In addition,
many of the measures of quality of life are influenced
by family and living situation. Because many patients

need the assistance of others, the responses of the
family members also affect measures of quality of life
(Smout et al., 2001; Bluvol and Ford-Gilboe, 2004; Li
et al., 2004).

Many HRQL scales have been developed to assess
patients with specific diseases such as heart disease,
cancer, or rheumatologic disorders. Some stroke-
specific instruments have been developed but have
not yet been fully validated (Hamedani et al., 2001;
Sturm et al., 2002, 2004b; Buck et al., 2004; Doyle
et al., 2004; Fernandez-Concepcion et al., 2004; Muus
et al., 2007). Thus, HRQL measurements for patients
with stroke are often determined using one of the gen-
eral instruments (De Haan, 2002; Buck et al., 2004).
These scales include the Nottingham Health Profile
(NHP) (Essink-Bot et al., 1997; Fjaertoft et al.,
2004), the Medical Outcomes Short Form-36 (MOS
SF-36) (Hobart et al., 2002), Short Form-12 (SF-12)
(Bohannon et al., 2004a,b) and the Sickness Impact
Profile (Bergner et al., 1981) (Table 48.22). Hobart
et al. (2002) found that five of the eight scales in the
SF-36 had limited validity in assessing quality of life
among survivors of stroke. They doubted that the SF-
36 was a useful rating instrument for clinical trials in
stroke. Suenkeler et al. (2002) found that the measures
of quality of life as assessed by the SF-36 continued to
deteriorate during the first year following stroke. Both
global and domain-specific measures worsened.

The Stroke-Specific Quality of Life scale (SS-
QOL) includes measures to assess impairments from
stroke, including language deficits (Williams et al.,
1999; Hilari and Byng, 2001; Hilari et al., 2003;
Muus and Ringsberg, 2005). Tests of the SS-QOL
demonstrated that good scores were associated with
lower NIHSS scores, less depression and higher BI
scores (Williams et al., 1999). The Stroke and Apha-
sia Quality of Life Scale-39 (SAQOL-39) includes
testing in physical, psychosocial, communication,
and energy domains (Hilari and Byng, 2001). It
seems to have reasonable acceptability, internal con-
sistency, test—retest reliability and construct validity.
This promising tool needs further testing. Another
scale has been developed to assess quality of life
among young adults who have had hemorrhagic
stroke (Hamedani et al., 2001). This scale has not
been implemented widely. The Stroke Impact Scale
(SIS) was designed to assess the effects of stroke
from the patient’s perspective (Kasner, 2006). The
SIS was used as a secondary outcome-rating instru-
ment in a trial of a glycine antagonist for treatment of
stroke (Duncan et al., 2003a,b). The investigators
report that the SIS is valid and that the domain scores
differentiated patients into multiple groups. They
found that the measures of activities of daily living,
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mobility, composite physical and participation
domains were the most robust, with the composite phy-
sical domain being the most effective in differentiating
function among stroke survivors. In a comparison with
the SF-36, the SIS seemed to do better in capturing
physical functioning and social well-being among
survivors of stroke (Lai et al., 2003).

British researchers used two simple questions to
determine quality of life following stroke (Dorman
et al., 2005). These researchers found this approach
to have excellent face validity but other groups have
not adopted this minimalist strategy. Although less
commonly used, another HQRL scale that is
employed in the evaluation of patients with stroke
is the Health Utilities Index (Feeny et al., 1995;
Grootendorst et al., 2000). Each of the scales has
been shown to be feasible in selected patients with
stroke. In a meta-analysis of the quality of life esti-
mates for stroke, investigators found that the sever-
ity of the stroke and bounds of the individual scale
were significant predictors of quality of life (Tengs
and Lin, 2003).

However, there is doubt that these scales can pro-
vide meaningful data that are useful in clinical trials
(Mathias et al., 1997; Tengs and Luistro, 2001).
Pickard et al. (2005) concluded that the selection
of measures of any HRQL scale depends upon the
goals of the study and the specific aim of any inter-
vention being tested. Tengs and Luistro (2001) con-
cluded that quality of life estimates for stroke vary
considerably and that they are not determined in
good fashion. Additional development of reasonable
measures of quality of life after stroke is needed
(Golomb et al., 2001). These tools need to meet the
same strict criteria that are imposed for other rating
instruments. While some flexibility in scoring might
be needed to emphasize different domains of life for
different patients, some commonality will be needed
for the subsequent scores to be useful for researchers
or clinicians.
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Imaging of brain parenchyma in stroke
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49.1. Background: why image an acute
stroke patient?

The central premise of acute stroke treatment is to res-
cue the ischemic penumbra. When a cerebral artery is
occluded, a core of brain tissue dies rapidly. Surround-
ing this infarct core is an area of brain that is hypoper-
fused but does not die quickly, due to collateral blood
flow. This area is called the ischemic penumbra (Astrup
et al., 1981; Hossmann, 1983, 1994). The fate of the
penumbra depends upon reperfusion of the ischemic
brain. In the case of persistent arterial occlusion, the
infarct core will grow and progressively replace the
penumbra. In the case of early recanalization, either
spontaneous or resulting from thrombolysis, the penum-
bra will be salvaged from infarction (Read et al., 2000).
The presence and extent of the ischemic penumbra
is time-dependent, but is also paticularly patient-
dependent. Indeed, from patient to patient, survival
of the penumbra can vary from less than 3 hours to
well beyond 48 hours. Ninety to one-hundred percent
of patients with supratentorial arterial occlusion show
ischemic penumbra in the first 3 hours of a stroke,
but interestingly enough 75-80% of patients still have
penumbral tissue 6 hours after stroke onset (Darby
et al., 1999; Read et al., 2000; Hacke et al., 2004).
The relatively negative results to date of thromboly-
sis trials between 3 and 6 hours (Hacke et al., 2004), in
spite of the high percentage of patients with penumbra
within this time window, relates to the fact that these
trials did not use any method of penumbral imaging
to select patients for therapy, despite penumbra being
the target for treatment. Thus, a tissue clock, where
both the extents of infarct and penumbra are deter-
mined, would seem an ideal guide to patient selection

for thrombolysis, rather than a rigid time window, as
in the current thrombolysis guidelines (Donnan and
Davis, 2002). Extension of the therapeutic window
beyond 3 hours could substantially increase the num-
ber of patients able to receive thrombolysis. However,
for this to occur with improved outcomes, a rapid and
accessible neuroimaging technique able to assess the
ischemic penumbra is required (Kaste, 2004).

49.2. Stroke MRI

The advent of new MRI techniques such as diffusion-
weighted imaging (DWI) and perfusion-MRI (perfusion
“weighted” imaging, PWI) imaging in the early 1990s
added a new dimension to diagnostic imaging in stroke
(Moseley et al., 1990). In the late 1990s improved gradi-
ent hardware that was needed for echo planar imaging
was implemented in clinical MRI scanners. Deep brain
ischemia leads to a shortage of metabolites, causing a
Na /K™ channel failure in each ischemic cell. This mem-
brane channel failure causes a subsequent cytotoxic
edema. Without any net water uptake in the affected brain
the tissue water content remains unchanged and therefore
x-ray attenuation does not change. During this early stage
non-contrast CT does not show any changes in tissue con-
trast. Cytotoxic edema leads to a narrowing of the extra-
cellular matrix and thus to a reduction of Brownian
molecular motion in the extracellular space. This phe-
nomenon can be measured with DWI. It was first
described in 1965 and it can be measured quantitatively
in the form of the apparent diffusion coefficient (ADC)
(Stejskal and Tanner, 1965).

Kucinski and coworkers presented clinical data from
ischemic stroke patients who were imaged with CT
and DWI. They measured ADC and x-ray attenuation
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changes in infarcted tissue (Kucinski et al., 2002). In a
cohort of 25 patients they observed mean ADC changes
of 170 x 10~°mm?/s in the infarcted tissue 1.3—5.4 hours
after symptom onset. This ADC decrease caused a strong
contrast between infarcted and unaffected brain tissue
(ADC 803 x 10 °mm?/s) on DWL. In contrast to the
ADC changes, Kucinski observed a time-dependent
x-ray attenuation decrease of 0.4 HU/hour. Based on
these data CT appears to be less sensitive for early brain
infarction compared to DWI.

A stroke MRI protocol consists of T2-, T2*-, diffu-
sion- and perfusion- weighted images and magnetic
resonance angiography (MRA). On T2-weighted and
FLAIR images ischemic infarction appears as a hyper-
intense lesion seen at the earliest 68 hours after stroke
onset (Mohr et al., 1995).

DWTI allows the demonstration of ischemic tissue
changes within minutes after vessel occlusion with a
reduction of the ADC (Mohr et al., 1995). A net shift
of extracellular water into the intracellular compart-
ment (cytotoxic edema) with a consecutive reduction
of free water diffusion is the main underlying mechan-
ism for the ADC decrease (Rother et al., 1999). DWI
leads to a significantly improved detection of early
infarction compared to CT (91% versus 64%) (Fiebach
et al., 2002; Saur et al., 2003).

PWI allows the measurement of capillary perfusion
of the brain. The contrast bolus passage causes a non-
linear signal decrease in proportion to the perfused
cerebral blood volume. It is not yet clear which PWI
parameter gives the optimum approximation to critical
hypoperfusion and allows us to differentiate infarct
from penumbra and penumbra from oligemia (Rosen
et al., 1990). Most authors, however, agree that in clin-
ical practice mean transit time gives the best results.
Calculation of the quantitative cerebral blood flow
requires knowledge of the arterial input function,
which in clinical practice is estimated from a major
artery such as the middle cerebral or internal carotid
artery. Thijs et al. (2004) evaluated the impact of dif-
ferent arterial input function (AIF) measured at 4 dif-
ferent locations in 13 ischemic stroke patients. The
curves of AIF were measured near both middle cere-
bral arteries, in branches adjacent to the largest DWI
abnormality and in the contralateral tissue to the
DWI lesion. The largest PWI lesion was measured
based on the AIF of the unaffected middle cerebral
artery. The other three AIFs led to an underestimation
of the infarct size on follow-up images.

The attempt to differentiate infarction from penum-
bra by imaging techniques was made by introducing
DWI and PWI into the clinical setting. Using a simpli-
fied approach it has been hypothesized that DWI more
or less reflects the irreversibly damaged infarct and
PWI the complete area of hypoperfusion (Jansen
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et al., 1999). The volume difference in between these
two (termed the PWI/DWI-mismatch; i.e. PWI- minus
DWI-volume) would therefore be the stroke MRI cor-
relate of the ischemic penumbra (Fig. 49.1). On the
other hand, if there is no difference in PWI and DWI
volumes or even a negative difference (PWI < DWI)
this is termed a PWI/DWI-match (Fig. 49.2) and,
according to the model, equivalent to a patient who
does not have penumbral tissue because of normaliza-
tion of prior hypoperfusion or completion of infarction
and total loss of penumbra (Parsons et al., 2002;
Schellinger et al., 2003). One criticism is that this
model does not take into account that the PWI lesion
also assesses areas of oligemia which are not in danger
and that DWI abnormalities do not necessarily turn
into infarction (Kidwell et al., 2003).

Fiehler and coworkers analyzed the frequency
of ADC normalization in 68 acute stroke patients:
19.7 % of their cohort had ADC normalization in more
than 5 ml brain tissue. In those patients imaged within
3 hours after symptom onset, ADC normalization was
seen in 35.5% while in patients imaged between 3 and
6 hours it was 7.5%. ADC normalization was predomi-
nantly seen in the basal ganglia and white matter in
patients with distally located vessel occlusions and it
was associated with a trend towards a better clinical
outcome (Fiehler et al., 2004).

Thus, patients presenting with a PWI/DWI match
within 3 hours after symptom onset might have salvage-
able tissue at risk and would benefit from fibrinolysis.
However, it is still not known whether the absence of
hyperintensities on follow-up T2-weighted images indi-
cates neuronal integrity in humans. DelLaPaz et al.
(1991) and Li et al. (2000) observed neuronal damage
in histological examinations of tissue showing ADC
normalization after reperfusion in a rat stroke model).

Stroke MRI was investigated under clinical routine
setting. Based on an open, non-randomized patient
cohort of 139 patients treated at 6 different academic
hospitals, Rother et al. (2002) compared the results of
76 recombinant tissue plasminogen activator (rtPA)
treated patients with 63 control subjects. Presenting
with a slightly more severe stroke score, similar DWI
lesions, and larger mismatch ratios, the treated patients
showed early vessel recanalization more frequently
and had better clinical outcome after 90 days (Rother
et al., 2002).

The recently published DIAS and DEDAS trials
(Desmoteplase in acute stroke) used a new fibrinoly-
tic drug similar to a peptide from the saliva of Des-
modus rotundus, a bat vampire. Patient screening
was based on clinical examination, medical history
and guided by Stroke-MRI. Only patients presenting
a clear DWI/PWI mismatch were randomized. Those
patients that received placebo or ineffective dosage
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Fig. 49.1. Patient presenting 3.5 hours after symptom onset with aphasia and right hemiparesis. There is distal occlusion of
the internal carotid artery and proximal middle cerebral artery occlusion on the left (upper left). On T2-weighted images
(upper right) mild hyperintensity is seen in the deep left frontal white matter. The DWI abnormality is much more prominent
(lower left). The PWI shows disturbed perfusion in the entire left middle cerebral artery territory (lower right). Following
intravenous thrombolysis, the middle cerebral artery became patent again. The final infarction was slightly larger than the

DWI abnormality. The neurologic symptoms improved.

showed a low recanalization rate and an unfavorable
outcome. In patients who achieved an early vessel reca-
nalization and a reperfusion of penumbra tissue a signif-
icant clinical benefit was observed and 60% of the
patients from the most effective dose tier had an excel-
lent clinical outcome (Hacke et al., 2005). In the DIAS
2 study, patients were enrolled based on a mismatch
diagnosed either by MR (PWI/DWI) or perfusion com-
puted tomography (PCT). Intention-to-treat analysis
found no significant difference between the groups in
clinical response rates, with numbers that contrasted
sharply with their previous findings with this agent in
the DIAS and DEDAS trials. Clinical response rate
was 46.0% in the placebo group, 47.4% in the 90 pg/
kg group, and 36.4% in the 125 pg/kg group.
Hyperacute stroke imaging demands the differentia-
tion between ischemic stroke and intracranial hemor-
rhage, which is impossible by clinical means only. The
diagnosis of intracranial hemorrhage is still only possible
with CT. The need to perform both CT for exclusion of
ICH and stroke MRI to guide therapeutic efforts is

time-consuming, and medico-economically questionable
(Powers and Zivin, 1998). The appearance of intracranial
hemorrhage at MRI depends primarily on the age of the
hematoma and the type of magnetic resonance contrast.
The key substrate for early MRI visualization of hemor-
rhage is deoxyhemoglobin, a blood degradation product
with paramagnetic properties due to unpaired electrons.
The typical appearance of intracranial hemorrhage on
MRI images was a heterogeneous focal lesion. With
increasing susceptibility weight, the central area of
hypointensity became more pronounced. On T2*-
weighted images, few if any areas of hyperintensity are
visible in the lesion core, which is surrounded by a
hypointense rim. There is a surrounding hyperintensity
on T2-weighted and T2*-weighted images (hypointense
on T1-weighted images) that represents perifocal vaso-
genic edema. One randomized, blinded prospective mul-
ticenter trial recently investigated the role of stroke MRI
in intracranial hemorrhage (Fiebach et al., 2004).
Images from 62 intracranial hemorrhage patients and
62 non-hemorrhagic stroke patients all imaged within
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Fig. 49.2. Four hours after acute onset of motor aphasia and right-sided hemiparesis MRA findings and T2-weighted images
are normal (upper left and right), although MRA as part of a fast stroke MRI protocol does not allow the evaluation of the M3
and M4 segments reliably. A mild cortical hyperintensity at Broca’s region and the corona radiata is visible on DWI. The per-
fusion disturbance is of about the same size as the DWI abnormality. As there is no mismatch and thus no “tissue at risk”

(lower left and right), thrombolysis is not indicated.

the first 6 hours after symptom onset (mean 3 hours
18 min) and were analyzed after randomization for the
order of presentation. The size of intracranial hemor-
rhage ranged from 1-101.5 ml (mean 17.3 ml). Three
readers experienced in stroke imaging and three final-
year medical students each separately evaluated sets
of diffusion-, T2- and T2*-weighted images unaware
of clinical details. The experienced readers identified
intracranial hemorrhage with 100% sensitivity (confi-
dence interval: 97.1-100%) and a 100% overall accu-
racy. The medical students achieved a mean
sensitivity of 95.16% (90.32-98.39%). Thus hypera-
cute intracranial hemorrhage is detectable with excel-
lent accuracy even if the raters have only limited
experience.

49.3. Stroke CT

A modern CT survey, including non-contrast CT
(NCT), perfusion-CT (PCT), and CT-angiography

(CTA) (Nabavi et al., 2002; Konig, 2003; Tomandl
et al., 2003; Wintermark and Bogousslavsky, 2003)
fulfills all the requirements for hyperacute stroke ima-
ging (Latchaw et al., 2003).

NCT has classically been used as the standard
initial imaging examination for acute stroke patients
because of its convenience and its high sensitivity
for the detection of intracranial hemorrhage, which
represents an absolute contra-indication to thrombo-
lytic therapy. Occasionally, NCT can provide infor-
mation supportive of the diagnosis of evolving
infarction (e.g. the hyperdense artery sign, indicating
arterial thrombus), even when ischemic changes in
the brain parenchyma such as hypodensity are not
visible. Unfortunately, NCT provides solely anatomi-
cal—and not physiological—information and has
thus very low sensitivity for acute stroke detection
(Barber et al., 1999; Symons et al., 2002).

There exists sensitive—and specific—functional CT
imaging, encompassing CTA and PCT (Fig. 49.3),
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Fig. 49.3. Modern CT survey in a 62-year-old male patient admitted in our emergency room with a left hemisyndrome, includ-
ing (A) perfusion-CT and (B-E) CT-angiography (CTA). (A) From the perfusion-CT raw data (first line), three parametric
maps can be extracted, relating to mean transit time (MTT, second line), regional cerebral blood flow (rCBF, third line) and
regional cerebral blood volume (rCBV, fourth line), respectively. Application of the concept of cerebral vascular autoregulation
leads to a prognostic map (fifth line), describing the infarct in red and the penumbra in green, the latter being the target of
thrombolytic drugs. (B,C) CTA affords identification of the origin of the hemodynamic disturbance demonstrated by
perfusion-CT. In the present patient, it relates to an occlusion at the right M1-M2 junction (arrows). (D,E) Finally, CTA fea-
tures bilateral calcified atheromatous plaques at both carotid bifurcations (arrowheads).

which provides complementary information about ves-
sel patency and the hemodynamic repercussions of a
possible vessel occlusion, respectively. PCT and CTA
can be obtained immediately after NCT, during the
same CT examination, obviating moving the patient to
another imaging device for physiological information
needed for making treatment decisions. The total dura-
tion of an NCT, two series of PCT, and a CTA is around
10 min (Wintermark and Bogousslavsky, 2003).

PCT imaging, using standard nonionic iodinated
contrast, relies on the speed of modern helical CT scan-
ners, which can sequentially trace the entry and washout
of a bolus of contrast injected into an arm vein through
an IV line (Eastwood et al., 2003). The relationship
between contrast concentration and signal intensity
of CT data is linear. Thereby, analysis of the signal

intensity increasing then decreasing during the passage
of the contrast provides information about brain perfu-
sion. More specifically, PCT description of brain perfu-
sion consists of three types of parametric maps, relating
to regional cerebral blood volume (rCBV), mean transit
time (MTT), and regional cerebral blood flow (rCBF),
respectively. rCBV reflects the blood content of each
pixel, MTT designates the average time required by a
bolus of blood to cross the capillary network in each
pixel, and rCBF relates to the amount of blood flowing
through each pixel during a time interval of 1 minute
(Wintermark et al., 2001; Eastwood et al., 2003).
Recently, CBF values from PCT imaging have been
shown to be highly accurate in humans when compared
to the gold standard, positron emission tomography
(Kudo et al., 2003).
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By combining MTT and rCBV results, PCT has
the ability to reliably identify the ischemic reversi-
ble penumbra and the irretrievable infarct core in acute
stroke patients, immediately on admission. In the
infarct core, both MTT and rCBV values are lowered,
whereas in the penumbra, cerebral vascular autoregu-
lation attempts to compensate for decreased rCBV by
a local vasodilatation, resulting in increased rCBV
values (Wintermark et al., 2002a,b). Commercial
PCT software currently allows real-time automatic cal-
culation of infarct and penumbra maps according to
the above-mentioned principles.

49.4. PCT/CTA or MRI: Which one?

CT and MRI provide similar information. As a remin-
der, the DWI lesion corresponds to the infarct core,
whereas the DWI-PWI mismatch is representative of
the ischemic penumbra (Rordorf et al., 1998). The
infarct core and the ischemic penumbra, as demon-
strated by DWI/PWI and PCT, respectively, are com-
parable (Fig. 49.4A-E) (Wintermark et al., 2002a,b).
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Similarly, CTA and MRA results are very much alike
(Fig. 49.3), but have respective advantages and draw-
backs to be considered in the special settings of acute
stroke.

Stroke MRI is still available only in a limited num-
ber of hospitals. Despite the advantages of stroke MRI
there are still doubts whether it is a safe approach in
severely affected patients and depending on each indi-
vidual setting it is hard to conduct stroke MRI without
losing too much time before treatment onset.

The main advantages are (1) direct visualization of
the full extent of infarction on DWI, and (2) whole
brain coverage can be achieved with PWI at a time
resolution of 1.4 seconds per frame, thus even small
but clinically relevant hypoperfusion can be visua-
lized. Visualization of the circle of Willis can be per-
formed within 3 minutes with a time-of-flight MR-
angiography. If a patient moves the head during image
acquisition a sequence can be easily repeated. No addi-
tional x-ray dosage or iodinated contrast agent is
needed and therefore no nephrotoxicity or relevant
allergic reactions are expected. In contrast to iodinated
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Fig. 49.4. (A) Admission perfusion-CT demonstrates mixed infarct and penumbra in the left sylvian territory in a patient with
a right hemisyndrome, whereas (B) CT angiography (CTA) relates it to an occlusion at the left M1-M2 junction (arrow). The
patient underwent intravenous thrombolysis and his clinical condition evolved favorably. Twenty-four hours after admission,
(D) follow-up CTA features a recanalization of the left sylvian artery, later confirmed on the (F) MR-angiography (MRA).
(C) Follow-up perfusion-CT shows an almost complete resolution of the penumbra, afforded by the early arterial recanaliza-
tion. The final perfusion-CT infarct has progressed in only a very limited fashion when compared to the admission
perfusion-CT infarct; its extent closely correlates with that of the abnormality on the (E) delayed DWI trace image.
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contrast media, MRI perfusion measurement does not
cause a feeling of heat and therefore movement arti-
facts are less likely during perfusion imaging. How-
ever, the control of vital signs and access to the
patient during the 10-minute scan procedure is limited
by the magnet. In addition, it takes some effort to train
staff and technicians to conduct stroke MRI in a short
period of time to establish an adequate work flow dur-
ing the hyperacute phase of ischemic stroke.

CT is often objected to without reason for its
use of x-rays and iodinated contrast material. How-
ever, the radiation dose involved in PCT imaging
is less than a conventional cerebral CT examination
(Wintermark et al., 2000) and no renal failure has
yet been reported following a PCT examination
(Smith et al., 2003).

Because of a limited spatial resolution, PCT cannot
detect small lacunas, whereas NCT is not as sensitive
to microbleeds as gradient-echo MRI. PCT has a lim-
ited spatial coverage (20—48 mm thickness). However,
the issue of spatial coverage will be addressed in the
near future through the development of larger multide-
tector CT scanners with greater arrays of elements.
Even at present, PCT has demonstrated 95% accuracy
in the delineation of the extent of supratentorial
strokes, despite its limited spatial coverage (Winter-
mark et al., 2005). PCT has also been demonstrated
as useful in the evaluation of vertebro-basilar ischemia
(Nagahori et al., 2004).

The low requirements for performing PCT/CTA
technology and its wide availability are keys to its
overtaking of MRI as the imaging method of choice
for acute stroke patients. Indeed, due to their relatively
low cost and utility in other areas of medicine, particu-
larly emergency medicine and trauma, CT scanners are
becoming very widely available and, as opposed to
MRYI, it is foreseeable that every major emergency cen-
ter will eventually be able to complete this form of
imaging within minutes of the patient presenting to
the emergency department.

Another major advantage of PCT over MRI relates
to its quantitative accuracy. MRI perfusion imaging
affords only a semiquantitative comparison of one
hemisphere with the other. Quantitative accuracy of
PCT makes it a potential surrogate marker to monitor
the efficiency of acute reperfusion therapy, which is
a decisive element when it comes to finding and vali-
dating new individualized therapeutical strategies for
acute stroke patients.

49.5. Conclusion

Both CT and MRI fulfill all the requirements for
hyperacute stroke imaging. CTA and MRA can define
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the occlusion site, depict arterial dissection, grade
collateral blood flow, and characterize atherosclerotic
disease. PCT and DWI/PWI accurately delineate the
infarct core and the ischemic penumbra. CT and MRI
both have their own advantages and drawbacks. The
selection of one over the other depends upon the
intrinsic characteristics pertaining to each imaging
technique, but also upon the settings and on the knowl-
edge and experience of the institutions’ staff.

Controversies regarding the superiority of either CT
or MRI technique for acute stroke imaging should not
obscure the ultimate goal, which is to increase the
availability and improve the efficiency of thrombolytic
therapy. From that standpoint, CT and MRI must be
considered as equivalent tools. Hopefully, using CT
and/or MRI to define new individualized strategies
for acute reperfusion will allow the number of acute
stroke patients benefiting from thrombolytic therapy
to be significantly increased.
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50.1. Computed tomography angiography

Remarkable advances in computed tomography (CT)
scanner technology over the last decade have enabled
CT angiography (CTA) to become the first-line imaging
study for a majority of neurovascular applications, most
notably those of acute stroke and subarachnoid hem-
orrhage. Indeed, at many centers, CTA has entirely
replaced catheter arteriography as the “gold standard”
for a growing number of clinical indications.

The increasing clinical impact of CTA over the past
decade can largely be attributed to the development of
helical scanners with increasing numbers of detector
rows. By acquiring numerous image slices simulta-
neously from a single rotating x-ray source, these
multidetector row CT (MDCT) scanners enable acqui-
sition of CTA with greatly increased speed and
quality. Given the dramatic increase in image slices
per study, as well as the challenges of depicting the
complex neurovasculature, three-dimensional (3D)
post-processing has become essential for diagnostic
review of CTA. Powerful tools for image manipulation
are utilized in stand-alone 3D workstations or are
increasingly incorporated into CT scanner consoles
and diagnostic review workstations (PACS, Picture
Archive and Communication System). CTA acquisi-
tion parameters and standardized 3D views are specifi-
cally tailored to best demonstrate the relevant
pathology for various CTA indications.

50.1.1. CTA fundamentals

50.1.1.1. Evolution of multi-detector row CT

The great CT advance in the early 1990s was from
step-and-shoot axial imaging to helical CT in which
an unbroken stream of data was acquired as an x-ray
source-and-detector combination spun continuously
around the patient (Flohr et al., 2004). While this
advance first enabled clinically useful volumetric ima-
ging, the subsequent introduction of scanners with
progressively more detector rows has enabled signifi-
cantly larger coverage in a shorter amount of time and
now true isotropic resolution (image voxels of compar-
able size in all three dimensions) (Hu et al., 2000). The
latest 16- and 64-slice CT units can scan entire vascular
territories in 15 to 30 seconds, well within the time
course of the dynamic administration of a single bolus
of intravenous contrast agent (Fox et al., 1998; Rydberg
et al., 1998). These capabilities are especially advanta-
geous for the challenging demands of new applications
in cardiac imaging and neurovascular CTA.

With MDCT, each channel of the detector array gen-
erates a separate helix of imaging data. The reconstruc-
tion algorithms that merge these data channels to create
MDCT image slices are complex and relate to the particu-
lar detector configuration (Taguchi and Aradate, 1998).
Depending upon the clinical indication, detector rows of
equal or varying thickness are activated in particular
combinations to produce a certain number of image slices

*Correspondence to: Stuart R Pomerantz, MGH Department of Neuroradiology & Neurointerventional Spine Service,
Massachusetts General Hospital, Instructor of Radiology, Harvard Medical School, Boston, MA 02114, USA. E-mail:
spomerantz@partners.org, Tel: +1-617-726-8320, Fax: +1-617-724-3338.
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of a given thickness and resolution. Thus, a 4-slice scan-
ner (i.e. able to acquire 4 image slices simultaneously)
actually may have up to 16 detector rows. Hence the con-
fusion of coexisting terminologies, with “multi-detector
row CT” (MDCT) and “multi-slice CT”” (MSCT) are both
correct descriptors for modern CT scanners (Flohr et al.,
2004). The total length of the detector array along the
long axis of the patient direction (z-axis) in 16-slice scan-
ners is typically 20 mm. The latest MDCT scanners can
acquire up to 64 image slices simultaneously with most
manufacturers utilizing a 40-mm-long array of 64 equally
sized detector rows.

50.1.1.2. Intravenous contrast issues in CTA

Nonionic CT contrast agents have been shown to be
generally safe, even in the setting of cerebral ischemia.
In an animal model of MCA stroke, no significant neu-
ronal toxicity from non-ionic contrast agents was
observed, even to already ischemic neurons (Kendell
and Pullicono, 1980; Doerfler et al., 1998). However,
some patients are at higher risk for contrast-induced
nephropathy (CIN) at baseline, especially those who
have diabetes, pre-existing renal dysfunction, or both.
Factors such as serum creatinine level and creatinine
clearance help determine whether iodinated contrast
can be safely administered. Creatinine clearance is an
easily calculated estimate of glomerular filtration rate
(GFR). It is recognized as more accurate than serum
creatinine for assessing renal function as it also takes
into account the patient’s body weight and gender
(Bettmann, 2004).

Multiple strategies to reduce the risk of CIN are
available. Since nephrotoxicity from contrast media
is dose-dependent (Morcos, 1998; Morcos et al.,
1999), CTA protocols are designed to use the least
amount of contrast possible. The use of denser contrast
agents and innovative strategies enabled by the latest
generation of power injectors may increasingly result
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in reduced contrast loads (Cademartiri et al., 2002).
Recently, Aspelin et al. (2003) demonstrated the
potential benefit of using an iso-osmolar agent, iodixanol,
in patients with diabetes and borderline renal function.
This agent, however, is more expensive and more viscous
at room temperature compared to standard nonionic
agents. Adequate pre- and post-procedure hydration is
considered by most experts to be the most important
factor in preventing CIN.

For those patients who are allergic to iodinated con-
trast media, premedication with antihistamines and
steroids can blunt the anaphylactoid response. In the
setting of an acute stroke, where there is insufficient
time to complete a course of steroid administration,
a gadolinium MR contrast agent may be used as a
clinically effective alternative for CT (Henson et al.,
2004). It should be noted that though the scans are
usually diagnostic (Fig. 50.1), peak vessel opacifica-
tion is much less than with iodinated contrast agents,
even at gadolinium doses several times higher than
typically used for MRI. Since gadolinium at these con-
centrations may theoretically be even more nephro-
toxic than iodinated contrast, gadolinium should be
used with caution when the contraindication to iodi-
nated contrast administration is renal insufficiency
rather than allergy.

50.1.2. CTA in specific neurovascular
clinical scenarios

50.1.2.1. CTA in stroke imaging

According to the National Stroke Association Website,
“stroke is our nation’s third leading cause of death,
killing nearly 160,000 Americans every year.” Death
or severe disability can be prevented or diminished if
thrombolytic treatment is administered within a short
time period after onset of embolic stroke. By helping
to rapidly identify intracranial thrombus, vascular ste-
nosis, and parenchymal ischemia, CTA in combination

Fig. 50.1. Gadolinium CTA performed in a patient with severe iodinated contrast allergy: Despite suboptimal vascular opaci-
fication relative to iodinated contrast (A), the diagnosis of a 1.9 cm left PCOM aneurysm is still clear (B).
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Fig. 50.2. Pitfalls in CTA imaging and post-processing: Streak artifact from undiluted inflowing contrast can obscure proximal
great vessel segments (A, arrow). “Pseudo-thrombus” appearance from incomplete contrast mixing of unopacified and opacified
blood can occur in the superior vena cava (B, arrow). “Pseudo-beading” artifact can occur due to superimposition of background
noise on poorly opacified vessels on maximum-intensity projection views (C). Thick atherosclerotic calcification overlying lumen
can preclude residual lumenal diameter measurement on maximum-intensity projection and volume-rendered (VR) views (D).

with CT perfusion (CTP) analysis has become a critical
part of the early management of such patients in many
institutions. A combined CTA/CTP study in patients sus-
pected of having embolic stroke facilitates their diagnosis
and, very importantly, the triage to appropriate therapy.
MRI techniques such as diffusion-weighted imaging
(DWI) and perfusion-weighted imaging (PWI) have also
revolutionized stroke imaging; DWI clearly delineating
infarcted brain tissue within minutes and PWI defining
areas of cerebral hypoperfusion (Rother, 2001). The
choice of whether to use CT or MR techniques may
depend on which modality is more readily available. At
least one study in acute stroke patients has demonstrated
equal accuracy of CTA and MRA for vessel delineation
and close to equal accuracy of CTA source image analy-
sis compared to DWI in determining infarct volumes
(Schramm et al., 2002). When both are available,
the modalities are complementary with CTA providing
excellent assessment of proximal and collateral vessel
status and DWI/PWI providing conspicuous identifi-
cation of the infarct core and whole brain perfusion
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analysis. In this section, we will focus on the rationale
and efficacy of a CTA/CTP imaging approach for acute
stroke and how such studies are acquired and analyzed.

50.1.2.2. “Time is brain”: rationale of CTA/CTP as
a triage tool for acute stroke

Typically, patients with acute ischemic stroke symptoms
undergo an unenhanced head CT scan as their first ima-
ging test in order to determine if contraindications to
thrombolytic treatment exist. Such contraindications
include hemorrhage (an absolute contraindication) or a
“large” parenchymal hypodensity. The hypodensity cor-
responds to already infarcted tissue. “Large” is defined
as greater than one-third of the vascular territory
(National Institute of Neurological Disorders and Stroke
rt-PA Stroke Study Group, 1995; Von Kummer et al.,
1997). However, findings of early infarction on unen-
hanced CT are often very subtle and may go undetected,
even by experienced physicians (Lev et al., 1999). Also,
unenhanced CT scanning alone, although of some value
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in predicting patients most likely to be harmed by throm-
bolysis, is of little value in predicting patients most likely
to benefit from thrombolysis, specifically those with
proximal large-vessel vascular occlusions.

Because unenhanced CT and clinical exam alone are
limited in their ability to detect large vessel thrombus,
CTA has become the first-line diagnostic test for patients
presenting with signs and symptoms of acute stroke at
many institutions. Due to the narrow time window avail-
able to initiate the thrombolytic agent, rapid triage is cru-
cial. Therefore, the rationale in the evaluation of an acute
stroke patient is to identify as quickly as possible those
patients who may benefit from IV or IA thrombolysis or
other acute stroke treatments. Importantly, CTA excludes
from treatment patients with stroke mimics such as com-
plex migraine and seizure. These patients will not benefit
from and may be harmed by such therapies.

Because helical CT scanners are less expensive and
more readily available at most hospital emergency
departments than MRI scanners, performing CTA/CTP
can be a quick and natural extension of the unenhanced
head CT exam—an exam that is routinely obtained as
part of the prethrombolysis workup at most institutions
(Lev and Nichols, 2000; Lev et al., 2001a,b). The addi-
tion of a CT angiographic study seldom adds more than
10 minutes of scanning time to that of the conventional
CT examination. Required post-processing can typi-
cally be performed in minutes, during which time the
patient could be prepared for thrombolysis, should the
decision to proceed with treatment be made (Koroshetz
and Gonzales, 1999; Lev et al., 2001a).

50.1.2.3. CTA, CTA source images, and CTP: stroke
detection and prognosis

Multiple studies have confirmed the ability of CTA to
reliably detect large-vessel intravascular clot with an
accuracy approaching 99% (Knauth et al., 1997; Shrier
et al., 1997; Wildermuth et al., 1998; Lev et al., 2001a)
(Fig. 50.3A). CTA has also been shown to be useful
for the evaluation of collateral circulation distal to an
occlusion, as well as for improving the conspicuity of
acute cerebral ischemia (Barest et al., 1997; Ponzo
et al., 1998). CTA has been shown to have higher sen-
sitivity and less inter-operator variability than mag-
netic resonance angiography (MRA) for intracranial
steno-occlusive disease and was found superior even
to digital subtraction angiography (DSA) for detecting
posterior-circulation involvement when slow flow is
present (Bash et al., 2005). Since CTA through the
neck is included in the CTA evaluation of patients
with acute stroke, an embolic source of infarct, such
as thrombus or occlusion at the carotid bifurcation,
can often be identified (Fig. 50.3C,D).
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CTA can also be used for risk stratification and
prognosis. Among patients treated with intravenous
tissue plasminogen activator (tPA), those who had
patent vasculature or only occult distal occlusion on
pretreatment CTA had better prognosis characterized
by fewer hemorrhages, better National Institutes of
Health (NIH) Stroke Scale score, and better early
improvement (Sims et al., 2005). Risk stratification
can also be accomplished by evaluating the parench-
yma on CTA source images. Assuming an approxi-
mate steady-state level of contrast enhancement
during scan acquisition, the source images from the
CTA dataset can be considered whole-brain perfused
blood volume images, generally referred to as “CTA
source images” or CTA-SI. Hypodensity on CTA-SI helps
facilitate detection of subtle parenchymal ischemic
changes associated with distal embolic occlusions
(Lev and Nichols, 2000) and can be used for risk strati-
fication (Fig. 50.3B). A recent retrospective study from
our institution has positively correlated the degree of
parenchymal hypoattenuation on initial CTA source
images with likelihood of hemorrhagic transformation
and poor clinical outcome after intra-arterial reperfu-
sion therapy (Schwamm et al., 2005).

Following CTA-SI, a dedicated CTP study acquisition
can be acquired using the first-pass cine slab technique.
Following very rapid bolus infusion of contrast material
(~7 cm?/second), image slices are acquired once per sec-
ond over a total period of 45-60 seconds. This time per-
iod is sufficient to track the first pass of the contrast
bolus through the intracranial vasculature without recir-
culation effects. More coverage with a second cine-CTP
slab may be accomplished if renal function and total con-
trast dose limitations permit a second bolus injection.
Following acquisition, cine-CTP images are processed
into maps of cerebral blood flow, cerebral blood volume,
and mean transit time. These maps help outline the region
of “ischemic penumbra,” which is understood as
the abnormally perfused tissue surrounding a core of in-
farcted tissue. The penumbra, though potentially viable,
is felt to be at risk for imminent infarction and may ben-
efit from thrombolysis (Fig. 50.4). Alternatively, CTP
maps may indicate that all or a large majority of the
abnormally perfused tissue is already inevitably progres-
sing to infarction. In this situation, initiating thrombolytic
treatment could significantly worsen the outcome by pre-
cipitating intracranial hemorrhage. First-pass CTP is cur-
rently limited in the extent of coverage that can be
obtained during a single bolus injection of contrast. This
limitation is sometimes clinically restricting, but should
be less so with the 40-mm maximum collimation
available for each CTP slab on 64-slice scanners.

The acute stroke protocol is a multi-sequence scan
consisting of the following components: (1) routine
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Fig. 50.3. CTA of the head and neck and CTA-SI analysis: Left proximal middle cerebral artery segmental occlusion is
demonstrated on head CTA (A, arrows). Hypoperfused and possibly ischemic brain tissue is most conspicuous on CTA source
images (CTA-SI) as hypo-attenuated region (B, arrows). Maximum-intensity projection of the carotid bifurcation demonstrates
source of embolic infarct with clot occluding the proximal left internal carotid artery (C, arrow). CR view demonstrates
absence of flow through the occluded cervical internal carotid artery, reconstitution of flow within the cavernous/supraclinoid
carotid segments (D, red arrow) and again more distal obstruction of proximal middle cerebral artery segment (D, blue arrow).

unenhanced head CT, (2) CTA of the head and neck,
and (3) an optional single- or two-slab cine CT per-
fusion study (Lev and Nichols, 2000). Depending on
the MDCT scanner generation, high-resolution CTA
coverage of the complete neurovascular system, from
aortic arch to the vertex, can be performed in 15-35
seconds.

Since short-segment thrombo-embolic occlusions
and small aneurysms can be virtually undetectable when
scrolling through the thin axial source images, refor-
matted views that display vessels in an “angiographic”
manner are an essential component of CTA diagnosis
(Fig. 50.5). At Massachusetts General Hospital, we uti-
lize dedicated technologists in a 3D-imaging lab to
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CT-CBV MR-DWI

Fig. 50.4. Cine-CT perfusion analysis in acute stroke: middle cerebral artery stem occlusion is clearly visualized on CTA
(A, arrow). Mismatch is present between large territorial perfusion abnormality on MTT and CBF maps (B and C, arrows)
and small area of decreased perfusion on cerebral blood velocity map (D, arrow). The final infarct on DWTI after successful throm-
bolysis is confined to an area of abnormality on the cerebral blood velocity map suggesting successful salvage by thrombolysis of

larger penumbra (E, arrow).

create standard views of each vascular segment in a
timely fashion. However, for emergent triage, angio-
graphic maximum intensity projection (MIP) views
can be reformatted at the scanner console in a semi-
automated fashion in less than 1 additional minute after
scan acquisition. They allow confident diagnosis of
circle-of-Willis proximal branch vessel occlusion even
before the patient has been removed from the scanner.
Since MIP images are of arbitrary thickness, they can
be used to quickly exclude overlapping bone from the
angiographic views. A pitfall to be aware of is when a
tortuous vessel segment loops out of the MIP slab plane,
mimicking an occluded segment.

50.1.3. CTA of the neck

50.1.3.1. Chronic carotid artery steno-occlusive
disease

CTA measurements of residual lumenal diameter have
compared favorably with those of DSA, unenhanced
MRA, and Duplex ultrasound (Schwartz et al., 1994; Lev
et al., 1995a, 1997; Leclerc et al., 1996; Link et al., 1996;
Anderson et al., 2000; Josephson et al., 2004; Berg et al.,
2005). However, the user must pay careful attention to
appropriate window and level display settings. Beam hard-
ening artifact from heavy circumferential calcifications
can result in overestimation of the degree of stenosis in

both axial and longitudinal views. For measurement of
small lumen diameters, even without calcified plaque,
the accuracy of CTA measurement is limited by
the pixel size—typically 0.4-0.5 mm (assuming a
20-25 cm field of view and a 512 x 512 imaging
matrix). In serial examinations, differences in window
settings, level settings and contrast density from one
CTA study to another can produce large differences
in the measured lumen size (Lev et al., 1995b; Dix
et al., 1997; Liu et al., 2000). Software solutions for
semi-automated detection of cross-sectional area and
true lumenal diameters (D pin Dmax Dmean), orthogonal
to a computer-generated centerline, are now available
and promise great utility for reducing interobserver
variability and increasing post-processing efficiency
(Zhang et al., 2004) (Fig. 50.6). Dense contrast opaci-
fication throughout the entire vascular segment
evaluated is a prerequisite for success with such
semi-automated techniques.

Degree of carotid stenosis can be expressed in
terms of percent stenosis, residual lumen area, or
residual lumen diameter. Percent stenosis, the ratio of
maximal lumenal narrowing to the normal internal caro-
tid artery distal to the bulb, was the severity index in the
North American Symptomatic Carotid Endarterectomy
Trial NASCET) and is the most commonly used mea-
sure by practitioners in North America. However, the
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Fig. 50.5. Importance of maximum-intensity projection images for detection of small segmental occlusions. Occlusive throm-
bus at right middle cerebral artery bifurcation is very difficult to detect on sequential axial source CTA images (A-D) though
very conspicuous on maximume-intensity projections (E, F arrows). Good opacification of vessels distal to occlusion by collat-

eral flow is noted.

reference diameter of the distal ICA typically ranges
from 5 to 8 mm, which can significantly alter the calcu-
lated percent stenosis. At Massachusetts General Hospi-
tal, we report the degree of vascular stenosis based on
residual lumen diameter (RLD) using 1.5 mm as the
cut-off for hemodynamically significant stenosis. An
RLD of 1.5 mm correlates approximately to ultrasound
peak systolic velocity of >250 cm/s and a NASCET
measurement of 70% stenosis (Suwanwela et al., 1996).
Plaque characteristics such as ulceration, amount of cal-
cification, thin fibrous cap, lipid core, and hemorrhage
have been evaluated as potential predictors of stroke risk.

These features can sometimes be identified on CTA but
not consistently (Oliver et al., 1999; Walker et al., 2002).

Prior to performing CTA of the neck it is impor-
tant to review prior non-invasive ultrasound, MR,
CT, and angiographic studies to determine what
questions are to be answered. Our CTA neck protocol
is very similar to the stroke CTA protocol except
coverage extends only from the circle of Willis
through the aortic arch. An optional delayed series
helps detect the slow opacification of a hairline resi-
dual lumen and thus distinguish it from complete
occlusion. The distinction is critically important
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Fig. 50.6. Semi-automated carotid stenosis evaluation software. A vascular center-line is automatically generated (A). Cross-
sectional area and true lumenal diameters (Dmin Dmax Dmean), Orthogonal to the centerline are then calculated. Software must
distinguish between lumenal contrast opacification and soft plaque (B) and mural calcification (C). Once the centerline model
has been segmented, multiple post-processing options are available including maximum-intensity projection (D), VR (E), and
endolumenal navigation (F). Analysis options include volume of stenosis (G) and automated generation of residual lumenal
diameters and percentage stenoses for surgical decision-making (H).

since those with a hairline residual lumen are still at
risk of embolic stroke and thus candidates for carotid
endarterectomy (CEA) or stenting, whereas those with
complete occlusion are usually treated medically (Lev
et al., 2003). Curved reformatted images, prepared in
our 3D lab, facilitate the survey of long tortuous vascu-
lar segments in the neck and cavernous sinus region for
rapid identification of arterial stenoses and occlusion
(Figs. 50.2 and 50.3D).

50.2. Magnetic resonance angiography
50.2.1. Introduction
Magnetic resonance angiography (MRA) has rapidly

evolved to a widely applied clinical tool for the
non-invasive imaging of the extra- and intracranial

vasculature. Recent technical improvements applying
parallel imaging and higher magnetic fields achieved
higher spatial resolution, faster acquisition times, and
reduced artifacts. For the extracranial arteries, MRA
has developed from a screening tool towards the
first-line technique to assess carotid artery disease
and has replaced intra-arterial digital subtraction
angiography (DSA), especially in combination with
Duplex ultrasound studies (Rother et al., 1993; 1994).

Since the original publications on the feasibility of
imaging flowing blood by the use of MR techniques,
little has changed in our basic understanding of the under-
lying physics of moving spins within a magnetic field
(Macovski and Nishimura, 1985; Dixon et al., 1986;
Dumoulin, 1986; Wehrli et al., 1986; Dumoulin et al.,
1988). Technical innovations have optimized imaging
protocols, hardware, and reconstruction techniques.
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While intra-arterial angiography displays the morphol-
ogy of the filled vessel lumen, MRA shows the blood
flow by means of flow-sensitive MR sequences. There-
fore, the biophysical principles of MR flow phenomena
must be considered when reading MR angiograms in
order to properly judge abnormal flow findings. Addi-
tionally, direct information of the vessel wall disease is
available from dedicated pulse sequences or the MRA
source images itself. The principle drawback of MRA;
that is, the reduced sensitivity to slow flowing blood
and signal loss due to turbulent blood flow has been
resolved by the development of contrast-enhanced
MRA (CE-MRA). Even the assessment of the intracra-
nial vascular disease is mainly a domain of MRA now,
although diagnostic DSA is still the gold standard to
address specific questions such as cerebral vasculitis.

50.2.2. Basic principles of magnetic resonance
angiography

MRA is the heading for different techniques that
image flowing blood non-invasively. These techniques
can be divided into two main approaches: time-of-
flight (TOF) and phase contrast (PC) MRA. Both tech-
niques rely on the signal differences between moving
spins (blood) and stationary tissue and aim to enhance
flow-related signals while suppressing the background
tissue. Contrast-enhanced MRA (CE-MRA) over-
comes typical drawbacks of TOF-MRA especially in
the evaluation of extracranial arteries such as exag-
geration of the grade of a stenosis due to signal loss
with turbulent flow after high-grade stenosis or due
to in-plane saturation.

50.2.2.1. Time-of-flight MR flow-imaging method

The basic principle of TOF-MRA is the saturation of the
stationary tissue background while enhancing moving,
unsaturated spins flow into the acquisition slice (2D)
or volume (3D) (Dixon et al., 1986; Wehrli et al.,
1986). Saturation of the stationary tissue is achieved
by applying repeated radio-frequency pulses with a
short repetition time (Laub, 1988) and additional presa-
turation pulses. Moving spins from flowing blood in the
vessels entering the acquisition slice have not experi-
enced this repetitive exciting radio-frequency pulses.
They are unsaturated and produce a flow-related
enhancement when entering the excited slice.

Since MRA is insensitive to the flow direction (a
method to overcome this shortcoming is described later
in this chapter), images will display arteries as well as
veins. The diagnostic value of these images is limited
because of a disturbing overlay of arteries and veins that
makes analysis of the vessel anatomy difficult. To solve
this problem, an additional saturation slab is added: if
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the goal is to image, for instance, the neck arteries, then
the saturation slab is placed distal to each slice, so that
the venous blood is saturated before it flows into the mea-
sured slice. Similarly, if the venous structures are of inter-
est, the saturation slab is placed proximal to the acquisition
slice to presaturate the inflowing arteries (Edelman et al.,
1989; Keller et al., 1989). TOF-MRA does not require
any IV contrast media; however, in certain cases (e.g.,
arteriovenous malformations and fistulae) TOF after
contrast enhancement is useful to get a better impression
of the arterial as well as venous structures involved.

The raw data or “source images” that are received
from 2D or 3D MRA sequences are a series of 2D
sections. To create a 3D display of the vessel geometry,
the source images are subjected to a volumetric post-
processing method. Usually a “maximum intensity
projection” (MIP) algorithm is performed to process
3D presentations that can be viewed in user-defined
projections. The visual 3D impression can be enhanced
by surface rendering methods like shaded surface dis-
play (SSD).

50.2.2.2. Two-dimensional or three-dimensional
TOF techniques

Two- or three- dimensional TOF-MRA refers to whether
a series of thin slices (2D) or a three dimensionally
defined data volume is acquired. The advantages of 2D
TOF-MRA is its higher sensitivity to slow blood flow
compared to 3D techniques. Two-dimensional TOF-
MRA was preferably used for the imaging of the carotid
bifurcation and is still applied in venous MRA of the
dural sinuses. The disadvantages however are its sensitiv-
ity to motion. In carotid imaging, 2D TOF-MRA is nowa-
days mainly substituted by CE-MRA.

In 3D TOF-MRA, a thick tissue slab (volume) is
excited and a second, 3D Fourier transform is used to
reconstruct the source image. The application of 3D
Fourier transform (3DFT) sequences allows for extre-
mely thin slices with voxel dimensions of about
0.5 mm and a high signal-to-noise ratio, thus contribut-
ing to the reduction of unwanted signal loss because of
motion-induced phase changes (Laub, 1988).

50.2.2.3. Phase-contrast MRA

Phase-contrast (PC-MRA) is based on velocity-
induced phase shifts of moving spins in the presence
of a magnetic field gradient. The difference in signal
intensity between flowing blood and stationary tissue
is proportional to the blood flow velocity and quantita-
tive flow information, therefore velocity, direction,
and vessel display are possible (Dumoulin et al.,
1989). The advantages of PC-MRA with respect to
TOF-MRA are a higher sensitivity to slow-flowing
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blood, a better suppression of the background tissue,
and the potential of flow quantification. A major draw-
back of PC-MRA is the prolonged acquisition time if
compared to TOF techniques with subsequent motion
artifacts and the vulnerability to higher motion arti-
facts in stenoses. Due to advances in TOF-MRA and
the need for short acquisition times PC-MRA is rarely
used in clinical routine.

50.2.2.4. Contrast-enhanced MRA

Contrast-enhanced MRA (CE-MRA) is the preferred
imaging technique for the evaluation of the extracra-
nial arteries. CE-MRA typically employs a 3D gradi-
ent echo sequence and relies on the IV bolus injection
of the Tl shortening contrast agent gadolinium.
In contrast to TOF-MRA, a contrast bolus applied
by a power injector is followed during its first pass
through the arteries. Timing of the arrival of the con-
trast bolus is critical for CE-MRA in order to follow
the peak of the arterial bolus passage. On-line moni-
toring of the vessels of interest supports adequate
timing to launch the acquisition sequence. Back-
ground noise can be reduced by subtracting pre- and
post-contrast images (Laub, 1999; Ozsarlak et al.,
2004).

Since CE-MRA is less susceptible to signal loss due
to turbulent or low blood flow than TOF-MRA, it is
the preferred technique for the delineation of carotid
stenoses and for non-invasive follow-up of coil-
occluded intracranial aneurysms (Remonda et al.,
1998; Carr et al., 2002; Gottschalk et al., 2002). Since
acquisition time is critical in CE-MRA, parallel ima-
ging techniques together with higher field strength
may further improve extra- and intracranial applica-
tions (Tintera et al., 2004; Riedy et al., 2005). Newer,
more relaxing contrast agent preparations like 1 M
gadobutrol (Gadovist) (Goyen et al., 2001; Clevert
et al., 2006) or gadobenate dimeglumine (MultiHance)
(Anzalone et al., 2006) have further improved signal-
to-noise ratio and established CE-MRA as first line
diagnostic of carotid artery disease (Barth et al., 2006).

Time-resolved MRA can be done either by following
the passage of contrast media through the tissue volume
of interest or as a non-contrast arterial spin labeling
method. Both techniques greatly profit from higher field
strength and parallel imaging. The spin labeling method
applies a labeling pulse to spins flowing through the
vessel of interest and can be followed in a slab down-
stream from the labeling slice. This allows the investiga-
tion of brain perfusion from different arteries, the
contribution to the basal anastomoses of the circle of
Willis (van Osch et al., 2006), and the reconstruction
of a functional vascular tree. So far, current limitation
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of MR hardware and a high workload of computation
makes this technique mainly investigational.

50.2.3. Artifacts in MRA

Based on the physics of MR signal evolution, signal
loss in TOF-MRA can be due to: (1) in-plane satura-
tion, and (2) motion-induced phase changes.

50.2.3.1. In-plane saturation

The longer unsaturated spins reside in the excited slice
(2D) or volume (3D), the more they are exposed to
repeated radio-frequency pulses that intend to saturate
the background tissue. This exposition to the radio-
frequency pulses results in unwanted signal loss and
consequently reduction in vessel-to-background con-
trast. This “in-plane saturation” is favored by large
acquisition volumes and slow blood flow.

An elegant method to reduce signal loss due to in-
plane saturation is to linearly increase the flip angles
over the acquisition slab starting with low flip angles
at the inflow side and ending up with a high flip angle
at its outlet. This ramp of spatially varied flip angles or
“tilted optimized non-saturated excitation” (TONE)
results in a better visualization of blood vessels with
low flow velocity and in-plane flow direction (Purdy
et al., 1992; Nigele et al., 1994).

50.2.3.2. Motion-induced phase changes

Though the sensitivity of MRA to vessel obstructions is
high, the specificity is low. This is in part due to the fact
that pulsatile and turbulent flow occurs in curving ves-
sels, at dividers and even more so in severe stenosis.
Turbulent blood flow goes along with a dephasing of
the protons resulting in signal loss. Although flow-
compensation gradients, short echo times, and small
voxel elements reduce this motion-induced phase shift,
it must still be considered as a major drawback for the
proper evaluation of vessel abnormalities. As detailed
above, CE-MRA helps to reduce these artifacts and is
successfully applied in the evaluation of carotid arteries
and intracranial vessel pathology.

50.2.4. Image processing

The source images acquired during the excitation of a 2D
MRA slice or 3D volume are commonly post-processed
using a maximum intensity projection (MIP) algorithm.
This software is based on a ray-tracing algorithm and cre-
ates angiogram-like images from the source images by
tracing only the highest signal intensities along its path.
The images can be three-dimensionally displayed in
user-defined orientations and may be viewed in form of
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a cine-angiography. This 3D presentation allows for the
separation of overlying vessels and a visuospatial orienta-
tion to anatomical landmarks. Several problems may
arise with the use of MIP projections and these are out-
lined below.

50.2.4.1. Vessel overlay

Although user-defined viewpoints of the vessel anat-
omy encompass a more direct view, the overlay of
vessels can hamper the diagnostic value of the projec-
tions. Limiting the source images to the vessels of
interest reduces the background noise (Lin et al.,
1991).

50.2.4.2. Loss of vessel-to-background signal

The signal of small vessels may get lost during the
MIP procedure due to volume-averaging artifacts and
variations in the background signal intensities (Ander-
son et al., 1990). The source images therefore usually
contain more precise information than the MIP projec-
tions and should be referred to whenever conspicuous
signal loss is seen.

50.2.5. Clinical application of MRA

50.2.5.1. Extracranial examination

Atheromatous plaques of the aortic arch are a well-
known source of embolism (Amarenco et al., 2006).
Unfortunately, neither ultrasound nor TOF-MRA are sui-
ted to screening the aortic arch for plaque morphology.

Long acquisition times of TOF-MRA and the pulsation
of the aortic arch in combination with breathing artifacts
make the aortic arch a ferra incognita for non-invasive
vessel imaging.

High-resolution CE-MRA together with breath-
holding during MRA acquisition offers an approach
for imaging the entire carotid circulation including the
aortic arch (Carr et al., 2002). However, studies that
evaluate the sensitivity and specificity of CE-MRA for
the evaluation of the aortic arch are still missing.

50.2.5.2. Carotid and vertebral artery disease

The assessment of carotid stenosis is a domain of
ultrasound and MRA. Doppler and Duplex ultrasound
have a high sensitivity and specificity for the detection
of carotid stenosis (Steinke et al., 1990); however,
most surgeons and interventionalists ask for confirma-
tion of the vessel pathology by a second imaging
technique. CE-MRA is well suited to confirm the
ultrasound diagnosis of carotid disease: It is non-
invasive, has a high resolution, and reliably rules out
tandem stenosis proximal and distal to the carotid
bifurcation. Typical limitations of time-of-flight tech-
niques such as signal loss due to turbulent blood flow
and in-plane saturation are prevented. Additionally,
the entire carotid circulation from the aortic arch to
the circle of Willis is depicted (Fig. 50.7A).
Comparisons of the diagnostic accuracy of CE-
MRA with digital subtraction angiography (DSA)
(Fig, 50.7B,C) showed that the morphology of the

©)

Fig. 50.7. Imaging of the supra-aortal vessels from the aortic arch to the intracranial basal arteries by CE-MRA (A). A left
sided stenosis of the internal carotid artery (arrow) is visible, as well as an occlusion of the intracranial right vertebral artery
(*). (B) Selective maximum intensity projection reveals lumen narrowing of about 70 % and intracranial arteriosclerotic
changes of the middle cerebral artery (x). (C) Perfect accordance with intra-arterial angiography.
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stenosis is reliably depicted by CE-MRA (Fellner
et al., 2000; Cosottini et al., 2003). The grading of
the vessel obstruction is obscured by intra-voxel
dephasing effects leading to an overestimation of the
stenosis by high-grade stenosis (Fig. 50.8A,B),
although recent advances showed good correlations
with rotational angiography (Anzalone et al., 2005;
Wright et al., 2005). Therefore, the combined informa-
tion of ultrasound and CE-MRA are used to approxi-
mate the grade of stenosis non-invasively (Friese
et al., 2001). Diagnostic DSA is subjected to rare cases
of near occlusion (pseudo-occlusion), where CE-MRA
may falsely demonstrate vessel occlusion due to local
turbulences and post-stenotic slow blood flow. How-
ever, adequate technical parameters will usually show
at least a discontinuous residual lumen of the internal
carotid artery (Fig. 50.8C,D). CE-MRA is also accu-
rate in the vertebrobasilar circulation (Fig. 50.7A),
and has the potential to provide a comprehensive and
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non-invasive evaluation of the head and neck arteries
in a single study (Yang et al., 2005).

50.2.5.3. Carotid and vertebral artery dissection

The diagnosis of carotid artery dissection is a domain
of Duplex ultrasound, MRA and axial MRI (Rother
et al., 1995; Schievink, 2001; Bassi et al., 2003). Axial
MRI slices with fat suppression typically show a
semilunar vessel wall hematoma (Fig. 50.9). CE-MRA
is superior in depicting the morphology and length of
the dissected vessel wall (Lanczik et al., 2005). Duplex
ultrasound is suited to follow the healing of the
vessel wall. The diagnosis of vertebral artery dissections
is more complex, since the typical wall hematoma is
rarely detectable due to the smaller vessel lumen
(Rother et al., 1995). Conventional angiography is still
considered the gold standard and shows tapering steno-
sis/occlusion, abrupt occlusion, lumenal irregularity,

S S

Fig. 50.8. Overestimation of an internal carotid artery stenosis by CE-MRA (A) compared to angiography (B). However, the
anatomic details are sufficient for treatment planning and indication. The lack of a visible lumen in CE-MRA always indicates
a stenosis of more than 70%. Pseudo-occlusion of the internal carotid artery with collapsed lumen of the internal carotid artery
(C) and the residual lumen visible by angiography only (arrow, D).
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Fig. 50.9. Dissection of the internal carotid artery with typi-
cal appearance as a smooth, but rapid narrowing lumen (A)
and the hematoma (*) of the arterial wall detected as a bright
signal on fat-suppressed T1-weighted images (B).

intimal flap, lumenal filling defects and pseudoaneur-
ysms (Tay et al., 2005).

50.2.5.4. Intracranial vascular disease

MRA is an important screening technique for visualiz-
ing the basal intracranial vessels. TOF-MRA is usually
performed and delivers high-quality images of the basal
arteries. Depending on the acquisition time and the
field strength, even peripheral branches are delineated.
Thrombo-embolic occlusion and atherothrombotic ste-
nosis of basal intracranial arteries (Fig. 50.10A) shows
a good correlation with transcranial Doppler ultrasound
(Rother et al., 1994), and DSA is usually not required.
MRA is especially valuable in the evaluation of the

intracranial carotid artery, specifically the siphon, the
vertebral artery, and in cases of calcified artery stenosis.
Since MRA is inherently insensitive to bone structures,
it is superior to other imaging techniques such as ultra-
sound and CT angiography that are hampered by bone
superposition. However, the pitfalls are the same as
described previously: overestimation of stenoses due
to turbulent blood flow and in plane saturation. Patholo-
gies such as vasculitis or vasospasm of the basal arteries
may be detected; however, DSA is mandatory to deline-
ate the complex morphology especially in the peripheral
branches.

50.2.5.5. Aneurysms and arteriovenous
malformations

Although high field strength improves the spatial resolu-
tion (Willinek et al., 2003), and TOF-MRA (Fig. 50.10B)
can identify aneurysms (at least 3 mm in size) with a sen-
sitivity of 74-98% (White et al., 2003), small aneurysms
may go undetected. A second problem could be the high
T1 signal of subarachnoid blood after several days, which
might obscure an aneurysm. Therefore, the detection of
intracranial aneurysms is still best-suited to DSA, prefer-
ably 3D rotational DSA. MRA is ideal for screening of
cerebral aneurysms and TOF or CE-MRA is applied after
endovascular therapy to exclude aneurysm regrowth
(Leclerc et al., 2002).

Arteriovenous malformations and dural arteriove-
nous fistulae have a complex vessel architecture and
DSA is the gold standard to analyze the nidus and the
feeding vessels, and for the planning of the therapy.
Nevertheless, MRA can deliver important information
on the location of the arteriovenous malformations and
the anatomical relations (Fig. 50.11). Time-resolved
CE-MRA provides dynamic angiographic images and

Fig. 50.10. TOF-MRA of the circle of Willis showing a middle cerebral artery stenosis (A). In the case of an occlusion, the
distal vessel segments of the middle cerebral artery would become invisible. Anterior communicating artery aneurysm (B).
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Fig. 50.11. An occipital arteriovenous malformation imaged by contrast enhanced TOF-MRA and selective maximum-
intensity projection for an improved visualization of high flow vessels and venous structures (A). Intra-arterial angiography
is always necessary for treatment planning, but source images of MRA are useful to locate the arteriovenous malformation
in relation to eloquent brain regions (B). Dural AV fistula (C) by the same technique: Feeding arteries (the external occipital
artery and the meningohypophyseal trunk) may be identified as well as the draining sinus and dilated cortical veins (*). Time-
resolved MRA (D) reveals rapid shunting into the transverse and sigmoid sinus—otherwise a fistula may be missed on conven-

tional MRI or even MRA.

may be a reasonable tool to screen for dural arteriove-
nous fistulae, although the spatial resolution is still low
(Carroll, 2002).

50.2.5.6. Sinus and venous thrombosis

Cerebral sinus and venous thrombosis is a domain
of MRA, since diagnosis can be made in most cases
without contrast media or applying x-rays, significant
when treating pregnant women. Two-dimensional
TOF-MRA is usually sufficient to show the occluded

sinus or deep venous system, but sometimes the short
T1 of the thrombus itself may mimic flow. In question-
able cases a PC-MRA is useful because of its unique
sensitivity to flowing spins, but the flow parameters
must be adjusted carefully. Every time, the reading of
perpendicular T1 (with fat suppression) and PD/T2
images is necessary for direct visualization of the
thrombus (Fig. 50.12). However, cortical vein throm-
bosis may be missed frequently and require DSA
(Lafitte et al., 1997; Bousser, 2000).
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Fig. 50.12. Transverse and sigmoid sinus thrombosis in TOF-MRA (A) and T2-weighted imaging (B). No flow signal within
the region of the left sinus and direct visualization of the thrombus (arrow). Conventional sequences also reveal congestive

edema and hemorrhage.

Acknowledgements

Portions of this manuscript have been previously pub-
lished in Pomerantz SR and Lev MH (2006). Neurovascu-
lar CT angiography. In: S Gilman (Ed.), Neurobiology
of Disease. Elsevier. With permission from Elsevier.

References

Amarenco P, Rother J, Michel P, et al. (2006). Aortic arch ather-
oma and the risk of stroke. Curr Atheroscler Rep 8: 343-346.

Anderson C, Saloner D, Tsuruda J, et al. (1990). Artifacts in
maximum-intensity-projection display of MR angiograms.
Am J Roentgenol 154: 623-629.

Anderson GB, Ashforth R, Steinke DE, et al. (2000). CT
angiography for the detection and characterization of car-
otid artery bifurcation disease. Stroke 31: 2168-2174.

Anzalone N, Scomazzoni F, Castellano R, et al. (2005). Car-
otid artery stenosis: intraindividual correlations of 3D
time-of-flight MR angiography, contrast-enhanced MR
angiography, conventional DSA, and rotational angiogra-
phy for detection and grading. Radiology 236: 204-213.

Anzalone N, Scotti R, [adanza A (2006). MR angiography of the
carotid arteries and intracranial circulation: advantage of a
high relaxivity contrast agent. Neuroradiology 48: 9—17.

Aspelin P, Aubry P, Fransson SG, et al. (2003). Nephrotoxic
effects in high-risk patients undergoing angiography.
N Engl J Med 348: 491-499.

Barest G, Hunter G, Hamberg L, et al. (1997). Dynamic con-
trast enhanced helical CT improves conspicuity of acute
cerebral ischemia. Proceedings of the 83rd Scientific
Assembly and Annual Meeting of the Radiological
Society of North America, (Hot topics), Chicago, IL.

Barth A, Amold M, Mattle HP, et al. (2006). Contrast-enhanced
3-D MRA in decision making for carotid endarterectomy:
a 6-year experience. Cerebrovasc Dis 21: 393-400.

Bash S, Villablanca JP, Jahan R, et al. (2005). Intracranial
vascular stenosis and occlusive disease: evaluation with
CT angiography, MR angiography, and digital subtraction
angiography. AJNR Am J Neuroradiol 26: 1012-1021.

Bassi P, Lattuada P, Gomitoni A (2003). Cervical cerebral
artery dissection: a multicenter prospective study (preli-
minary report). Neurol Sci 24: S4-S7.

Berg M, Zhang Z, Ikonen A, et al. (2005). Multi-detector
row CT angiography in the assessment of carotid artery
disease in symptomatic patients: comparison with rota-
tional angiography and digital subtraction angiography.
AJNR Am J Neuroradiol 26: 1022-1034.

Bettmann MA (2004). Frequently asked questions: iodinated
contrast agents. Radiographics 24: S3-S10.

Bousser MG (2000). Cerebral venous thrombosis: diagnosis
and management. J Neurol 247: 252-258.

Cademartiri F, Van der Lugt A, Luccichenti G, et al. (2002).
Parameters affecting bolus geometry in CTA: a review.
J Comput Assist Tomogr 26: 598—-607.

Carr JC, Ma J, Desphande V, et al. (2002). High-resolution
breath-hold contrast-enhanced MR angiography of the
entire carotid circulation. AINR Am J Roentgenol 178:
543-549.

Carroll TJ (2002). The emergence of time-resolved contrast-
enhanced MR imaging for intracranial angiography. AJNR
Am J Neuroradiol 23: 346-348.

Clevert DA, Johnson T, Michaely H, et al. (2006). High-
grade stenoses of the internal carotid artery: comparison
of high-resolution contrast enhanced 3D MRA, duplex
sonography and power Doppler imaging. Eur J Radiol
60: 379-386.



1036

Cosottini M, Pingitore A, Puglioli M, et al. (2003). Contrast-
enhanced three-dimensional magnetic resonance angiography
of atherosclerotic internal carotid stenosis as the noninvasive
imaging modality in revascularization decision making.
Stroke 34: 660-664.

Dix J, Evans A, Kallmes D, et al. (1997). Accuracy and pre-
cision of CT angiography in a model of the carotid artery
bifurcation. AINR Am J Neuroradiol 18: 409-415.

Dixon WT, Du LN, Faul DD, et al. (1986). Projection angio-
grams of blood labeled by adiabatic fast passage. Magn
Reson Med 3: 454-462.

Doerfler A, Engelhorn T, Von Kommer R, et al. (1998). Are
iodinated contrast agents detrimental in acute cerebral
ischemia? An experimental study in rats. Radiology 206:
211-217.

Dumoulin C (1986). Magnetic resonance angiography. Radi-
ology 161: 717-720.

Dumoulin C, Souza S, Walker M, et al. (1988). Time-
resolved magnetic resonance angiography. Magn Reson
Med 6: 275-286.

Dumoulin CL, Souza SP, Walker MF, et al. (1989). Three-
dimensional phase contrast angiography. Magn Reson
Med 9: 139-149.

Edelman R, Wentz K, Mattle H, et al. (1989). Projection
arteriography and venography: initial clinical results with
MR. Radiology 351-357.

Fellner FA, Fellner C, Wutke R, et al. (2000). Fluoroscopi-
cally triggered contrast-enhanced 3D MR DSA and 3D
time-of-flight turbo MRA of the carotid arteries: first clin-
ical experiences in correlation with ultrasound, x-ray
angiography, and endarterectomy findings. Magn Reson
Imaging 18: 575-585.

Flohr T, Ohnesorge B, Schaller S (2004). Design, Technique,
and Future Perspective of Multislice CT Scanners.
Springer-Verlag, Berlin, Heidelberg.

Fox SH, Tanenbaum LN, Ackelsberg S, et al. (1998). Future
directions in CT technology. Neuroimaging Clin N Am
8: 497-513.

Friese S, Krapf H, Fetter M, et al. (2001). Ultrasonography
and contrast-enhanced MRA in ICA-stenosis: is conven-
tional angiography obsolete? J Neurol 248: 506-513.

Gottschalk S, Gaebel C, Haendler G, et al. (2002). Contrast-
enhanced intracranial 3D MR angiography (CE-MRA) in
assessing arterial stenoses and aneurysms. Rofo 174: 704-713.

Goyen M, Lauenstein TC, Herborn CU, et al. (2001). 0.5 M
Gd chelate (Magnevist) versus 1.0 M Gd chelate (Gado-
vist): dose-independent effect on image quality of pelvic
three-dimensional MR-angiography. J Magn Reson Ima-
ging 14: 602-607.

Henson JW, Nogueira RG, Covarrubias DJ, et al. (2004).
Gadolinium-enhanced CT angiography of the circle of
Willis and neck. AJNR Am J Neuroradiol 25: 969-972.

Hu H, He HD, Foley WD, et al. (2000). Four multidetector-
row helical CT: image quality and volume coverage speed.
Radiology 215: 55-62.

Josephson SA, Bryant SO, Mak HK, et al. (2004). Evaluation
of carotid stenosis using CT angiography in the initial eva-
luation of stroke and TIA. Neurology 63: 457—460.

J. ROTHER ET AL.

Keller PJ, Drayer BP, Fram EK, et al. (1989). MR angiogra-
phy with two-dimensional acquisition and three-
dimensional display. Radiology 173: 527-532.

Kendell B, Pullicono P (1980). Intravascular contrast injec-
tion in ischemic lesions, II. Effect on prognosis. Neurora-
diology 19: 241-243.

Knauth MRV, Jansen O, Hahnel S, et al. (1997). Potential of
CT angiography in acute ischemic stroke [see comments].
AJNR Am J Neuroradiol 18: 1001-1010.

Koroshetz WJ, Gonzales RG (1999). Imaging stroke in pro-
gress: magnetic resonance advances but computed tomo-
graphy is poised for counterattack. Ann Neurol 46:
556-558.

Lafitte F, Boukobza M, Guichard JP, et al. (1997). MRI and
MRA for diagnosis and follow-up of cerebral venous
thrombosis (CVT). Clin Radiol 52: 672-679.

Lanczik O, Szabo K, Hennerici M, et al. (2005). Multipara-
metric MRI and ultrasound findings in patients with inter-
nal carotid artery dissection. Neurology 65: 469—471.

Laub GA (1988). MR angiography with gradient motion
refocussing. J Comput Assist Tomogr 12: 377-382.

Laub G (1999). Principles of contrast-enhanced MR angio-
graphy. Basic and clinical applications. Magn Reson Ima-
ging Clin N Am 7: 783-795.

Leclerc X, Godefroy O, Salhi A, et al. (1996). Helical CT for
the diagnosis of extracranial internal carotid artery dissec-
tion. Stroke 27: 461-466.

Leclerc X, Navez JF, Gauvrit JY, et al. (2002). Aneurysms of
the anterior communicating artery treated with Guglielmi
detachable coils: follow-up with contrast-enhanced MR
angiography. AJNR Am J Neuroradiol 23: 1121-1127.

Lev MH, Nichols SJ (2000). Computed tomographic angio-
graphy and computed tomographic perfusion imaging of
hyperacute stroke. Top Magn Reson Imaging 11: 273-287.

Lev M, Ackerman R, Lustrin E (1995a). Two dimensional
spiral CT angiography in carotid occlusive disease: Mea-
surement of residual lumen diameter with ultrasound
correlation, Proceedings of the 33rd Annual Meeting of
the American Society of Neuroradiology, Chicago, IL.

Lev M, Ackerman R, Lustrin E, et al. (1995b). A procedure
for accurate spiral CT angiographic measurement of lume-
nal diameter. Proccedings of the 81st Scientific Assembly
and Annual Meeting of the Radiological Society of North
America, Chicago, IL.

Lev M, Ackerman R, Rabinov J, et al. (1997). Hairline resi-
dual lumen or total occlusion of the internal carotid
artery?: The clinical utility of spiral CT angiography. Pro-
ceedings of the 35th Annual Meeting of the American
Society of Neuroradiology, Toronto, Canada.

Lev M, Farkas J, Gemmete J, et al. (1999). Acute stroke:
Improved nonenhanced CT detection- Benefits of soft-
copy interpretation by using variable window width and
center level settings. Radiology 213: 150-155.

Lev MH, Farkas J, Rodriguez VR, et al. (2001a). CT angio-
graphy in the rapid triage of patients with hyperacute
stroke to intraarterial thrombolysis: accuracy in the detec-
tion of large vessel thrombus. J Comput Assist Tomogr
25: 520-528.



IMAGING INTRA- AND EXTRACRANIAL VESSELS

Lev MH, Segal AZ, Farkas J, et al. (2001b). Utility of
perfusion-weighted CT imaging in acute middle cerebral
artery stroke treated with intra-arterial thrombolysis: pre-
diction of final infarct volume and clinical outcome.
Stroke 32: 2021-2028.

Lev MH, Romero JM, Goodman DN, et al. (2003). Total
occlusion versus hairline residual lumen of the internal
carotid arteries: accuracy of single section helical CT
angiography. AJNR Am J Neuroradiol 24: 1123-1129.

Lin W, Haacke E, Smith A (1991). Lumen definition in MR
angiography. J Magn Reson Imaging 1(3): 327-336.

Link J, Brossmann J, Grabener M, et al. (1996). Spiral CT
angiography and selective digital subtraction angiography
of internal carotid artery stenosis. AINR Am J Neurora-
diol 17: 89-94.

Liu Y, Hopper KD, Mauger DT, et al. (2000). CT angiographic
measurement of the carotid artery: optimizing visualization
by manipulating window and level settings and contrast
material attenuation. Radiology 217: 494-500.

Macovski A, Nishimura DG (1985). Blood vessel imaging:
Present and future. Proceedings 4th Symposium on Medi-
cal Imaging Technology 3S: 3S27-3S33.

Morcos SK (1998). Contrast media-induced nephrotoxi-
city—questions and answers. Br J Radiol 71: 357-365.
Morcos SK, Thomsen HS, Webb JA (1999). Contrast-media-
induced nephrotoxicity: a consensus report. Contrast
Media Safety Committee, European Society of Urogenital

Radiology (ESUR). Eur Radiol 9: 1602-1613.

Nigele T, Klose U, Grodd W, et al. (1994). The effects of
linearly increasing flip angles on 3D inflow MR angiogra-
phy. Magn Reson Med 31: 561-566.

National Institute of Neurological Disorders and Stroke
rt-PA Stroke Study Group (1995). Tissue plasminogen
activator for acute ischemic stroke. N Engl J Med 333:
1581-1587.

Oliver T, Lammie G, Wright A, et al. (1999). Atherosclerotic
plaque at the carotid bifurcation: CT angiographic appear-
ance with histopathologic correlation. AJNR Am J Neu-
roradiol 20: 897-901.

Ozsarlak O, Van Goethem JW, Maes M, et al. (2004). MR
angiography of the intracranial vessels: technical aspects
and clinical applications. Neuroradiology 46: 955-972.

Ponzo J, Hunter G, Hamburg L, et al. (1998). Evaluation
of collateral circulation in acute stroke patients using
CT angiography. Stroke: Proceedings of the 23rd Interna-
tional Conference on Stroke and Cerebral Circulation.
Orlando, FL.

Purdy D, Cadena G, Laub G (1992). The design of a variable
flip angle slab selection (TONE) for improved MR angio-
graphy (abstr.). Book of Abstracts: Society of Magnetic
Resonance in Medicine 1992, Society of Magnetic Reso-
nance in Medicine, Berkeley, California p. 882.

Remonda L, Heid O, Schroth G (1998). Carotid artery stenosis,
occlusion, and pseudo-occlusion: first-pass, gadolinium-
enhanced, three-dimensional MR angiography—preliminary
study. Radiology 209: 95-102.

Riedy G, Golay X, Melhem ER (2005). Three-dimensional
isotropic contrast-enhanced MR angiography of the caro-

1037

tid artery using sensitivity-encoding and random elliptic
centric k-space filling: technique optimization. Neurora-
diology 47: 668—673.

Rother J (2001). CT and MRI in the diagnosis of acute stroke
and their role in thrombolysis. Thromb Res 103: S125-S133.

Rother J, Wentz KU, Rautenberg W, et al. (1993). Magnetic
resonance angiography in vertebrobasilar ischemia. Stroke
24: 1310-1315.

Rother J, Wentz K, Schwartz A, et al. (1994). Middle cere-
bral artery stenosis: assessment by MRA and TCD. Cere-
brovasc Dis 4: 273-279.

Rother J, Schwartz A, Rautenberg W, et al. (1995). Magnetic
resonance angiography of spontaneous vertebral artery
dissection suspected on Doppler ultrasonography. J Neurol
242: 430-436.

Rydberg J, Charles J, Aspelin P (1998). Frequency of late
allergy-like adverse reactions following injection of intravas-
cular non-ionic contrast media. A retrospective study
comparing a non-ionic monomeric contrast medium with a
non-ionic dimeric contrast medium. Acta Radiol 39:
219-222.

Schievink WI (2001). Spontaneous dissection of the carotid
and vertebral arteries. N Engl J Med 344: 898-906.

Schramm P, Schellinger PD, Fiebach JB, et al. (2002). Com-
parison of CT and CT angiography source images with
diffusion-weighted imaging in patients with acute stroke
within 6 hours after onset. Stroke 33: 2426-2432.

Schwamm LH, Rosenthal ES, Swap CJ, et al. (2005). Hypoat-
tenuation on CT angiographic source images predicts risk
of intracerebral hemorrhage and outcome after intra-
arterial reperfusion therapy. AJNR Am J Neuroradiol 26:
1798-1803.

Schwartz R, Tice H, Hooten S, et al. (1994). Evaluation of
cerebral aneurysms with helical CT: correlation with con-
ventional angiography and MR angiography. Radiology
192: 717-722.

Shrier D, Tanaka H, Numaguchi Y, et al. (1997). CT angio-
graphy in the evaluation of acute stroke. AJNR Am J Neu-
roradiol 18: 1011-1020.

Sims JR, Rordorf G, Smith EE, et al. (2005). Arterial occlu-
sion revealed by CT angiography predicts NIH stroke
score and acute outcomes after IV tPA treatment. AJNR
Am J Neuroradiol 26: 246-251.

Steinke W, Kloetzsch C, Hennerici M (1990). Carotid artery
disease assessed by color Doppler flow imaging: correla-
tion with standard Doppler sonography and angiography.
AJNR Am J Roentgenol 154: 1061-1068.

Suwanwela N, Can U, Furie KL, et al. (1996). Carotid Dop-
pler ultrasound criteria for internal carotid artery stenosis
based on residual lumen diameter calculated from en bloc
carotid endarterectomy specimens. Stroke 27: 1965-1969.

Taguchi K, Aradate H (1998). Algorithm for image recon-
struction in multi-slice helical CT. Med Phys 25: 550-561.

Tay KY, JM UK-I, Trivedi RA, et al. (2005). Imaging the
vertebral artery. Eur Radiol 15: 1329-1343.

Tintera J, Gawehn J, Bauermann T, et al. (2004). New par-
tially parallel acquisition technique in cerebral imaging:
preliminary findings. Eur Radiol 14: 2273-2281.



1038

Van Osch MJ, Hendrikse J, Golay X, et al. (2006). Non-inva-
sive visualization of collateral blood flow patterns of the cir-
cle of Willis by dynamic MR angiography. Med Image Anal
10: 59-70.

Von Kummer R, Allen KL, Holle R, et al. (1997). Acute-
stroke: usefulness of early CT findings before thromboly-
tic therapy [see comments]. Radiology 205: 327-333.

Walker LJ, Ismail A, Mcmeekin W, et al. (2002). Com-
puted tomography angiography for the evaluation of
carotid atherosclerotic plaque: correlation with histo-
pathology of endarterectomy specimens. Stroke 33:
977-981.

Wehrli FW, Shimakawa A, Gullberg GT, et al. (1986). Time-
of-flight MR flow imaging: selective saturation recovery
with gradient refocussing. Radiology 160: 781-785.

White PM, Wardlaw JM, Lindsay KW, et al. (2003). The
non-invasive detection of intracranial aneurysms: are

J. ROTHER ET AL.

neuroradiologists any better than other observers? Eur
Radiol 13: 389-396.

Wildermuth S, Knauth M, Brandt T, et al. (1998). Role of
CT angiography in patient selection for thrombolytic ther-
apy in acute hemispheric stroke. Stroke 29: 935-938.

Willinek WA, Born M, Simon B, et al. (2003). Time-of-flight
MR angiography: comparison of 3. 0-T imaging and 1.5-T
imaging—initial experience. Radiology 229: 913-920.

Wright VL, Olan W, Dick B, et al. (2005). Assessment of
CE-MRA for the rapid detection of supra-aortic vascular
disease. Neurology 65: 27-32.

Yang CW, Carr JC, Futterer SF, et al. (2005). Contrast-
enhanced MR angiography of the carotid and vertebroba-
silar circulations. AJNR Am J Neuroradiol 26: 2095-2101.

Zhang Z, Berg MH, Ikonen AE, et al. (2004). Carotid artery
stenosis: reproducibility of automated 3D CT angiography
analysis method. Eur Radiol 14: 665-672.



Handbook of Clinical Neurology, Vol. 94 (3rd series)
Stroke, Part 111

M. Fisher, Editor

© 2009 Elsevier B.V. All rights reserved

Chapter 51

The interactions between cardiovascular

and cerebrovascular disease

GIUSEPPE DI PASQUALE'* AND STEFANO URBINATI?
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The interactions between cardiovascular and cerebral
disease have been widely developed over the last 20
years (Furlan, 1987; Di Pasquale and Pinelli, 1992;
Wilterdink et al., 1998; Guillot, 1999; Di Pasquale
and Pozzati, 2000; Warlow et al., 2001). The recent
widespread diffusion of stroke units have significantly
enhanced our knowledge about pathophysiology of
acute cerebrovascular disease and the role of cardiac
disease, while multidisciplinary teams including neurol-
ogists, neurosurgeons, angiologists, and cardiologists,
are currently involved in the evaluation and treatment
of patients with cerebrovascular disease in many
hospitals (Evans et al., 2002; Langhorne et al., 2005).

The two main topics on heart-brain interactions are:
(1) association of carotid, intracerebral and coronary
artery disease, and the identification of the prognostic
markers for a long-term follow-up; and (2) cardio-
embolic cerebral ischemia and cardiologic work-up and
treatment after a cerebrovascular event.

51.1. Association of cerebrovascular
and coronary artery disease

51.1.1. Epidemiology and pathophysiology

sAtherosclerosis is a progressive, multifocal disease sec-
ondary to complex relationships among genetic traits,
acquired cardiovascular risk factors, endothelial dysfunc-
tion, inflammation, and platelet aggregation. The clinical
consequences of acute complications of atherosclerotic
lesions, as acute coronary syndromes, stroke, transient
ischemic attacks (TIAs), rupture of aortic abdominal
aneurysms or acute ischemia from peripheral artery dis-
ease, represent the leading cause of disability or death
in the Western world (Bakhai, 2004).

During the development of atherosclerotic lesions,
inflammation may play a pivotal role both in the early
phase of plaque growth, when monocytes adhere to the
vascular endothelium and accumulate in lesion-prone
arterial sites; and in the late phase, when plaque ero-
sion or rupture occur, and a systemic inflammatory
reaction may ‘“‘activate” vulnerable plaques (Ross,
1999; Goldstein et al., 2000; Rothwell et al., 2000;
Blann et al., 2002; Libby et al., 2002; Fuster et al.,
2005; Hansson, 2005).

The pathophysiology of atherosclerotic disease is
different in arterial sites. Most coronary events are sec-
ondary to acute thrombosis from ulcerated plaques,
while most cerebrovascular events are secondary to
embolism from carotid, aortic, or cardiac lesions; and
abdominal atherosclerotic disease develops toward
aneurysmatic dilatation.

The long-term follow-up of patients with carotid or
peripheral artery disease is strongly influenced by a coex-
isting coronary artery disease. After a long-term follow-
up period, patients with carotid artery intima and media
thickness, TIA, or minor stroke have a higher incidence
of cardiac than cerebrovascular deaths (O’Leary et al.,
1999; Touze et al., 2005). Even among patients with per-
ipheral artery disease, after a long-term follow-up period,
more than half of deaths are secondary to coronary events
(Sutton-Tyrell et al., 1998; Cotter et al., 2003).

51.1.2. Algorithm for the detection of coronary
artery disease in patients with carotid
artery disease

Almost all patients with multiple cardiovascular risk
factors or with carotid artery disease should be evaluated
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for a coexisting coronary artery disease. A possible algo-
rithm includes exercise ECG testing, a well-established,
safe, low-cost test followed (if positive and asympto-
matic) by a second marker of myocardial ischemia
obtained by myocardial perfusion scintigraphy or stress
echocardiography. In patients unable to exercise, stress
(dypiridamole, adenosine, or dobutamine) echocardio-
graphy or myocardial perfusion scintigraphy may be
performed. These tests are safe and show adequate sensi-
tivity and specificity for the detection of coronary artery
disease.

A routine use of coronary angiography was routinely
suggested more than 20 years ago for patients with car-
otid artery disease, candidates to carotid endarterectomy
showing a coexisting coronary artery disease in
more than half of cases, severe in one-quarter of them
(Hertzer et al., 1985). Nevertheless, a routine use of
non-invasive evaluation for identifying a silent coronary
artery disease in patients undergoing carotid endarter-
ectomy was considered cost-effective. Di Pasquale
et al. (1986) suggested an algorithm including exercise
ECG testing and perfusion myocardial scintigraphy in
190 consecutive patients with cerebral ischemia under-
going carotid endarterectomy, identifying a coexistent
silent coronary artery disease in 28% of cases. Patients
unable to exercise submitted to pharmacological stress
testing showed a coexisting coronary artery disease in
>40% of cases (Di Pasquale et al., 1991). Urbinati
et al. confirmed the prognostic usefulness of this algo-
rithm, even in patients without a history of coronary
artery disease (Urbinati et al., 1992, 1994). After a mean
follow-up period of 5.4 years, among the 25% of
patients with silent coronary artery disease the occur-
rence of coronary events was 29%, whereas among
those with normal exercise ECG testing was only
1.2%. The prognosis of patients with silent coronary
artery disease was similar to the prognosis of cerebro-
vascular patients with previous myocardial infarction.

51.1.3. Simultaneous activation of atherosclerotic
plaques in remote arterial sites

Recently, the classification of atherosclerotic arterial
lesions shifted from a quantitative to a qualitative
approach, and a new concept of “vulnerable patients”
and “vulnerable plaques” has been developed (Naghavi
et al., 2003). Several clinical findings, cardiovascular
risk factors, morphological markers (echolucent or dis-
homogenous plaques), and laboratory findings such as
elevated serum C-reactive protein (or other inflamma-
tory markers), may identify “vulnerable patients” who
should be carefully monitored and aggressively treated
(Ridker et al., 1997; Fayad and Fuster, 2001; Honda
et al., 2004; Libby, 2005; Nighoghossian et al., 2005).

G. DI PASQUALE AND S. URBINATI

On the other hand, in patients with recent acute car-
diovascular events it may be useful to search for com-
plicated lesions in remote arterial sites. Rioufol et al.
(2002) showed that in patients with acute coronary
syndromes, angiographic and intravascular ultrasound
studies may identify plaque ruptures in non-culprit
coronary arteries. Other reports showed that patients
with acute myocardial infarction have multiple plaque
ruptures and elevated serum inflammatory markers
(Goldstein et al., 2000; Mauriello et al., 2005; Tanaka
et al., 2005).

A “systemic” activation (involving infective agents
or immunological activation) of atherosclerotic lesions
may be the trigger of acute coronary syndromes. Urbi-
nati et al. (1998) studied the morphology of carotid
lesions in patients with unstable or stable coronary
artery disease. Carotid echotomography showed that
dishomogenous and irregular (“active”) plaques were
significantly more numerous in patients with unstable
than in those with stable coronary artery disease. After
a 1.2-year follow-up, most patients with “active” pla-
ques developed “quiescent” plaques. Recently, Honda
et al. (2004) showed that patients with acute coronary
syndromes had a higher incidence of complex or echo-
Iucent carotid lesions and Komorowsky et al. (2005)
observed that complex coronary and hard carotid pla-
ques identify a subset of patients with very high risk
of cardiovascular events. Finally, Watanabe et al.
(2005) showed that a stabilization of carotid lesions
may be obtained with intensive cholesterol-lowering
therapy.

The simultaneous activation of coronary and carotid
lesions may produce relevant clinical events. In
patients with severe angina or acute coronary syn-
dromes a very high incidence of cerebrovascular events
occur within 90 days. The more frequent pathophysiolo-
gical mechanisms are embolism from ventricular mural
thrombi, left atrial or auricular thrombi during paroxys-
mal atrial fibrillation, ulcerated aortic plaques during
catheter manipulations, and also activation or thrombo-
sis of aortic or carotid plaques (Kassem-Moussa et al.,
2004).

Left ventricular thrombosis cannot explain most
strokes occurring in patients with acute myocardial
infarction (Mooe et al., 1999). Bodenheimer et al.
(1994) observed that the occurrence of ischemic
stroke is similar in patients with anterior and inferior
myocardial infarction, while left ventricular thrombo-
sis occurs more frequently in those with anterior
myocardial infarction. Modrego-Pardo et al. (1998)
investigated a series of patients with or without
angina pectoris by cerebral magnetic resonance ima-
ging (MRI) showing that those with acute coronary
syndromes have a higher prevalence of silent brain
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infarcts. Tanne et al. (2002) observed that the risk of
stroke is higher in patients with unstable than stable
angina suggesting that patients with unstable angina
may have coexisting “active” carotid or aortic lesions.
Similar results were reported also by Budaj et al. for the
GRACE Investigators (Budaj et al., 2005). Finally,
Giele et al. (2004) showed that patients with overt
vascular disease are at risk for silent brain infarcts.
Overall, these studies suggest that a simultaneous
activation of carotid, aortic, and coronary plaques
may occur in many cases.

An intriguing question may develop—can an “active”
atherosclerotic lesion trigger a systemic inflammatory
reaction? Recent studies support the hypothesis that
active coronary lesions may release several cytokines
developing a “vicious” circle toward activation lesions
in remote arterial sites. Lombardo et al. (2004) showed
that multiple complex stenosis, plaque fissures, and wide-
spread coronary inflammation are common in patients
with acute coronary artery disease. Schillinger and Exner
(2005) showed that a substantial increased risk for neuro-
logical events occurs in patients with rapid progression of
atherosclerotic lesions in the carotid arteries, with 2-year
stroke risk exceeding 10%. Rost et al. (2001) showed that
high level of serum C-reactive protein identifies patients
with carotid disease at high risk of stroke. Finally, Hans-
son (2005) observed that activated coronary lesions may
release several factors (i.e., interleukines) inducing the
liver to produce C-reactive protein for sustaining a sys-
temic activation of arterial atherosclerotic plaques.

51.1.4. The treatment of patients with coronary and
carotid artery disease

Patients with coronary and carotid artery disease
should be aggressively monitored and treated because
of their “very high” risk of cardiovascular events.
Non-pharmacological treatment should include pro-
grams for modification of the lifestyle; that is, diet,
smoking cessation, regular exercise, and weight con-
trol. Such programs should be performed in dedicated
settings with a multidisciplinary approach for second-
ary prevention, including nurse-directed educational
programs. Evidence-based pharmacological interven-
tions for preventing cardiovascular events include:

1. Anti-thrombotic treatment. Aspirin is the first choice,
and ticlopidine or clopidogrel are the second choice.
Recent studies suggest that association of aspirin and
clopidogrel could be proposed in high-risk patients
(Antithrombotic Trialists Collaboration, 2002).

2. Statins. Statins are very effective for preventing
cardiovascular events in patients with hyper-
cholesterolemia, both in primary and secondary

prevention. Recent studies suggest that statins
may prevent coronary and cerebrovascular events
also in patients with normal cholesterolemia, prob-
ably for alternative mechanisms, such as plaque
stabilization (Chapman, 2005).

3. ACE inhibitors. In recent studies, ACE inhibitors
were able to reduce cardiovascular events in “high
risk” patients, probably because of endothelial
protective effects (Fox, 2003).

In patients with severe coexisting coronary and car-
otid disease candidates to surgical revascularization,
the choice between “staged” or combined operations
is determined by assessment of the relative severity
of carotid and coronary disease, and by the experience
of the centers. The development of percutaneous cor-
onary interventions and, more recently, of percuta-
neous carotid interventions challenged the previous
guidelines. In most cases, a “hybrid” treatment includ-
ing both surgical and percutaneous interventions may
be feasible (Graor and Hertzer, 1988; Hu et al., 2003;
Naylor et al., 2003); nevertheless, no evidence-based
recommendations on this new approach is available.

51.2. Cardio-embolic sources of cerebral
ischemia

Nearly one-third of all ischemic strokes are cardio-
embolic. Non-valvular atrial fibrillation accounts for
about 50%, and probably more, of cardio-embolic
strokes (Cerebral Embolism Task Force: Cardiogenic
Brain Embolism, 1989; Hart, 1992; Palacio and Hart,
2002). In patients with recent TIA or stroke, the diag-
nosis of cardio-embolic cerebral ischemia should be
always considered, because in these cases the early
use of anticoagulants may strongly influence the prog-
nosis of the patients (Albers et al., 2004).

In recent years, the widespread use of transesopha-
geal echocardiography (TEE) allows a more frequent
identification of potential cardiac sources of embolism
in patients with cryptogenetic stroke, particularly in
young adults, but even in elder patients who frequently
showed large and complicated plaques in the ascend-
ing aorta. TEE is able to show lesions undetectable
by transthoracic echocardiography (TTE), such as: left
atrial auricular thrombosis and spontaneous echocon-
trast, occurring mainly in patients with mitral stenosis
or atrial fibrillation; ascending aorta atherosclerotic
lesions, occurring in the aged population; and patent
foramen ovale (PFO) and atrial septal aneurysm, often
occurring in young patients with cryptogenetic stroke
(Kronzon and Tunick, 1993; O’Brien et al., 1998;
Kizer and Devereux, 2005).
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51.2.1. Algorithm for diagnosis of cardio-embolic
cerebral ischemia

The diagnosis of cardio-embolic cerebral ischemia
may be difficult and may remain uncertain. To date,
diagnosis of cardio-embolic stroke is often made by
exclusion, in the absence of significant carotid dis-
ease. Neurological symptoms of stroke and neuro-
imaging findings may be suggestive, but are not
specific, for the diagnosis of cardio-embolic stroke.
Also lacunar strokes, usually attributed to small-
vessel disease, have been associated with cardio-
embolic disease (Kizer and Devereux, 2005). The
cardiac lesions more frequently involved in cerebral
embolism are:

1. Lesions at high embolic risk. Ventricular thrombi
(mainly in acute myocardial infarction and dilatative
cardiomyopathies), left atrial appendage thrombi
(in patients with non-valvular atrial fibrillation
[AF], sick sinus syndrome and atrial flutter) often
associated with spontaneous echo contrast and left
atrial appendage dysfunction, endocarditic vegeta-
tions (both infective and degenerative or marantic),
rheumatic mitral valve disease, thrombosis of
prosthetic heart valves, cardiac tumors, and aortic
atherosclerotic plaques.

2. Lesions at low or uncertain embolic risk. Atrial
septal aneurysm, PFO, mitral annular calcifica-
tion, aortic valve calcification or calcified aortic
valve stenosis, and mitral valve prolapse.

Although transthoracic echocardiography and TEE
are the gold standard for the detection of cardiac
sources of embolism, other imaging techniques such
as cardiac ultrafast CT, MRI, and indium-111-labeled
platelet scintigraphy have been proposed if echocar-
diographic studies are non-diagnostic. Indium-111-
labeled platelet scintigraphy allows evaluation of
thrombus activity, particularly in unstable conditions
such as prosthetic cardiac valve thrombosis and acute
myocardial infarction. The high cost and long dura-
tion of the test are the main limits of this technique.

ECG Holter monitoring, in patients with TIA or
stroke, may be useful to detect paroxysmal atrial fibril-
lation or sick sinus syndrome. Although the mechan-
ism of stroke in patients with sick sinus syndrome is
yet to be elucidated, episodes of transient atrial fibril-
lation or severe bradycardia, in the presence of critical
atherosclerotic carotid lesions, can be involved.

Patient history, clinical evaluation, and transthor-
acic echocardiography allow the detection of cardiac
sources of embolism in most cases of cardio-embolic
cerebral ischemia. The following algorithm may be
proposed:
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1. The cardiac evaluation should be reserved to
patients potentially eligible for oral anticoagulant
treatment or cardiac surgery.

2. In patients aged less than 45 years and with unex-
plained stroke TEE is always warranted.

3. In patients aged more than 45 years without his-
tory of cardiac disease and with unexplained
stroke, TEE is warranted; whereas in those with
history of cardiac disease, TTE is often sufficient,
possibly followed by TEE in selected patients.

4. Inpatients with atrial fibrillation, echocardiography
may be redundant because the indication for oral
anticoagulant treatment after stroke is definite.
TTE is occasionally needed to clarify underlying
structural cardiac disease. TEE is appropriate in
selected cases, mainly when a causal relationship
between atrial fibrillation and stroke is debatable
(Di Pasquale et al., 1993).

51.2.2. Cardio-embolic disorders

In recent years, many studies have defined the embolic
risk of most cardiac diseases and updated guidelines
on diagnostic algorithms and treatments are available.

51.2.2.1. Atrial fibrillation/atrial flutter

Non-valvular atrial fibrillation is the most frequent
cardiac cause of cerebral ischemia accounting for half
of cardio-embolic strokes (Hart et al., 2003). Non-
valvular atrial fibrillation in particular carries a high
risk of systemic stroke, but is only weakly associated
with TIAs (Hart et al., 2004). The occurrence of atrial
fibrillation as a cause of cardio-embolic stroke is prob-
ably underestimated. In a recent study an event-loop
recorder identifies patients with atrial fibrillation,
which remained undetected with standard ECG and
with Holter, in a further 5.7% of cases (Jabaudon
et al., 2004). Overall, the risk of stroke widely ranges
from 0.4% to 12% per year with an average of 4.5%
per year (Stroke Prevention in Atrial Fibrillation
Investigators, 1992; Hart et al., 2002). Most strokes
associated with atrial fibrillation are large and dis-
abling, and the overall mortality associated with stroke
in non-valvular atrial fibrillation is two-fold that of
stroke from other causes (Gage et al., 2004).

51.2.2.1.1. Cardiac sources of embolism
in non-valvular atrial fibrillation

The pathogenic mechanism of most strokes is embo-
lism due to large emboli from atrial or auricular
thrombi. Nevertheless, a minority of cases of cerebral
embolism in this aged, hypertensive population may
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be caused by coexisting lesions, such as carotid or
ascending aorta plaques, or intracerebral artery dis-
ease. The different pathophysiology of stroke and
TIAs in patients with atrial fibrillation could account
for different prognosis and response to antithrombotic
treatment in patients with non-valvular atrial fibrilla-
tion with stroke than those with TIA. Nevertheless, a
recent report from the EAFT and SPAF III trials
revealed no evidence that atrial fibrillation patients
did not respond to anticoagulant therapy (Hart et al.,
2004).

51.2.2.1.2. Predictors of embolism in non-valvular
atrial fibrillation

Among patients with non-valvular atrial fibrillation,
clinical and echocardiographic risk factors for embo-
lism have been identified and prospectively validated
(Stroke Prevention in Atrial Fibrillation Investigators,
1992). The SPAF III criteria for identifying patients
at high risk of embolism include recent congestive
heart failure or left ventricular dysfunction, previous
thrombo-embolism, systolic blood pressure >160 mmHg
and advanced age (Hart et al., 2003). In the presence
of any of these risk factors, patients with non-
valvular atrial fibrillation should be treated with
adjusted-dose warfarin with a target international nor-
malized ratio (INR) ranging from 2 to 3. Moreover,
TEE allows the detection of further markers of
thrombo-embolic risk, such as left atrial and left
atrial appendage thrombi, spontaneous echo contrast,
and left atrial appendage dysfunction (Di Pasquale
et al., 1995; Manning and Douglas, 1998; Zabalgoita
et al., 1998). The prevalence of these findings is sig-
nificantly higher in atrial fibrillation patients who
have suffered stroke or systemic embolism. Patients
without any of these risk factors have a low to mod-
erate risk of stroke when treated with aspirin.

51.2.2.1.3. Anticoagulant treatment versus aspirin

The efficacy of oral anticoagulant treatment for the
prevention of stroke in non-valvular atrial fibrillation
was definitely assessed in the early 1990s by large ran-
domized clinical trials (Go et al., 2003; Aguilar and
Hart, 2005) and confirmed by recent guidelines
(Singer et al., 2004). Overall, of 2,313 participants
without previous cerebral ischemia from five rando-
mized trials, warfarin decreased the incidence of all
strokes odds ratio (OR) >0.26-0.59, and the risk of
bleeding was not significantly increased in warfarin-
treated patients. Nevertheless, patients included in
these trials represent only 7-39% of the screened
patients. Conversely, aspirin alone reduces the risk of
stroke by nearly 20%, and warfarin reduced the risk
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of 45% when compared with aspirin. Warfarin is
recommended in all patients with a high to moderate
risk of stroke, while aspirin may be used in patients
at low risk of stroke (<2% per year).

51.2.2.1.4. Antithrombotic treatment after acute stroke

A particular issue concerns when warfarin should be
initiated for secondary prevention. After acute stroke,
early recurrence of stroke occurred in nearly 5% of
atrial fibrillation patients during the initial 2 weeks.
So far, the issue of the timing of warfarin initiation
is not clearly addressed. In EAFT, among patients
who commenced oral anticoagulant treatment within
2 weeks of ischemic stroke or TIA there was no
reported secondary hemorrhagic evolution. It seems
reasonable to begin warfarin as soon as possible after
the patient is medically and neurologically stable, ide-
ally achieving therapeutic anticoagulation 7-10 days
after stroke onset (Hart et al., 2002).

51.2.2.1.5. Aged population

The safety of long-term oral anticoagulant treatment
(maintaining INR between 2 and 3) has not been com-
pletely defined among patients older than 75 years. In
patients aged 65-75 years, with diabetes mellitus or
ischemic cardiomyopathy without left ventricular
dysfunction, oral anticoagulant treatment should be
preferred if at least two risk factors are present.

51.2.2.1.6. Other treatments

51.22.1.6.1. PLAATO

Recently, in patients with non-valvular atrial fibrillation
who could not undergo oral anticoagulant treatment,
percutaneous occlusion of left atrial appendage may
be safe and feasible. First, Sievert et al (2002) reported
the results of the PLAATO (Percutaneous Left Atrial
Appendage Transcatheter Occlusion) device. The
device consists of a nitinol cage covered with a poly-
meric membrane and has a series of hooks to help
anchor it to the mouth of left atrial appendage. In their
first 15 patients at 6 months’ follow-up, Sievert et al.
reported no complications and no strokes. Later, the
study extended the series to 87 patients: implantation
was successful in 86 of the 87 patients, and after a mean
follow-up of 10 months, only 1 minor stroke and 2
TIAs occurred (Sievert, 2003). Hanna et al. (2004)
and Ostermayer et al. (2005) confirmed the safety of
surgical closure of the left atrial appendage, and more
recently in the LAAOS study left atrial appendage clo-
sure was performed in patients undergoing coronary
artery bypass graft intervention, when they were at high
risk of stroke (Healey et al., 2005).
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51.2.2.1.6.2. Rhythm control versus rate

control strategy

Recent studies compared rhythm control versus rate
control strategy showing that rhythm control does not
reduce stroke occurrence. A possible explanation of
these results is that people who appeared to be in sinus
rhythm were not really in sinus rhythm all the time.
Overall, the trial shows that oral anticoagulant treatment
protects against stroke, but sinus rhythm does not (Wyse
et al., 2002). When electrical cardioversion of non-
valvular atrial fibrillation is planned, oral anticoagulant
treatment should be performed at least 4 weeks before
sinus rhythm has been restored. Recently, several stu-
dies suggest that in patients with recent non-valvular
atrial fibrillation, if left atrial thrombosis or echocon-
trast are absent at TEE, electrical cardioversion may
be feasible and safe even after a 24-48 hour period of
heparin treatment (Manning et al., 1995; Sherman
et al., 2003). Patients with asymptomatic atrial fibrilla-
tion have less serious heart disease, but more often a
coexisting cerebrovascular disease may be present (Fla-
ker et al., 2005).

51.2.2.1.6.3. ACEI or angiotensin Il

receptor blockade

Recently, several studies showed that ACE inhibitors may
prevent recurrences of atrial fibrillation. In the trandola-
pril cardiac evaluation (TRACE) study, trandolapril
reduces the incidence of post-myocardial infarction atrial
fibrillation by 47% (Pederson et al., 1999), in the studies
of left ventricular dysfunction (SOLVD) study in patients
with ejection fraction (EF) <35% enalapril reduces the
incidence of atrial fibrillation by 77% (Vermes et al.,
2004). Also angiotensin IT (AT II) antagonists may reduce
new onset atrial fibrillation (Bourassa, 2005). In the losar-
tan intervention for endpoint (LIFE) study, which
included hypertensive patients, losartan reduces new
cases of atrial fibrillation by 33% and, compared to ateno-
lol, reduces the incidence of stroke by 51% (Wachtell
etal., 2005). A large ongoing Italian study, the Gruppo Ita-
liano per lo Studio della Sopravvivenza nell’Infarto Mio-
cardico (GISS)-Atrial Fibrillation Trial, is assessing the
role of angiotensin receptor blockade in reducing the
recurrence of atrial fibrillation (Disertori et al., 20006).

51.2.2.2. Atrial flutter and embolic risk

Only in recent years has it been established that in
patients with atrial flutter the risk of stroke is not negli-
gible. Similarly to atrial fibrillation, there is evidence of
left atrial and left atrial appendage dysfunction either in
persistent atrial flutter or after electrical cardioversion
or radio-frequency ablation (Grimm et al., 1997; Omran
et al., 1997). Moreover, a prevalence of left atrial
thrombi and spontaneous echo contrast of 10% and
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30% respectively, has been documented in patients with
atrial flutter by TEE (Sparks et al., 1998).

The prevalence of systemic thrombo-embolism and
stroke in patients with atrial flutter is about 7% with an
estimated risk of 1.8% per year which is only slightly
less than that observed in patients with atrial fibrillation.
Effective oral anticoagulant treatment determines a sig-
nificant reduction of the embolic risk. In the absence of
controlled clinical trials the indications for oral anticoa-
gulant treatment should be the same as established in the
guidelines for atrial fibrillation (Singer et al., 2004).

51.2.2.3. Acute myocardial infarction

Since the 1980s, several studies have focused on the risk
of stroke and systemic thrombo-embolism in patients
with recent myocardial infarction. Echocardiographic
studies have reported a high incidence of left ventricular
thrombi following myocardial infarction. In a meta-
analysis of echocardiographic studies including 2,018
patients with recent myocardial infarction the prevalence
of left ventricular thrombosis was 27% (Van Dantzig
et al., 1996). This finding is almost exclusive of patients
with anterior myocardial infarction (39%), whereas for
the inferior location the prevalence of thrombus is very
low (0-5%). About 90% of mural thrombi occur when
the ventricular apex is involved. In most cases thrombus
occurs within 48 hours from the acute myocardial infarc-
tion, although it may be found even after 1-2 weeks.
The risk of stroke is high when left ventricular throm-
bus is detected. Indeed, the rate of embolic events was
18% in a pooling of 921 patients with thrombus, in com-
parison with 2% in patients without. Furthermore, a
meta-analysis from 11 echocardiographic studies per-
formed in patients with acute myocardial infarction
showed a five-fold increase of the embolic risk in the
presence of left ventricular thrombosis (Vaitkus and
Barnathau, 1993). The morphologic characteristics of
thrombi have a clinical importance because thrombi
with mobility and protrusion into the left ventricular
cavity have higher embolic potential. The prevalence
of embolic events is 55% for mobile thrombus versus
10% for stratified thrombus, and 47% for protruding
thrombus versus 7% for stratified thrombi. Most
embolic events, including stroke, occur within 3 weeks
of acute myocardial infarction (Loh et al., 1997). It has
been shown that oral anticoagulant treatment is able to
reduce the prevalence of intracardiac thrombus, as well
as to decrease the risk for systemic embolism. In the pre-
viously mentioned pooled review of echocardiographic
studies, patients with left ventricular thrombosis who
were on oral anticoagulant treatment exhibited only a
relative risk of 0.3% to suffer an embolic event.
Unfortunately, most studies focusing on myocardial
infarction and stroke show data from short-term
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follow-up periods. Recently, Witt et al. (2005) performed
a large survey conducted in Olmstead County, Minne-
sota, to examine the rate of stroke after incident myocar-
dial infarction, during a long-term follow-up. The results
of this large study on 2,160 patients with myocardial
infarction hospitalized between 1979 and 1998 showed:
(1) the incidence of stroke is very high in the first 30 days
(44-fold increased risk of stroke) followed by a rapid
decline toward a stable risk over the following 4-5 years;
(2) factors independently associated with increased risk
for stroke are older age, history of stroke, and diabetes,
but no association was seen between stroke and localiza-
tion of myocardial infarction; (3) no reduction in the
risk of stroke was detected during the two decades of
the study, showing that the current treatments of acute
myocardial infarction does not affect the embolic risk.

According to current guidelines, the use of oral
anticoagulant treatment is only recommended follow-
ing myocardial infarction in patients at high risk for
embolic events. Patients with large anterior myocar-
dial infarction or with apex involvement, those with
significant heart failure, those with intracardiac throm-
bus on echocardiography, or with history of previous
thrombo-embolic events should receive oral warfarin
(INR between 2 and 3). Oral anticoagulant treatment
has to be continued for at least 3 months; anticoagulation
has to be continued in patients with chronic atrial fibrilla-
tion or other documented risk factors, such as left ventri-
cular dysfunction (Harrington et al., 2004).

Long-term trials with antiplatelet agents or oral
anticoagulant treatment following myocardial infarc-
tion show a significant reduction in the occurrence of
stroke. Because of the low embolic risk after 3 weeks
from myocardial infarction, it is conceivable that
antithrombotic therapy prevents atherothrombotic
stroke due to carotid artery disease, rather than from
cardio-embolic sources. In particular, aspirin is able
to reduce non-fatal stroke by 25% at 27 months show-
ing that the pathophysiological mechanism of stroke
after myocardial infarction could be secondary to acti-
vation of carotid or aortic plaques. Association
between aspirin and fixed regimen low-dosage oral
anticoagulant treatment has been recently investigated
in randomized clinical trials, but this strategy did not
prove better than aspirin alone for preventing stroke.
Conversely, a meta-analysis showed that moderate-
to high-intensity oral anticoagulant treatment asso-
ciated with aspirin proved better than aspirin alone
for reducing mortality, recurrences of myocardial
infarction, and stroke (Anand and Yusuf, 1999).

In 2002, three studies compared aspirin versus the
association of high-dose oral anticoagulant treatment
and aspirin. Antithrombotics in the secondary preven-
tion of events of coronary thrombosis II (ASPECT II)
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(Van Es et al., 2002) showed that the association of
aspirin and warfarin (INR target 3—4) is better than
aspirin alone. Antithrombotics in the prevention of reoc-
clusion in coronary thrombosis II (APRICOT II)
(Brouwer et al., 2002), performed in patients under-
going thrombolysis, showed that event-free survival
was 83% in patients who assumed the association of
aspirin and oral anticoagulant treatment and 70% in
patients with aspirin alone. Finally, warfarin, aspirin rein-
farction study I (WARIS II) (Hurle et al., 2002) showed
that the association of oral anticoagulant treatment and
aspirin significantly reduced the occurrence of reinfarc-
tion and thrombo-embolic stroke. Nevertheless, in war-
farin, aspirin reinfarction study II (WARIS II), nearly
30% of patients receiving oral anticoagulant treatment
was below the target range, nearly 30% discontinued oral
anticoagulant treatment during the 80-month study per-
iod, 5-7% were withdrawn for hemorrhagic complica-
tions, and 2-3% were deemed non-compliant.

Long-term oral anticoagulant treatment is not recom-
mended in patients with left ventricular post-infarction
aneurysm. Indeed, prevalence of intracardiac thrombus
is quite high (48—-66% in surgical series, 49% at autopsy),
but risk of systemic embolism is low (0.35 per
100 patients per year), presumably because the thrombus
is contained within the non-contractile aneurysmal cav-
ity. Oral anticoagulant treatment is only recommended
in patients with thrombus presenting any previously
described high-risk morphologic findings.

51.2.2.4. Valve disease, prosthetic cardiac valves,
and endocarditis

51.2.2.4.1. Prosthetic cardiac valves

Patients with prosthetic cardiac valves are at high risk of
systemic embolism and stroke is the most common clin-
ical presentation. In patients with a mechanical valve the
incidence of major embolic events is even more than 4%
per year in the absence of antithrombotic treatment,
whereas it is 2% during antiplatelet therapy, and 1%
with anticoagulants (Vongpatanasin et al., 1996).

51.2.2.4.2. The embolic risk according to the
prosthetic model and the position

Embolism is two-fold higher for a mechanical mitral
prosthesis when compared to the aortic position. More-
over, embolic risk is higher for the old caged-ball type
(e.g., Starr—Edwards) than for the single tilting disk
(Bjork—Shiley) or the bileaflet model (e.g., St. Jude
Medical). Patients at highest embolic risk are those with
multiple prosthetic valves, atrial fibrillation, advanced
age (>70 years), and poor left ventricular function.

In patients with bioprosthetic valves the embolic
risk is moderately high during the first 3-month period
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following operation. Thereafter, endothelialization of
the bioprosthetic ring has a protective role and the risk
of thrombo-embolism is approximately that of patients
with mechanical prosthetic valves who are receiving
oral anticoagulant treatment. Patients with mechanical
prosthetic valves always require long-term oral anti-
coagulant treatment, which has to be initiated as soon
as possible following surgery (within 6-12 hours)
(Salem et al., 2004).

Prevalence of major bleeding during oral anticoagulant
treatment is 1.4% per year. In selected patients with aortic
valve replacement without additional embolic risk factors,
low-intensity oral anticoagulant treatment (INR 2.0-3.0)
is adequate for the prevention of thrombo-embolic events,
while reducing the incidence of thrombo-embolic compli-
cations. The overall incidence of adverse events, either
thrombo-embolic or hemorrhagic, is minimal when the
INR is between 2.5 and 4.9 and between 2.5 and 3.6
according to a meta-analysis from 12 North American stu-
dies (Bloomfield et al., 1991; Hammermeister et al., 1993;
Cannegieter et al., 1995).

51.2.2.4.3. The association of antiplatelet therapy
with oral anticoagulant treatment

Dipyridamole has been associated with conflicting results
(Chesebro et al., 1983; Pouleur and Boyse, 1995). The
combination of high-dose aspirin (500—1000 mg per day)
with low intensity oral anticoagulant treatment (INR
1.8-2.3) has decreased embolic events, but increased the
incidence of gastroenteric bleeding. Otherwise, the combi-
nation of low-dose aspirin (100 mg per day) with warfarin
(INR 3.0-4.5) has been beneficial in patients with prosthe-
tic valves at high embolic risk (coexisting atrial fibrillation
or previous embolism). Indeed, such regimen significantly
decreased systemic embolism and death, but increased
minor (but not major) hemorrhagic complications. Finally,
the combination of low-dose aspirin (100 mg/day) plus
lower-intensity oral anticoagulant treatment (INR 2.5—
3.5) showed similar antithrombotic protection and less
bleeds in comparison with high intensity oral anticoagu-
lant treatment (INR 3.5-4.5) alone. In conclusion, the
association of aspirin with oral anticoagulant treatment is
advisable in patients who have suffered an embolic event
during adequate oral anticoagulant treatment, in those with
additional embolic risk factors (atrial fibrillation, previous
thrombo-embolism, left atrial thrombosis, poor left ventri-
cular function) or in patients with strong indication for
aspirin treatment (i.e., coexisting coronary artery disease,
previous TIA or stroke). In patients with bioprosthetic
valves, low intensity anticoagulation (INR 2.0-3.0) is indi-
cated during the first 3 months following surgery; there-
after, aspirin is a sufficient prophylaxis. Long-term oral
anticoagulant treatment is warranted only in patients at
high risk for embolism (Heras et al., 1995).
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51.2.2.4.4. Valvular disease

Rheumatic mitral valve stenosis has the highest embolic
risk in comparison with any other cardiac disorder. The
embolic risk is even higher when atrial fibrillation is
present, as well as in the elderly and in those with low
cardiac output. The embolic risk is not related to the
severity of stenosis, valvular calcification, or New York
Heart Association (NYHA) class. During the long-term
follow-up, the risk of cerebrovascular events was
similar in patients with mitral or aortic stenosis.

Despite the lack of randomized trials, oral anticoa-
gulant treatment is undoubtedly useful to reduce sys-
temic embolism and stroke. Definite indications for
oral anticoagulant treatment (INR 2.0-3.0) are pre-
vious thrombo-embolic event and atrial fibrillation,
either paroxysmal or chronic. Oral anticoagulant treat-
ment is recommended in patients with sinus rhythm
and moderate left atrial enlargement (>5cm) who
are at high risk for atrial fibrillation. Oral anticoagu-
lant treatment is also recommended in elderly patients
and in those with severe stenosis (Salem et al., 2004).
In patients suffering from embolism despite oral anti-
coagulant treatment two options are available: increase
the intensity of anticoagulation (INR up to 3.5) or
combine oral anticoagulant treatment with low-dose
aspirin or dipyridamole.

51.2.2.4.5. Valve disease and systemic lupus
erythematosus

In systemic lupus erythematosus, the incidence of
stroke is high, affecting 52% of patients with different
clinical manifestations as stroke, TIA, seizures, cogni-
tive dysfunction, psychosis. When TEE is routinely
performed in patients with systemic lupus erythemato-
sus valve thickening or thrombotic valve vegetations
may be detected in 53-61% of cases. The clinical
implications of these evidences have a strong health
and economic burden (Roldan et al., 2005).

51.2.2.4.6. Aortic valve calcification and calcified
aortic stenosis

The incidence of calcified aortic valve disease is
reported in about 1% of patients with TIA or stroke
undergoing echocardiography (Stein et al., 1977). Case
reports provide evidence of brain infarction, retinal ische-
mia, or peripheral vascular occlusion due to calcific
emboli from aortic valves. Embolism can complicate car-
diac catheterization and valvuloplasty. Primary oxalosis
with calcium infiltration in aortic valve and left ventricle
has been reported as a cause of cardio-embolic stroke.
However, in a prospective controlled study on 815
patients with aortic valve calcification or calcified aortic
valve stenosis, stroke was not significantly associated
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with the severity of the aortic valve disease, but hyperten-
sion and carotid artery stenosis were frequently asso-
ciated (Brockmeier et al., 1981; Davidson et al., 1988;
Rancurel et al., 1989).

51.2.2.4.7. Infective endocarditis

The incidence of infective endocarditis is stable: 1.7-2
cases per 100,000 persons per year (Hart et al., 1990).
Degenerative and prosthetic valve disease have become
more common than rheumatic heart disease in recent
surveys; moreover, patients with endocarditis and hemo-
dialysis, diabetes mellitus, intravenous drug use, and
nosocomial infections are common. Embolization from
endocarditic vegetations may occur in 11-25% of cases
and results in death in 24-50%. The risk is highest in
the first 48 hours and the vegetations at high risk of embo-
lization are those highly mobile, diameter >10 mm, asso-
ciated with Streptococcus viridans and Staphylococcus
aureus infections. Particularly at high risk are the vegeta-
tions of right-sided valves (Di Salvo et al., 2003; Heiro
et al., 2000; Mylonakis and Calderwood, 2001).

The treatment for reducing the risk of embolization
consists of accurate antibiotic therapy followed by sur-
gery (Villacosta et al., 2002). The potential role of
anticoagulant therapy or antiplatelet agents is contro-
versial. In a recent study, Chan et al. (2003) showed
no efficacy of aspirin for reducing the risk of clinical
embolization in patients with infective endocarditis.

According to recent guidelines (Salem et al., 2004)
in patients with a mechanical prosthetic valve and
endocarditis who have no contraindications, long-term
oral anticoagulant treatment is recommended. For
patients with non-bacterial endocarditis and systemic
or pulmonary emboli, and in those with disseminated
cancer with aseptic vegetations, administration of
full-dose heparin is also recommended.

51.2.2.5. Heart failure and cardiomyopathies

In 1994, Baker and Wright (1994) reviewed the inci-
dence of arterial thrombo-embolism in patients with
heart failure selecting 11 studies. The incidence of
embolic events, ranging from 0.9 to 5.5 events per
100 patients per year (mean 1.9% per year), was sig-
nificantly higher than the incidence in the general
population aged 50-75 years (i.e., 0.5 events per 100
subjects per year). Nevertheless, the authors concluded
that there is no subset of patients with heart failure that
definitively has a higher embolic risk except those
with atrial fibrillation. Moreover, among patients with
non-valvular atrial fibrillation in the SPAF I study, left
ventricular dysfunction and history of heart failure
were independent predictors of thrombo-embolism.
According to recent guidelines, in patients with heart
failure and atrial fibrillation, left ventricular thrombosis
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or history of embolic events, oral anticoagulant treat-
ment is strongly recommended (Harrington et al.,
2004). Sharma et al. (1998) showed that among patients
with heart failure and left ventricular thrombosis, the
history of recent myocardial infarction and severe left
ventricular dilatation were predictors of embolic risk.
Stratton et al. (1988), after a 2-year follow-up, showed
that left ventricular thrombosis disappeared in 29% of
patients without oral anticoagulant treatment and in
59% of those with oral anticoagulant treatment.

Even the occurrence of severe left ventricular dys-
function or left ventricular dilatation are considered
possible indications to oral anticoagulant treatment.
In the survival and ventricular enlargement (SAVE)
study (Loh et al., 1997), which enrolled patients with
recent myocardial infarction and left ventricular dys-
function, univariate analysis showed that patients with
ejection fraction <28% had a two-fold increase in
relative risk of stroke. In the studies of left ventricular
dysfunction (SOLVD) (Al Khadra et al., 1998), which
enrolled patients with ejection fraction <35%, with
ischemic etiology in most cases, oral anticoagulant treat-
ment showed a reduction of total mortality but failed to
show a reduction of embolic events, probably because
of the low incidence of embolic events.

The only recent controlled trial of oral anticoagulant
(OAC) in patients with heart failure who were in sinus
rhythm was the warfarin/aspirin study in heart failure
(WASH) study (WASH Study, 1999). Two-hundred
and seventy-nine patients were randomized to OAC (tar-
get INR 2.5) versus 300 mg aspirin per day, during
a follow-up period of 2.5 years. There was no signi-
ficant difference in the composite endpoint of death,
myocardial infarction, and stroke between the two treat-
ments (Jones and Cleland, 1999). In the USA, two other
studies, the warfarin and antiplatelet therapy in heart
failure (WATCH) trial and the warfarin vs aspirin in
patients with reduced left ventricular ejection fraction
(WARICEEF) trial, evaluated the role of oral anticoa-
gulant treatment in patients NYHA class II-IV and EF
<40%. Unfortunately, the limited recruitment of patients
in these trials did not allow conclusions to be reached
on the original endpoint (BM Massie, pers. comm.).
In patients with dilated cardiomyopathy the prevalence
of ventricular thrombi is substantial, ranging from 11%
to 60% among non-anticoagulated patients (Fuster
et al., 1981; Yokota et al., 1989; Falk et al., 1992).

Stroke and systemic thrombo-embolism are reported
in 8.4-18% of the patients. The embolic risk is signifi-
cantly higher in the presence of atrial fibrillation and
advanced congestive heart failure. There are no prospec-
tive studies of the risk/benefit ratio of oral anticoagulant
treatment in patients with dilatative cardiomyopathy.
However non-randomized observational studies show
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efficacy of oral anticoagulant treatment for the preven-
tion of embolism in these patients (Kyrle et al., 1985;
Halperin, 1994).

In the absence of definite guidelines based on pro-
spective randomized trials, oral anticoagulant treatment
should be indicated in patients with dilated cardiomyo-
pathy at higher embolic risk such as those with atrial
fibrillation, advanced congestive heart failure and left
ventricular thrombosis (Koniaris and Goldhaber, 1998).

In patients with hypertrophic cardiomyopathy, sys-
temic embolism and stroke are possible complications
during the natural history of the heart disease (Di Pasquale
etal., 1990; Russel et al., 1991). Hypertrophic cardiomyo-
pathy “per se” is not an embologenic heart disease. The
embolic risk is almost related to the occurrence of one of
three events: atrial fibrillation, infective endocarditis,
and evolution toward a dilatative form with systolic dys-
function and congestive heart failure. The embolic risk is
particularly high in the presence of paroxysmal or chronic
atrial fibrillation with definite indication to oral anticoagu-
lant treatment (INR 2.0-3.0).

51.2.2.6. Patent foramen ovale and atrial
septal aneurysm

In about one-quarter of the adult population, a patent
foramen ovale (PFO), commonly present in the fetus,
may persist. PFO is a hemodynamically inter-atrial
communication consisting of the persistence of the
one-way flap valve overlying the fossa ovalis allowing
right-to-left shunt when right atrial pressure exceeds
left atrial pressure (Kernt et al., 2001). A PFO may
be detected in about one-third of patients with history
of cerebral ischemia (Adams, 2004; Hara et al., 2005).
After several case reports on a possible association
between PFO and cerebral embolism, in 1988, Lechat
et al. (1988) and Webster et al. (1988) firstly showed a
higher prevalence of PFO (>50%) in young stroke
patients versus controls. In the following years, large
case-control studies confirmed these data (Hausmann
et al., 1992; Louie et al., 1993; Schminke et al., 1995),
while two studies (De Belder et al., 1992; Di Tullio
et al., 1992) did not show a higher prevalence of PFO in
adult patients with cryptogenetic stroke. Recently, a
meta-analysis definitively confirmed the -correlation
between PFO and stroke (Overell et al., 2000), with stroke
risk ranging from 1% to 17.5% (Meissner et al., 2006).

51.2.2.6.1. Criteria for diagnosis of PFO
and stratification of the embolic risk

PFO is judged to be present if any microbubble is seen in
the left-sided cardiac chambers within three cardiac
cycles from the maximum right atrial opacification.
Second, PFO may be associated with higher risk of para-
doxical embolization in the presence of a large right-to-

G. DI PASQUALE AND S. URBINATI

left shunt at rest and enhanced membrane mobility (Fox
et al., 2003), larger defects (Schuchlenz et al., 2004).
Finally, coughing during a Valsalva maneuver may
increase the sensitivity for detecting PFO during
contrast echocardiography (Stoddard et al., 2001).

51.2.2.6.2. Criteria for diagnosis of paradoxical
embolism through the PFO

In several case reports, venous thrombi trapped in PFO
have been detected in patients with central and systemic
embolization. Diagnosis of paradoxical embolism
through PFO should always include: (1) no evidence of
other sources of embolism; (2) coexistence of deep
venous thrombosis, venous thrombi trapped in PFO, or
pulmonary embolism; (3) large PFO or larger amounts
of inter-atrial shunting or both; (4) association of PFO
with atrial septal aneurysm (25%) or with mitral valve
prolapse, both potential cardio-embolic sources. Tran-
scranial Doppler examination may improve the diagnosis
of paradoxical embolism in the presence of microbubbles
injected in a venous line in the cerebral circulation
(Droste et al., 2002; Devuyst et al., 2004).

Several possible sources of embolism may be asso-
ciated with PFO. They include atrial septal aneurysm,
situations of enhanced atrial vulnerability and atrial
arrhythmias (Berthet et al., 2000), persistence of the
Eustachian valve and Chiari network (Schneider
et al., 1995; Schuchlenz et al., 2004). The coexistence
of stroke from paradoxical embolism and pulmonary
embolism during air travel has been also reported
(Lapostolle et al., 2003).

Because of the high prevalence of PFO in the general
population caution is required for the diagnosis of para-
doxical embolism. In many patients with stroke, the
PFO is likely not to be etiologically related to cerebral
ischemia. Also, in more than one-third of cases the PFO
is only incidentally associated in patients with crypto-
genic stroke. Current therapeutic options for secondary
prevention include medical treatment with aspirin or oral
anticoagulant therapy, percutaneous invasive or surgical
procedures for the closure of the defect.

51.2.2.6.3. Medical therapy

Recently, Homma and Sacco (2005) considered nine stu-
dies including 943 patients, mean age 45 years, follow-up
duration 33 months. In medical treatment the incidence
of annual stroke was 1.98% and the cumulative incidence
of stroke and death was 3.12%. The risk of recurrences
was higher among younger patients. In the patent
foramen ovale in cryptogenic stroke (PICCS) study
(Homma et al., 2002), which compared head-to-head
warfarin and aspirin, no differences were seen between
these two treatments. In patients with cryptogenic
ischemic stroke and PFO, recent guidelines recom-
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mended antiplatelet therapy over no therapy and over
warfarin (Albers et al., 2004).

51.2.2.6.4. Percutaneous closure of PFO

Homma and Sacco (2005) considered 12 studies
including 1,430 patients with a mean age of 46 years
and a mean follow-up period of 18 months. The stroke
incidence was 0.19% and the cumulative incidence of
stroke and death was 1.15%. The acute complications
of the procedure were nearly 1.5%. Only Windecker
et al. (2004) compared medical treatment and percuta-
neous closure of PFO finding a superiority of invasive
treatment. Moreover, Wahl et al. (2005) showed that
transcatheter closure of PFO removes the clinical rele-
vance of atrial septal aneurysm.

Recently, Meissner et al. (2006) observed that meth-
odological limits of many trials have resulted in poten-
tially inaccurate conclusions regarding the association
of PFO and stroke. In the stroke prevention: assessment
of risk in a community (SPARC) study, in which TEE
was performed in 585 subjects randomly sampled, 140
were found to have a PFO, in 6 cases associated to atrial
septal aneurysm. After a 5-year period, 41 patients
experienced a cerebrovascular event, but no correlation
was found between PFO and the risk of stroke. Never-
theless, in this study only patients aged over 45 years
were included and information on concomitant medica-
tions was not available.

51.2.2.6.5. Surgical closure of PFO

Homma and Sacco (2005) considered 5 studies includ-
ing 161 patients, with a mean age of 43 years and a
mean follow-up period of 22 months. The incidence
of stroke was 0.34% and the cumulative incidence of
stroke and death was 0.85%.

In the last 2 years, a debate has arisen on the role
of percutaneous closure of PFO, because the wide
diffusion of this new technique has been recently chal-
lenged (Adams, 2004; Donnan and Davis, 2004; Fur-
lan, 2004; Tong and Becker, 2004). In order to
establish the role of percutaneous closure of PFO,
three randomized clinical trials are ongoing: the Ran-
domized Evaluation of recurrent Stroke comparing
PFO Closure to establish current standard of Treat-
ment (RESPECT) trial, the CLOSURE 1 trial and the
CARDIA PFO trial.

51.2.2.7. Atrial septal aneurysm

The prevalence of atrial septal aneurysm, a localized
bulging of the inter-atrial septum, ranges from 1% in
autopsy to 2.2% in TEE series, in about 10% of young
patients with TIA or stroke (Messe et al., 2004). The
prevalence in patients with cryptogenic stroke is even
higher (range 16-28%). Nearly one-half of the atrial
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septal aneurysms detected by TEE are not visualized
by routine TTE.

Cerebral ischemia in patients with atrial septal aneur-
ysm could be secondary to embolism from thrombi of
the aneurysmal sac or to paradoxical embolism through
a PFO, coexisting in 60-75% of cases. Other potential
mechanisms of embolism in patients with atrial septal
aneurysm include coexistent myxomatous mitral valvu-
lopathy, Chiari’s network (which is the congenital resi-
duum of the sinus venosus in right atrium), and the
Eustachian valve. Chiari’s network has been discovered
incidentally in up to 4% of autopsy studies and in 2% of
patients undergoing TEE, but it is more common in
patients with cryptogenic strokes (Schneider et al.,
1995). A prospective long-term study showed only a
low incidence of embolic stroke in atrial septal aneur-
ysm (Burger et al., 2000).

TEE studies suggested a strong association between
interatrial septum thickness of more than 5 mm and cer-
ebrovascular events (Schneider et al., 1990). A thick-
ened interatrial septum was found in 75% of patients
with a history of ischemic stroke and only in 24% of
those without history of cerebral ischemia. Moreover,
atrial septal aneurysm has been particularly associated
with small lacunar infarcts (Albers et al., 1994), and
with atrial vulnerability, consisting of a high occurrence
of atrial fibrillation (Homma et al., 2003).

Overall, the risk of stroke in patients with atrial sep-
tal aneurysm has not been assessed and if atrial septal
aneurysm is detected in a patient with stroke, the risk
of cerebrovascular recurrences is unclear. Aspirin can
prevent thrombo-embolism in these patients, but no
long-term comparison between warfarin and aspirin
for preventing stroke is available. Mas et al. (2001)
previously showed that in patients with PFO and atrial
septal aneurysm aspirin was insufficient to protect
against recurrences.

Patients with an atrial septal aneurysm have a coexist-
ing PFO in most cases. In these patients the embolic risk
is higher because the atrial septal aneurysm may increase
the PFO diameter, facilitating right-to-left shunting by
redirecting flow from the inferior vena cava toward the
PFO. Patients with PFO and atrial septal aneurysm have
a 3- to 4-fold increased risk for recurrent events than
those with PFO alone. Recently, Wahl et al. (2005) sub-
mitted to transcatheter treatment 141 patients with atrial
septal aneurysm and PFO and 220 patients with PFO
alone. All patients were symptomatic for cerebral ische-
mia. This study showed that the closure of PFO is safe
and effective even in the presence of atrial septal aneur-
ysm and that transcatheter treatment of PFO may reduce
atrial septal mobility. The long-term risk of recurrent
events after transcatheter treatment in patients with atrial
septal aneurysm and PFO is comparable to those with
PFO alone.
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51.2.2.8. Aortic plaques

Since the 1990s, the association between protruding
atherosclerotic plaques of ascending aorta and embolic
events was seen in TEE studies, autopsy studies, and
intra-operative epi-aortic evaluations during surgery
(Tunick and Kronzon, 2000). Patients with aortic plaques
frequently have associated carotid artery disease (Demo-
poulos et al., 1995), and coronary artery disease (Fazio
et al., 1993). Moreover, a further intriguing association
was seen between aortic plaques and atrial fibrillation.
The SPAF Investigators detected complicated aortic pla-
ques in 35% of patients, with a risk of stroke of 12-20%,
suggesting that in patients with non-valvular atrial fibril-
lation cerebral embolism may be due to aorto-embolism
in 10-20% of cases (Blackshear et al., 1999).

A routine TEE has shown the presence of aortic ather-
osclerotic plaques in nearly half of patients with ischemic
stroke. Aortic plaques can be occasionally observed by
TTE, but only the TEE approach can systematically
detect aortic plaques, providing a detailed definition of
the intimal surface of thoracic aorta. Aortic plaques are
detected mainly in older patients.

In order to identify aortic plaques at high risk of
embolism, Amarenco et al. (French Study of Aortic
Plaques in Stroke Group, 1996) investigated the preva-
lence and the characteristics of high-risk aortic pla-
ques. The authors observed that embolic risk was
significantly higher if the atheroma was protruding or
had a thickness of more than 4 mm. The same authors
demonstrated an increased recurrence of embolic
events (nearly four-fold) in patients with ischemic
stroke and aortic plaques.

Even morphologic findings are highly predictive of
embolic risk. The prevalence of mobile lesions and of
ulceration greater than 2 mm was found to correlate
with cryptogenic stroke (Stone et al., 1995). Cohen
et al. (1997) followed up 338 patients, aged >60 years,
for 2-4 years. Hypoechoic plaques, calcifications, and
ulcerations were common in plaques >4 mm; the high-
est embolic risk was found in non-calcified plaques,
which may be considered “vulnerable” plaques.

An emerging issue concerns the risk of embolism
from aortic plaques during left heart catheterization
and cardiac surgery. The high prevalence of elderly
patients undergoing coronary angiography significantly
enhances the risk of these complications. In nearly
50% of cases, guiding catheters may scrape the aortic
debris, with a high risk of embolization. Frequently,
visible atheromatous material is retrieved from the
guiding catheter that had been passed up the aorta from
the femoral artery (Keeley and Grines, 1998).

The risk of aorto-embolic events during cardiac sur-
gery is even greater, occurring in 2-7% of patients.
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During cardiac surgery in patients with aortic plaques,
cross-clamping, cannulation and manipulation of the
ascending aorta make the risk of embolic complica-
tions very high. In elderly patients and in those with
aortic valve disease, a preoperative TEE or intraopera-
tive TEE should be routinely performed in order to
identify the site of a safe cannulation and cross-
clamping or to perform an alternative minimally inva-
sive direct coronary artery bypass graft.

Sometimes after left heart catheterization an “ather-
othrombotic syndrome” consisting of renal failure,
skin lesions, blue toes, and other signs of peripheral
embolism may be observed. The probable cause of this
syndrome is cholesterinic embolism from aortic ather-
osclerotic lesions (Coy et al., 1992; Davila-Roman
et al., 1997).

Recently, the role of aortic atheroma as a risk factor
for embolism has been challenged (Meissner et al.,
2004), and the need for a better definition of the high
risk findings is suggested (Yahia et al., 2004). An intri-
guing debate on the systematic need for TEE evalua-
tion in patients with stroke and normal carotid
arteries is ongoing (Harloff et al., 2005).

Possible treatments in patients with aortic plaques
for preventing stroke include aspirin, statins, oral
anticoagulant treatment, and surgical removal. While
early reports claimed that oral anticoagulant treatment
is harmful and can precipitate systemic embolism,
more recently three studies investigated the role of oral
anticoagulant treatment in patients with aortic plaques.
Dressler et al. (1998) observed a high incidence of
vascular events in patients non-treated with oral anticoa-
gulant treatment (45%) versus patients treated with oral
anticoagulant treatment (5%). The SPAF investigators
re-evaluated the results of the study by the results of
TEE (Blackshear et al., 1999). Among patients with aor-
tic plaques and non-valvular atrial fibrillation, oral
anticoagulant treatment was protective against the risk
of stroke. Finally, Ferrari et al. (1999), in a prognostic
non-randomized study, showed a better outcome with
less embolic events among patients treated with oral
anticoagulant treatment versus antiplatelets. Oral anti-
coagulant treatment is mainly effective in patients with
aortic plaques greater than 4 mm, with ulcerations and
with soft morphology. Only prospective randomized
studies of comparison between aspirin and warfarin in
patients with stroke and aortic plaques could indicate
the optimal treatment for the prevention of recurrences.

51.2.2.9. Other cardio-embolic diseases

Although only a minority of ischemic strokes affects
younger adults, as many as half of these patients
are less than 65 years old. In these patients other less
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frequent cardiac sources of embolism could be detect-
able (Bougusslavsky et al., 1989).

51.2.2.9.1. Mitral valve prolapse

Since the early 1970s, mitral valve prolapse was postu-
lated to be a possible source of cerebral emboli. Several
reports, mainly concerning stroke in young adults, have
firstly suggested a high prevalence of mitral valve pro-
lapse in stroke (Nishimura et al., 1985). Nevertheless, if
restrictive echocardiographic criteria are adopted, mitral
valve prolapse is less frequently identified, its prevalence
rate being approximately that observed in a healthy popu-
lation (4-6%). Indeed, the prevalence of cerebral ische-
mia in patients with mitral valve prolapse is low,
approximately 0.5% per year (Marks et al., 1989).
Thickening of the mitral leaflets with myxomatous
findings and mitral insufficiency may increase the risk
of systemic emboli, although these data were not
recently confirmed (Gilon et al., 1999). The risk is
further increased in patients with atrial fibrillation or
endocarditis. Data concerning the occurrence of
thrombi on the leaflets are scarce. Mitral valve prolapse
can be associated with an atrial septal aneurysm, PFO,
or rarely with idiopathic lesions of cerebral arteries
caused by systemic connective tissue disorders or with
abnormalities of platelet activity and clotting disorders.

51.2.2.9.2. Mitral annular calcification
and valvular strands

Mitral annular calcification, which is detectable by TTE,
has been reported in association with ischemic stroke
resulting in an independent risk factor (Nair et al., 1989;
Aronow et al., 1990, 1992; Benjamin et al., 1992). The
presumed mechanism for stroke is the detachment of
small calcific emboli from the degenerated mitral annu-
lus. However, a causal relationship between mitral annu-
lar calcification and stroke is difficult to demonstrate
because mitral annular calcification is often associated
with advanced age, congestive heart failure, and particu-
larly with atrial fibrillation. Valvular strands are mobile
filamentous strands of the cardiac valves which have been
associated with stroke and systemic embolization (Orsi-
nelli and Pearson, 1995; Tice et al., 1996; Roberts et al.,
1997). The association with cerebral ischemia has been
reported for strands on both the mitral and aortic valves.

51.2.2.9.3. Cardiac tumors

Atrial myxomas represent more than 50% of primary
cardiac tumors. Seventy-five percent of the myxomas
occur in the left atrium (Reynen, 1995). Systemic
embolism and stroke occur in 40% of cases. Emboli
are of two types: platelet-fibrin and tumor fragments

(Knepper et al., 1988). Most atrial myxomas can be
detected by TTE, but only TEE and MRI allow a pre-
cise definition of the mass and its connections with the
cardiac structures. Atrial myxomas are found in about
1 of 200 young adults with stroke/TTA, and in perhaps
1 of 750 older patients with cerebral ischemia.
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Chapter 52

Ultrasound investigations of the intra- and

extracranial vessels

TIBO GERRIETS * AND MANFRED KAPS

University Giessen, Giessen, Germany

In the past three decades, Doppler ultrasound investi-
gation has replaced conventional angiography as the
method of choice for the investigation of the intra-
and extracranial brain supplying arteries. Further tech-
nical developments such as duplex sonography and the
advent of ultrasound contrast agents have significantly
broadened the applications of ultrasound in the clinical
routine. Besides the established diagnostic features,
new ultrasound-based treatment options, such as sono-
thrombolysis are emerging on the horizon. This chap-
ter will summarize the state of the art of intra- and
extracranial ultrasound and give a brief outlook on
upcoming new ultrasound applications.

52.1. Ultrasound investigation of the
extracranial vessels

About 50% of all symptomatic stenoses or occlusions
of the anterior circulation are located in the proximal
portion of the internal carotid artery (ICA). They
typically result from atherosclerotic narrowing of
the vessel lumen. Large clinical trials have shown
the efficacy of surgical over medical treatment of
carotid artery stenosis (North American Symptomatic
Carotid Endarterectomy Trial Collaborators, 1991;
Executive Committee for the Asymptomatic Carotid
Atherosclerosis Study, 1995). The risk of stroke and
also the indication for carotid endarterectomy depend
strongly on the degree of the stenosis. Thus screening
for and reliable and valid quantification of the carotid
stenosis is of utmost clinical importance and can be
achieved by ultrasound investigation.

52.1.1. Examination techniques

Before the introduction of color-coded duplex sonogra-
phy, the examination of the neck arteries was performed
with the use of conventional Doppler ultrasound sys-
tems. Diagnosis was obtained by analyzing the Doppler
waveform including the indirect evaluation of the peri-
orbital arteries as well as compression tests. With the
advent of color-coded duplex sonography, direct visua-
lization of the vessels was possible. Duplex systems
display blood flow in a color-coded fashion within the
grayscale images of the vessel walls and thus facilitate
vessel identification (Fig. 52.1). Evaluation of arterial
hemodynamics, however, as in duplex sonography
should be based on the careful analysis of the Doppler
spectra waveforms and not on color imaging.

Duplex systems furthermore provide a number of
additional features that are not available with conven-
tional Doppler sonography, such as examination of the
vessel walls and identification of atherosclerotic plaques
before they lead to the significant lumen narrowing that
results in hemodynamic disturbances. Vessel wall thick-
ness (intima-media thickness—see section 52.1.10.1)
serves as a morphological criterion for atherosclerosis
and can be quantified with duplex systems.

52.1.2. Patient preparation

For ultrasound examination of the neck arteries the
patient should be placed in a supine position. The
examiner can sit behind the patient’s head or on
the right-hand side. The latter position is frequently
preferred by cardiologists who perform carotid
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Fig. 52.1. Color duplex image of a normal carotid bifurcation. CCA = common carotid artery; ICA = internal carotid artery;
ECA = external carotid artery (with some branches); arrowheads = carotid bulb.

examination in connection with echocardiography.
Neurologists typically prefer to sit behind the
patient’s head since this position facilitates transcra-
nial examination (see below).

52.1.3. Machine settings

Duplex ultrasound of the neck arteries is typically per-
formed with linear transducers, operating between 5.0
and 7.5 MHz. Grayscale imaging needs to be opti-
mized by adjusting the time-gain compensation that
allows enhancement of signals that are reflected by
deeper structures and that are thus more attenuated.
For optimal color imaging, the pulse repetition fre-
quency (PRF) should be adjusted to avoid excessive
aliasing (color shift from red to blue). Color gain
should then be tuned. Color display is satisfactory if
the vessel lumen is almost completely filled with color
pixels but excessive extraluminal color artifacts are
avoided. It is generally agreed that blood flow away
from the probe is coded blue and flow directed
towards the probe is displayed in red.

52.1.4. Anatomic orientation

The topographical situation of the carotid arteries can
be assessed quickly by imaging in transversal section.
Position of the common, internal, and external carotid
arteries can be depicted more easily by tilting the
probe 45° downwards. This improves color filling of
the vessels. The longitudinal scan plane should then
be selected for further examination.

First the entire course of the common carotid artery
should be displayed. Sometimes only sections of the
vessel are visible. In these cases the probe should be
tilted around the “cable axis” by some degrees. Then

the probe should be slid upwards until the carotid bulb
appears in the right half of the screen. The bulb can
typically be identified by the “blue-to-red” color flap
that represents the physiological swirl with some retro-
grade flow (blue) (Fig. 52.1). Now the two branches of
the carotid artery can be displayed by tilting the probe
around its lower edge. The internal carotid artery
should then be carefully examined by sliding the probe
further upwards.

For examination of the vertebral artery the pulse
repetition frequency should be reduced since blood
flow velocity is usually lower in the vertebrobasilar
system. For topographical orientation we recommend
displaying the common carotid artery and then tilting
the ultrasound beam downwards until the cervical ver-
tebra become visible. Parts of the V2 segment of the
vertebral artery can then be examined between the sha-
dows caused by the vertebra (Fig. 52.2). For the iden-
tification of the origin (V0) and the V1 segments, the
probe should be slid downwards until the subclavian
artery can be displayed. Correct vessel identification
must be confirmed by compression tests (see below).
The V3 segment can be examined by placing the probe
behind the mastoid. Here the vessel typically runs in a
semi-circled loop. The intradural part of the vertebral
artery (V4 segment) can only be examined from the
transnuchal approach (see section 52.2.1).

52.1.5. Doppler spectra analysis

Color coding of blood flow provides information
regarding the flow direction (towards [red] or away
from [blue] the probe). The presence of localized alias-
ing can be a sign of a higher graded stenosis. Arti-
facts, however, occur very frequently in color mode and
suboptimal machine settings can lead to aliasing in
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Fig. 52.2. Color duplex image of a normal vertebral artery
(V2 segment). VA = vertebral artery; arrowhead = shadow
caused by the cervical vertebra.

unimpaired arteries or even mask pathological find-
ings. Thus diagnoses should always be based on Dop-
pler spectra analysis and not on color imaging.

For Doppler spectra analysis, the sample volume
should be placed into the center of each vessel and should
be moved along the entire course of the artery. Abrupt
changes of the flow pattern (particularly increase of the
peak systolic flow velocity with turbulences) are indica-
tive of stenoses and will frequently be overlooked if
Doppler spectra analysis is performed only sporadically.
For the purpose of documentation, one representative
Doppler spectra sample of each vessel (and of all patholo-
gical findings) should be documented and peak systolic
and diastolic blood flow velocity should be measured.
Therefore careful correction of the insonation angle is
required.

52.1.6. Compression tests

The advent of color-coded duplex sonography might
have decreased the importance of compression tests
since imaging facilitates vessel identification. Never-
theless, two compression tests should routinely be
performed.

52.1.6.1. Identification of the external
carotid artery

Doppler frequency analysis typically reveals a more
pulsatile flow with low diastolic velocity. This pattern,
however, is sometimes not very marked. Moreover,
blood flow in the internal carotid artery, which should
be more continuous, can be quite pulsatile in some
patients. For correct identification both Doppler spec-
tra should be compared and a compression test of the
temporal artery must be performed. For this purpose

the artery should be palpated 1 cm in front of the tra-
gus of the ear and then tapped jerkily. This maneuver
causes distinct rebound waves within the Doppler
spectra of the external carotid artery and not (or only
minimally) within the internal carotid artery
(Fig. 52.3).

52.1.6.2. Identification of the vertebral artery

The anatomical feature of the V2 segment of the ver-
tebral artery is almost unmistakable. However, the
V1, V3, and particularly the VO segments can be
mixed up with branches of the subclavian or external
carotid artery. A compression test should therefore
always be performed by tapping the V3 segment
behind the mastoid. The typical rebound waves prove
the vessel in question to be the vertebral artery
(Fig. 52.4).

52.1.7. Occlusion of the internal carotid artery

The following criteria need to be fulfilled for the valid
diagnosis of an internal carotid artery occlusion:

1. Absence of a flow signal within the entire course
of the vessel lumen (no color coding and no flow
signal in the Doppler spectra analysis).

2. Slightly hyperechogenic thrombotic material
within the vessel lumen (proximal occlusion only).

3. “Pre-occlusive flow pattern” within the distal com-
mon carotid artery (systolic spikes with partially
reversed flow during the diastole) (Fig. 52.5).

The diagnosis is furthermore supported by indirect
signs from the common carotid artery where blood
flow pattern is normally determined by the resistance
of the internal and external carotid artery territory.
Occlusion of the internal carotid artery typically
results in an “externalization” of the Doppler spectrum
with increased systolic and decreased diastolic blood
flow velocities and reduced pulsatility.

Examination of the branches of the ophthalmic
artery, namely the supraorbital and supratrochlear
artery, can support the diagnosis, since an occlusion
(or a high-grade stenosis) of the proximal internal caro-
tid artery results in a marked pressure drop with
impaired flow pattern in the ophthalmic artery branches.
An occlusion of the internal carotid artery typically
results in a flow reversion in the supratrochlear artery.
Occlusion or high-grade stenosis of the internal carotid
artery furthermore often results in the recruitment of
intracranial collateral pathways. However, if intracra-
nial collaterals cannot be demonstrated this does not
rule out severe steno-occlusive internal carotid artery
pathology since the anterior or posterior communicating
artery are sometimes hypo- or aplastic.
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Fig. 52.3. Compression test confirms correct identification of the external carotid artery. ECA = external carotid artery;
arrows = rebound waves caused by tapping onto the temporal artery.

Fig. 52.4. Compression test confirms correct identification of the vertebral artery at its origin from the subclavian artery.
VA = vertebral artery; SA = subclavian artery; arrows = rebound waves caused by tapping onto the V3 segment behind

the mastoid.

52.1.8. Stenosis of the internal carotid artery

A stenosis is defined as a localized reduction of a ves-
sel’s inner diameter. While conventional imaging tech-
niques (CT angiography, MR angiography or digital

subtraction angiography) basically display the luminal
narrowing, duplex sonography provides information
regarding the vessel wall irregularity (grayscale ima-
ging) and the resulting hemodynamic consequences
(color mode and Doppler spectra analysis). Assessment
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Fig. 52.5. Occlusion of the internal carotid artery. Doppler spectra analysis reveals a typical preocclusive flow pattern within
the proximal part of the internal carotid artery (arrows). ICA = internal carotid artery; CCA = common carotid artery; arrow-

head = carotid bulb.

of the Doppler spectra provides direct and indirect find-
ings that help to make a diagnosis (see Table 52.1).

52.1.8.1. Direct findings

Systolic and diastolic blood flow velocity is increased
within the stenosed segment of the artery. Blood flow
velocity (or Doppler frequency shift) correlates with the
extent of the lumen narrowing and is therefore important
for the quantification of the stenosis (see below). Peak
systolic blood flow velocity can increase up to 600 cm/s
(20 kHz at 4 MHz) in high-grade stenoses, but then drops
as luminal narrowing exceeds 90% (Fig. 52.6).

52.1.8.2. Indirect findings

Proximal to the stenosis, blood flow velocity is typi-
cally reduced with increased pulsatility (prestenotic
signal). Distal to the stenosis blood flow velocity is
likewise reduced. Pulsatility, however, is diminished,
with decelerated systolic blood flow increase.

The literature reports numerous methods to quantify
the degree of luminal narrowing. It can be expressed in
terms of residual lumen area (mmz), residual lumen dia-
meter (mm) or—most commonly—in percentage steno-
sis (%). Quantification methods need to be evaluated by
comparison with conventional angiography which
serves as the gold standard. Definitions of angiographi-
cally determined percentage values, however, differ
among the literature. While the European Carotid

Surgery Trial (ECST) study made use of the local ste-
nosis calculation (ECST method), the North American
Symptomatic Carotid Endarterectomy Trial (NASCET)
calculated the distal stenosis degree (NASCET method)
(Barnett et al., 1998; Randomised Trial of Endarterect-
omy for Recently Symptomatic Carotid Stenosis,
1998). Calculation of the local degree with the ECST
method is complicated by the fact that the original
lumen (C) is difficult to determine on angiograms. Both
methods differ particularly in low-grade stenoses but
become increasingly comparable with higher degrees
of stenosis. The following equation allows the conver-
sion of ECST into NASCET percentage values:

ECST stenosis (%) = 0.6 x NASCET stenosis
(%) + 40%

Although color duplex methods allow direct visualiza-
tion of the stenosis, morphometrical techniques that rely
on diameter or area measurements from grayscale (or
even from color-coded) images should not be used
any longer, since they are too susceptible to artifacts.
Stenosis quantification in conventional Doppler sono-
graphy as well as by color-coded duplex sonography
should be based on direct and indirect hemodynamic
criteria that were determined from Doppler spectra fre-
quency analysis. Blood flow velocity within the stenosis
serves as a direct criterion for stenosis-quantification. It
allows a rough calculation of stenosis degree.
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Criteria for the quantification of carotid artery stenoses (Kaps et al., 2005)

Degree of stenosis <60% 70% 80% 90% >90% Occlusion
Direct criteria
Intrastenotic peak <120 cm/s 200 cm/s 300 cm/s >300 cm/s Variable 0
systolic BFV
Intrastenotic peak <4 kHz 7kHz 10 kHz >10 kHz Variable 0
systolic frequency
Intrastenotic end- <40 cm/s >40 cm/s >130 cm/s >130 cm/s Variable 0
diastolic BFV
Indirect criteria
Ophthalmic artery Orthograde Flow reduced/ Retrograde Retrograde Retrograde Retrograde
(branches) no-flow/
retrograde
Intracranial collateral No No Activated Activated Activated Activated
pathways
ACI/ACC index >1.5 >2.0 >4.0 >4.0 Not utilizable  Not utilizable

RIC 42
e

R

FREGU B. 12 kHz

o 4.1 cmss
3. 06 kHz

Fig. 52.6. Internal carotid artery stenosis with circumscribed acceleration of peak systolic blood flow velocity (269 cm/s).

ICA = internal carotid artery; arrowhead = carotid bulb.

52.1.8.3. Intrastenotic peak systolic blood
flow velocity

Intrastenotic peak systolic blood flow velocity
increases when luminal narrowing exceeds 50%.
Between 50% and 90% stenosis blood flow velocity
(or Doppler frequency shift) increases exponentially
but finally drops in filiform (>90%) stenoses.

52.1.8.4. Intrastenotic end-diastolic blood
flow velocity

In high-grade stenoses only a small number of erythro-
cytes travel with maximum speed. This can lead to a
break-off of the upper part of the frequency spectrum
and peak systolic blood flow velocity sometimes is
difficult to measure. In these cases, intrastenotic
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end-diastolic blood flow velocity can be used for ste-
nosis quantification. Indirect criteria allow a further
specification of the degree of the internal carotid artery
stenosis.

52.1.8.5. Flow-reversal within the branches of the
ophthalmic artery

If the degree of an internal carotid artery stenosis
exceeds 70%, the obstruction results in a pressure drop
that causes flow-reversal in the ophthalmic artery and
its branches (supraorbital and supratrochlear artery).

52.1.8.6. Internal carotid artery/common carotid
artery index

The relation between peak systolic blood flow velocity
in the internal and in the common carotid artery (caro-
tid ratio) can additionally be used to quantify an inter-
nal carotid artery stenosis. A quotient of 1.5 is
suggestive of a stenosis greater than 50%, a quotient
of 4 indicates a greater than 70% stenosis.

52.1.8.7. Activation of intracranial
collateral systems

Recruitment of intracranial collateral systems can be
determined by examination of the anterior and poster-
ior communicating artery. Flow reversal in the ipsilat-
eral Al segment is indicative for an activation of the
anterior communicating artery collateral flow (cross-
flow). Impaired blood flow patterns and “musical mur-
murs” indicate a functional overload of the anterior or
posterior communicating artery and thus suggest an
activation of intracranial collateral systems.

52.1.8.8. “Subtotal” internal carotid
artery stenosis

Clear differentiation between internal carotid artery
occlusion and high-grade stenosis is of the utmost impor-
tance for clinical management. While blood flow velo-
city is usually increased with increasing luminal
reduction, blood flow is ebbing away in subtotal
stenoses and velocity can be extremely low. The
indirect criteria for the detection of internal carotid artery
stenosis resemble those of an occlusion. Thus, subtotal
stenoses can easily be mistaken for vessel occlusions.
The criteria for a subtotal stenosis are as follows:

1. Reduced systolic and diastolic peak flow velocity.
2. Highly reduced post-stenotic blood flow.

Indirect criteria for the detection of internal caro-
tid artery stenosis resemble those of an occlusion.
Color duplex sonography can improve the sensitivity
for the differentiation between subtotal internal caro-
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tid artery stenoses and occlusions. To enable the
detection of highly reduced blood flow velocity,
pulse-repetition frequency needs to be reduced and
the color gain should be increased as high as possible
(“low-flow detection). Application of ultrasound
contrast enhancers might further improve the signifi-
cance of duplex sonography although they also
enhance color artifacts.

Reliability of carotid ultrasound

Data regarding the reliability of carotid ultrasound
vary strongly among the literature (Sabetai et al.,
2000). Most studies compare ultrasound findings
to intraoperative specimens (Cartier et al., 1993;
Schulte-Altedorneburg et al., 2002) or to digital sub-
traction angiography (DSA), which is regarded as
the gold standard in this context. While the majority
of authors report good or excellent agreements
between DSA and ultrasound (Hansen et al., 1996;
AbuRahma et al., 1997; Furst et al., 1999; Borisch
et al.,, 2003; Gaitini and Soudack, 2005), some
groups report insufficient agreement regarding the
degree of carotid stenoses (New et al., 2001; Jah-
romi et al., 2005). It should be pointed out that the
reliability of carotid ultrasound relies strongly on
the training and experience of the examiner (and
to a lesser degree on the quality of the ultrasound
equipment and the criteria for stenosis quantifica-
tion) and thus some inaccuracy should be expected.
However, this holds true for all imaging methods,
including DSA, which likewise bears surprising
inaccuracies if compared to planimetric assessment
of post mortem specimens (Schulte-Altedorneburg
et al., 2005). Carotid ultrasound is a sufficiently reli-
able and valid method if applied in a state-of-the-art
fashion by a well-trained and experienced examiner
who is aware of the limitations of the method.

52.1.9. Vertebral artery
52.1.9.1. Vertebral artery stenosis

For the detection of occlusions and stenoses in the ver-
tebrobasilar system, similar principles apply as for the
examination of the carotid arteries. The vertebral
artery, however, cannot be displayed in its entire
course by means of ultrasound, so indirect signs of
hemodynamic impairment are of particular importance
(Kaps et al., 1992; de Bray et al., 2001). Stenoses and
occlusions of the vertebral artery are predominantly
located at the origin of the vessel (VO segment) and
at the V4 segment (Fig. 52.3).
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The origin of the vertebral artery can be displayed
directly. Correct identification, however, must be con-
firmed by a compression test (see section 52.1.6).
Locally increased blood flow velocity with peak systo-
lic blood flow velocities typically exceeding 120 cm/s
and post-stenotic turbulences are indicative for a ste-
nosis. Indirect signs for a VO stenosis can be detected
in distal segments, such as a diminished pulsatility or
(in high-grade stenoses) systolic decelerations. Steno-
occlusive findings are uncommon at the V2 and V3
segments. The V4 segment can be examined using
the transnuchal approach (see section 52.2.1).

52.1.9.2. Vertebral artery occlusion

Absence of any Doppler signal from the vertebral
artery is suggestive for an occlusion of the vessel.
Diagnosis of vertebral artery occlusion, however, is
complicated by two special features of this vessel:

1. Side-to-side differences of the vessel diameter are
common. Hypoplasia, defined as a diameter smal-
ler than 2 mm, can complicate the detection of the
Doppler or the color signal. Absence of a flow sig-
nal can be misinterpreted as a vessel occlusion.
Grayscale imaging, however, allows the pinpoint-
ing of the anatomical position of the vessel in its
V2 segment and to determine its diameter. Caliper
differences, as the underlying cause for a missing
signal or side-to-side differences of the Doppler
frequency spectra, can be ruled out. Furthermore,
identification of the V2 segment on grayscale
images allows placement of the sample volume
precisely into the lumen.

2. In chronic proximal vertebralis occlusion cervical
collaterals can provide blood supply to a variable
extent. In these cases blood flow can be detected
within the lumen of the vertebral artery despite
proximal occlusion. Blood flow velocity is typi-
cally low with reduced pulsatility and sometimes
with systolic flow reversal. The VO and V1 seg-
ments are not detectable. In cases with substantial
collateralization blood flow appears normal within
the V2-V4 segments. Direct visualization of cervi-
cal collaterals on the level of the V2 and V3 seg-
ment supports the diagnosis of a proximal vessel
occlusion with collateral filling.

52.1.9.3. Subclavian steal syndrome

High-grade stenosis or occlusion of the subclavian
artery or the brachiocephalic trunk proximal to the ori-
gin of the vertebral artery can lead to flow reversal in
the ipsilateral vertebral artery. Particularly during exer-
cise with the ipsilateral arm, post-stenotic perfusion
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pressure drops and blood supply to the arm is provided
by the vertebrobasilar system (steal phenomenon),
sometimes resulting in dizzy spells, diplopic images,
headache, and other focal neurological symptoms. Clin-
ical symptoms typically increase with exercise and
subside when the arm is rested.

Since the subclavian artery and the brachiocephalic
trunk are difficult to access with ultrasound, careful
analysis of the Doppler spectral waveform in the ver-
tebral artery helps to make a diagnosis. In mild subcla-
vian steal syndrome, Doppler spectra show a
midsystolic notch. With increasing pressure gradients,
the flow pattern indicates partial then complete rever-
sal of the flow direction within the vertebral artery
(Fig. 52.7).

Compression of the ipsilateral upper arm (i.e., using
a blood pressure cuff) attenuates flow reversal in the
vertebral artery, and cuff release aggravates this. Per-
formance of a compression test is important for the
differentiation between an (incomplete) subclavian
steal syndrome and a proximal high-grade vertebral
artery stenosis or occlusion, since flow reversal can
occur under both conditions. Obstruction of the verteb-
ral artery, however, will not respond to the upper arm
compression test.

52.1.10. Atherosclerosis of the vessel wall

Before the advent of color duplex sonography, athero-
sclerotic pathology of the vessel wall could only be
detected if it led to luminal narrowing and thus to
impaired Doppler spectra on conventional Doppler.
Hemodynamic impairment, however, does not occur
in stenoses of less than 50%, so minor atherosclerotic
pathologies were not detectable. In modern color
duplex sonography systems grayscale imaging allows
careful examination of the arterial vessel walls
(Fig. 52.8).

52.1.10.1. Intima-media thickness

Increased intima-media thickness is one of the earliest
findings in cerebral macroangiopathy and is consid-
ered as a surrogate marker of generalized atherosclero-
sis. Although intima-media thickness cannot be
regarded as an independent risk factor, it has been
demonstrated to predict cardiovascular events such as
stroke and myocardial infarction (Grobbee and Bots,
1994; Bots et al, 1997; O’Leary et al., 1999;
Schulte-Altedorneburg et al., 2001; Touboul et al.,
2004; Van Bortel, 2005).

Using high frequency ultrasound (>7 MHz), the
vessel walls are delineated by two hyperintense mar-
gins that were separated by a hypointense layer
(Fig. 52.8A). Although ultrasound cannot differentiate
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Fig. 52.7. Subclavian steal phenomenon caused by an occlusion of the subclavian artery. (A) Incomplete steal; blood flow
direction changes during the cardiac cycle from orthograde (arrowhead) to retrograde (arrow). (B) Complete steal with retro-

grade blood flow (arrow). VA = vertebral artery (V2 segment).

IA_HABSTAND . 147 cm

Fig. 52.8. Macroangiopathy without hemodynamic impairment. (A) Two examples for increased intima-media thickness.

(B) Two examples of atherosclerotic plaque.

between intima and media histologically, comparative
studies between ultrasound and histology indicated
that the first hyperintense margin is caused by reflex-
ion at the borderzone between the vessel lumen and
the intima; the second hyperintense margin is caused
by a reflection between the media and the adventitia.
Thus the thickness of the first hyperintense and the

second hypointense layer equals the intima-media
thickness.

Reliable intima-media thickness measurements
should be obtained from the far and not from the near
wall since the latter measurement has to be performed
at the trailing edge of the ultrasound pulse and thus
may be inaccurate. The best site of carotid intima-media



1068
Table 52.2

Normal values of IMT derived from a community
population (n = 3,383) (Mackinnon et al., 2004)

Intima-media thickness (IMT) Mean SD

Common carotid artery 0.74mm  0.15 mm
Carotid bifurcation 092mm  0.33 mm
Internal carotid artery 0.77mm  0.31 mm

thickness measurements is still a matter of debate. In
many clinical trials intima-media thickness is measured
at three different sites, the common carotid artery
(1-2 cm proximal to the flow divider), the carotid bifur-
cation and the internal carotid artery. Intima-media
thickness progression over time, however, appears to
be most prominent at the internal carotid artery (Mack-
innon et al., 2004). Normal values of intima-media
thickness are presented in Table 52.2.

52.1.10.2. Atherosclerotic plaque

Atherosclerotic protrusions of the vessel wall that do
not alter blood flow (or Doppler signals) are termed
“plaques.” They can be displayed by grayscale ima-
ging and can be described according to their echogeni-
city as echogenic/echolucent and as homogeneous/
heterogeneous (Fig. 52.8B). Several studies determin-
ing the correlation of ultrasonic plaque morphology
with histopathologic findings and interobserver relia-
bility of plaque evaluation provided only moderate
results (Hartmann et al., 1999). The potential of sono-
graphic plaque analysis for risk-stratification presently
seems to be limited. However, the present literature
allows the conclusion that plain shaped, homogeneous
echogenic plaques appear to be rarely ulcerated and thus
“stable” while echolucent; and inhomogeneous plaques
more frequently tend to be hemorrhagic or ulcerated.
Nevertheless, caution is warranted by deriving clinical
decisions from ultrasonic plaque morphology.

52.2. Ultrasound investigation of the
intracranial vessels

One-dimensional echo-encephalography was used in
the 1960s to assess midline-shift non-invasively. This
first application of transcranial sonography was forgot-
ten after the advent of computed tomography. In 1982,
Rune Aaslid and coworkers introduced transcranial
Doppler sonography (TCD). This technique for the
first time allowed the study of intracranial hemody-
namics non-invasively using ultrasound. In the late
1980s, transcranial color-coded duplex sonography
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(TCCS) was introduced—a technique that combined
conventional and color-coded Doppler sonography
with grayscale imaging. Although TCD nowadays is
still in use in the clinical routine (and still represents
the method of choice for certain applications such as
microemboli detection), the present chapter will focus
on TCCS as a state-of-the-art method for the assess-
ment of intracranial hemodynamics.

Several studies indicated that type and extent of
intracranial steno-occlusive findings predict functional
outcome early after acute ischemic stroke. Particularly
patency of the middle cerebral artery has been identi-
fied as an independent predictor of early clinical
improvement. Due to its non-invasive character and
its bedside applicability, transcranial ultrasound is sui-
table in a setting of thrombolytic therapy. Knowledge
of the intracranial vascular status may facilitate the
indication for thrombolysis or other invasive therapeu-
tic procedures in hyperacute stroke. Furthermore, tran-
scranial ultrasound can be used to assess the effects of
acute stroke treatment (revascularization, hemorrhagic
complications) and to monitor the patient’s further
course (Martin et al., 1995; Goertler et al., 1998;
Nabavi et al., 1998; Postert et al., 1999; Gerriets
et al., 2002).

52.2.1. Examination techniques

For the examination of the circle of Willis and of the
brain parenchyma, the transtemporal acoustic bone
window above the tragus of the ear is commonly used.
For standardization a transversal insonation plane
that parallels the orbito-meatal line should be selected
(Fig. 52.9A). For a first overview an examination
depth between 14 and 16 cm should be selected
that allows imaging of the contralateral hemisphere.
Time-gain compensation should be adjusted to generate
homogeneous grayscale intensity along the different
examination depths. Holding the probe horizontally
(0° plane), the butterfly-shaped mesencephalon which
is surrounded by the echogenic basal cisterns can be
visualized (Fig. 52.9B). By tilting the probe 10° upward
(10° plane), the third ventricle comes into view as a
hypoechogenic double reflex. The pineal gland and the
choroid plexus within the lateral ventricle can be identi-
fied as echogenic structures (Fig. 52.9C). In the 30°
plane, the cella media of the lateral ventricle can be
detected (Fig. 52.9D). After screening the contralateral
brain parenchyma for abnormalities, the examination
depth should be reduced to 9-10 cm. The basal cerebral
arteries can then be examined in the 0° plane
(Fig. 52.10).

The distal segments of the vertebral artery (V4 seg-
ments) and the proximal part of the basilar artery can
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Fig. 52.9. (A) Insonation through the temporal bone window. The insonation plane parallels the orbito-meatal line. (B) 0°
plane, brainstem. (C) 10° plane, third ventricle. (D) 30° plane, lateral ventricle. a = contralateral skull; b = brainstem;
¢ = basal cisterns surrounding the brainstem; d = ipsilateral thalamus; e = third ventricle; f = pineal gland; g = choroid
plexus within the contralateral ventricle; h = contralateral lateral ventricle.

be investigated from the transnuchal approach (Kaps
etal., 1992; De Bray et al., 1997). The probe is attached
horizontally to the neck, approximately 3 cm below the
protuberantia occipitalis externa, so that the ultrasound
beam points toward the root of the nose. Examination
depth should be set to 10 cm. Grayscale imaging will
then show the blurred hypointense shape of the foramen
magnum. Further anatomic details are usually not visi-
ble from this approach. After switching on the color
mode, the y-shaped image of the vertebral arteries mer-
ging to the basilar artery becomes apparent (Fig. 52.11).

In contrast to conventional TCD, simultaneous
visualization of several vessels and the surrounding
parenchyma allows fast and unequivocal identification
of the individual arteries. Color gain should be
increased until first extravasal color artifacts occur.
Pulse repetition frequency can be adjusted to avoid
aliasing effects. The entire course of the basal cerebral
arteries should then be traced with the Doppler sample
volume while observing the frequency spectrum

continuously for pathologic blood flow changes. This
detailed procedure is necessary because otherwise cir-
cumscribed stenoses with only minor pre- or post-
stenotic flow disturbances will frequently be over-
looked. A representative Doppler frequency spectrum
sample of each artery should then be selected and peak
systolic and diastolic blood flow velocity should be
documented. Careful correction of the insonation angle
is recommended to avoid over- or underestimation of
the real blood flow velocity. Since the measuring error
increases with increasing correction angle, measure-
ments should be performed preferably at unbowed seg-
ments of the vessel. Correction angles greater than
30° should be avoided if possible.

52.2.2. Bone window failure and ultrasound
contrast agents

Temporal hyperostosis can lead to excessive ultrasound
attenuation and thus to insufficient insonation conditions
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Fig. 52.10. Color coded duplex sonography: circle of Willis. BS = brainstem; MCA = middle cerebral artery; cMCA =

contralateral MCA; ACA = anterior cerebral artery; cACA

cPCA = contralateral PCA.

Fig. 52.11. Transnuchal insonation (normal finding). V4 =
vertebral artery (V4 segment); BA = basilar artery.

through the temporal bone window. The incidence of
temporal hyperostosis increases with age and is more
problematic in women than in men. In representative
collectives of stroke patients, window failures occur in
10-20% and make an examination impossible.

= contralateral ACA; PCA = posterior cerebral artery;

With the use of ultrasound contrast enhancers, inso-
nation problems can be overcome in most of these
patients (Fig. 52.12). Ultrasound contrast enhancers
typically consist of a shell that is composed of albumin,
palmitic acid, polymers, or other materials. The shells
are filled with air or other gases, such as fluorocarbons.
After intravenous injection, ultrasound contrast enhan-
cers pass the pulmonary capillary bed and enter the left
circulation. Because of the marked difference in acous-
tic impedance between gas bubbles and the surrounding
blood, they strongly increase the reflectivity of blood
and thus improve signal-to-noise ratio. Following con-
trast enhancement, most (75-93%) of the patients that
were not investigatable due to hyperostosis can be
examined sufficiently (Postert et al., 1999; Gerriets
et al., 2002; Zunker et al., 2002; Droste et al., 2005).

52.2.3. Occlusion of intracranial arteries

Absence of color signals and the lack of a pulsed wave
(pw)-Doppler spectrum are indicative of a vessel occlu-
sion. However, in cases where a segment of the circle of
Willis is not visible, it has to be considered whether this
is due to vessel occlusion or Doppler signal attenuation
that is, caused by temporal hyperostosis. For the differ-
entiation of insufficient insonation conditions from true
vessel occlusions, the presentability of other intracranial
arteries is of importance. Thus the following diagnostic
criteria for intracranial vessel occlusion have been
proposed (Gerriets et al., 1999).
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Fig. 52.12. Insufficient acoustic bone window. (A) Before injection of echocontrast enhancer the basal cerebral arteries cannot
be identified. (B) Following injection of an echocontrast enhancer, the circle of Willis can be investigated (normal finding).
MCA = middle cerebral artery; ACA = anterior cerebral artery; PCA = posterior cerebral artery.

1. Middle cerebral artery occlusion. M1 segment not
detectable (no color signal, no pw-Doppler spec-
trum) and Al segment of the anterior cerebral
artery, P1 and P2 segments of the posterior cerebral
artery sufficiently assessable (Fig. 52.13); or Ml
segment not detectable and the distal part of the
internal carotid artery (carotid siphon) is occluded.

2. Distal internal carotid artery occlusion. Internal
carotid artery siphon not detectable and the P1
and P2 segments of the posterior cerebral artery
are adequately assessable while extracranial Dop-
pler analysis reveals either a typical high resistance
signal (“preocclusive signal”) with absence of dia-
stolic flow as a sign for a distal obstructive process
or occlusion at the origin of the ipsilateral internal
carotid artery.

3. Posterior cerebral artery occlusion. P1 and P2 seg-
ments not detectable; M1 and Al segments ade-
quately observable.

4. Anterior cerebral artery occlusion. Al segment and
ACI siphon not detectable; P1 and P2 segments of
the posterior cerebral artery are adequately obser-
vable.

In all cases of doubt the application of ultrasound
contrast enhancers are recommended to improve the
differentiation between arterial occlusion and insuffi-
cient insonation conditions.

52.2.4. Stenoses of intracranial arteries

Intracranial artery stenoses due to atherosclerosis are fre-
quent findings among stroke patients. Stenoses moreover
can be found in patients with subarachnoid hemorrhage

Fig. 52.13. Proximal middle cerebral artery occlusion
(arrows). No Doppler signal could be detected where the
middle cerebral artery should appear. The remaining arteries
can clearly be identified. ACA = anterior cerebral artery;
PCA = posterior cerebral artery.

(segmental spasms), large vessel vasculitis, or during
the recanalization process following arterial occlusion.
Diagnostic criteria for the diagnosis of intracranial
stenoses are similar to those of extracranial vessels.
Aliasing in color mode can sometimes suggest the
presence of a stenosis. Accurate diagnosis, however,
requires Doppler spectra analysis, revealing a circum-
scribed acceleration of mean systolic blood flow velo-
city with spectral signs of disturbed flow. Prestenotic
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Fig. 52.14. Middle cerebral artery stenosis. (A) Color coded sonography. (B) Doppler frequency spectrum. a = prestenotic;

b = intrastenotic; ¢ = post-stenotic.

blood flow pattern can be disturbed with increased
pulsatility, while post-stenotic flow frequently shows
reduced pulsatility (Fig. 52.14).

Similar to extracranial internal carotid artery steno-
sis, the degree of luminal narrowing can be estimated
by measuring peak systolic blood flow velocity. By
comparing ultrasound findings with conventional
angiography (the gold standard), Baumgartner et al.
(1999) suggested cut-off levels for systolic peak flow
velocities for intracranial stenoses greater and less than
50% (Table 52.3). It should, however, be mentioned

Table 52.3

that the quantification of luminal narrowing on con-
ventional angiographies has some limitations, since
biplanar assessment of the stenosis is often not obtain-
able. Nevertheless, the agreement between both meth-
ods was excellent.

52.2.5. Reliability of transcranial ultrasound
Several studies compared transcranial duplex sono-

graphy findings with magnetic resonance angiogra-
phy and reported excellent agreement between both

Criteria for the quantification of intracranial stenoses (Baumgartner et al., 1999)

Cutoff-value for stenosis <50%

Pos. predictive value Neg. predictive value

MCA >155 cm/s
ACA >120 cm/s
PCA >100 cm/s
BA >100 cm/s
VA >90 cm/s

MCA >220 cm/s

Cutoff-value for stenosis >50%

ACA >155cm/s
PCA >145 cm/s
BA >140 cm/s

VA >120 cm/s

95% 100%

73% 100%
100% 100%
100% 100%
100% 100%
100% 100%
Pos. predictive value Neg. predictive value
100% 100%
100% 91%
100% 100%
100% 100%
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methods (Kenton et al., 1997; Lien et al., 2001; Tang
et al., 2005). Kenton et al. (1997) reported an exact
agreement between MRA and TCCS for diagnosing
MCA mainstem occlusion. Detection of MCA steno-
ses, however, was less concordant but still acceptable
with a sensitivity between 82% and 83% and a speci-
ficity between 91% and 92% (Tang et al., 2005). Dis-
crepancies in these studies, however, can be in part
attributed to the limited reliability of MRA for the
detection of intracranial stenoses.

The high reliability of transcranial ultrasound, how-
ever, is restricted to patients with sufficient acoustic
bone windows (approximately 80% in typical stroke
patient collectives). Application of ultrasound contrast
agents allows sufficient examination in approximately
four out of five of these patients (Gerriets et al., 1999;
Postert et al., 1999; Gerriets et al., 2002).

52.2.6. Microemboli detection

Embolization of solid and gaseous materials to the cer-
ebral circulation occurs frequently and usually asymp-
tomatically. Emboli causing focal neurological deficits
(TIA or stroke) are rare and thus represent the tip of
the iceberg of subclinical embolization.

TCD allows the detection of microemboli within
the cerebral arteries non-invasively. Microemboli
appear within the Doppler spectrum as unidirectional,
high-intensity signals of short-duration and are accom-
panied by a characteristic chirping sound (Fig. 52.15).
These microembolic signals are caused by the passage
of solid or gaseous material through the ultrasound
beam. International standards for the identification of
microembolic signals have been established (Markus
et al., 1997; Ringelstein et al., 1998).

Since the passage of microemboli can occur infre-
quently, monitoring time should be sufficiently long
to provide acceptable sensitivity (usually between
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30 and 120 minutes). Bilateral examination can help
to reduce monitoring time. Special head frames have
been developed to attach the TCD probe to the temporal
bone window for continuous Doppler recording. After
adjusting the probe and verification of sufficient Dop-
pler signal quality, digital data storage can be started.
Evaluation should be performed off-line according to
the established criteria (Ringelstein et al., 1998).

During 1 hour of emboli monitoring, microembolic
signals can be detected in 4-20% of patients with
asymptomatic carotid artery stenoses. This percentage
increases up to 40% in patients with recently sympto-
matic stenoses (“smoking gun”). There is increasing
evidence that the presence of microembolic signals
can be regarded as a surrogate marker for symptomatic
brain embolism (Molloy and Markus, 1999). Therapeu-
tic measures that are known to reduce the risk of stroke,
such as the application of acetylsalicylic acid, also
drastically reduce the incidence of microembolic sig-
nals (Goertler et al., 1999). Microemboli detection has
therefore been used to evaluate the efficiency of anti-
thrombotic drugs. The combination of aspirin with
clopidogrel has been shown to be more effective than
aspirin alone in reducing microembolization in patients
with recently symptomatic carotid stenoses (Markus
et al., 2005). Furthermore, microemboli detection has
been used to monitor patients during cardiac or carotid
surgery. During carotid surgery, microemboli detection
can reduce the complication rate and can help to evalu-
ate the efficiency of new filter devices. Microembolic
signal counts have been demonstrated to be predictive
for the risk of post-operative focal cerebral ischemia
(Levi et al., 1997; Ackerstaff et al., 2000; Vos et al.,
2005). Microemboli detection can be regarded as a
useful tool in the context of clinical trials. Applicability
in the clinical routine, however, is still limited due to the
lack of valid and reliable automatic microembolic signal
detection devices.

Fig. 52.15. Middle cerebral artery Doppler frequency spectrum of a patient with an 80% internal carotid artery stenosis. The
microembolic signal was accompanied by a characteristic chirping sound.
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52.2.7. Patent foramen ovale

Patent foramen ovale (PFO) is a frequent finding among
healthy individuals with an incidence of 25-30%.
Nevertheless, it represents a risk factor for embolic
stroke, since it provides a pathway from the right to
the left circulation. Formerly, transesophageal echocar-
diography (TEE) with contrast agents was the only reli-
able method to detect a PFO. TEE still represents the
gold standard in this context, but has been replaced in
many centers by TCD techniques because of its semi-
invasive character.

TEE as well as TCD techniques use the same basic
principle for the detection of a PFO. Gas bubbles are
injected intravenously. Under physiological conditions
they are trapped in the pulmonary circulation and
expired. In presence of a PFO, gas bubbles can pass
from the right into the systemic circulation and can
thus be detected in the left ventricle (TEE) or in cere-
bral or other arteries (TCD).

Different procedures of PFO detection with the use
of TCD and contrast agents have been evaluated and
compared and international standards for the examina-
tion procedure have been fixed on a consensus meet-
ing in 2000 (Jauss and Zanette, 2000). Two contrast
agents are in use routinely:

1. Agitated saline. Nine milliliters of physiologic
solution and 1 ml of air were mixed in two syr-
inges that were connected with a stopcock. Injec-
tion has to be performed immediately after the
mixing procedure. This contrast agent is cost-
effective. The number and size of the gas bubbles,
however, is not well controlled.

2. Echovist. This commercially available contrast
agent consists of a suspension of galactose micro-
particles in an aqueous 20% galactose solution
with adherent air bubbles with a diameter of 3 pm.

The test should be conducted with the patient in supine
position. For contrast application, an 18 G intravenous
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line should be inserted into the right cubital vein. At
least one (better both) middle cerebral artery is traced
by TCD. Five seconds after bolus injection of the con-
trast agent the patient is ask to start Valsalva’s maneu-
ver for 10 seconds, followed by an abrupt pressure
release. In this phase, a pressure gradient between the
left and the right atrium is induced that permits right-
to-left shunting through the PFO. Valsalva’s maneuver
can be regarded efficient if systolic blood flow velocity
is diminished at least by one-third. The number of
microembolic signals that are detected in the middle
cerebral artery and the time of appearance of the first
microembolic signals should be documented (Fig.
52.16). Shunting can be quantified as follows:

I: no microembolic signals; no right-to-left shunt
II: 1-10 microembolic signals detected
III: 10 microembolic signals detected (individual sig-
nals can be differentiated)
IV: curtain of microembolic signals; individual sig-
nals can not be differentiated.

If numerous microembolic signals were detected
(grade III or IV), the test should be repeated without
performing Valsalva’s maneuver to quantify “sponta-
neous” right-to-left shunting.

Pulmonary shunts can also lead to right-to-left
shunting and thus to a positive PFO test. Some authors
suggest that the time between bolus injection and the
appearance of the first microembolic signals can be
used as a marker to differentiate between cardiac and
pulmonary shunting, since it takes about 11 seconds
for the microbubbles to reach the cerebral arteries
through intracardiac shunts and about 14 seconds
through intrapulmonary shunts. However, the time
window between both conditions appears to be too
narrow to differentiate reliably between both types of
shunting. Furthermore, residual contrast agent, which
can be trapped within venous valves, can be released
with some delay and thus obscure the diagnostic value
of appearance time.

Fig. 52.16. PFO test: Multiple microembolic signals following intravenous injection of agitated saline and Valsalva’s maneu-

ver. This finding indicates a right-to-left shunt.
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Ischemic stroke workup represents the most impor-
tant indication for contrast TCD. In particular, juvenile
stroke and so-called “cryptogenetic” stroke are major
indications, although accurate workup frequently
reveals conflicting potential sources of embolism
(Serena et al., 1998; Anzola, 2002).

Furthermore, the presence of a PFO appears to play
a role in the pathophysiology of migraine with aura,
although the exact mechanism has not yet been deter-
mined (Anzola et al., 1999; Wilmshurst et al., 2000).
Right-to-left shunts moreover represent risk factors
for divers since they increase the risk for type II
decompression sickness (Gerriets et al., 2000; Saary
and Gray, 2001; Torti et al., 2004).

52.2.8. Investigation of brain parenchyma

Transcranial duplex sonography does not only provide
information regarding the intracranial hemodynamics,
it can also be used for imaging of the brain parench-
yma. Compared to computed tomography or magnetic
resonance tomography, axial and spatial resolution of
ultrasound images is limited due to the low frequency
that is required to penetrate the skull. Ultrasound
images of the brain are also difficult to interpret and
the number of anatomical structures that can clearly
be identified is limited. Nevertheless, ultrasound of
the brain parenchyma has a number of advantages
compared to conventional imaging:

1. Ultrasound is a bedside method and thus can be
applied very quickly (i.e., in the emergency room).
This advantage is of particular importance for
patients that are too unstable for transportation to
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CT scanners and thus can only be investigated bed-
side. It is furthermore non-invasive and inexpen-
sive and can therefore be used for repeat
examination (i.e., for monitoring of parenchymal
findings).

2. Transcranial sonography can be used for the evalua-
tion of the ventricular system. Ventricular enlarge-
ment, for instance as a result of space-occupying
cerebellar stroke, can be monitored on the intensive
care unit. Lateral displacement of the third ventricle,
caused by “malignant” middle cerebral artery terri-
tory stroke, can be measured with high accuracy
and allows the prediction of patient outcome in this
life-threatening condition (Gerriets et al., 2001).

3. Transcranial ultrasound, furthermore, can be used to
detect intracerebral hemorrhage (i.e., following
thrombolysis) (Fig. 52.17). Positive and negative pre-
dictive value of this method has been calculated to be
0.88 and 0.96, respectively, indicating that ultrasound
cannot replace computed tomography but might be
useful as a screening and monitoring method (e.g.,
in intensive care patients) (Seidel et al., 1995).
Further applications of brain parenchyma diagnostics
are emerging in the field of movement disorders.
Increased echogenicity of the substantia nigra has
been identified as an early marker for Parkinson’s
disease even before onset of clinical symptoms
(Sommer et al., 2004; Behnke et al., 2005).

52.3. Present status and future directions
of neurosonology

After more than three decades of clinical use, ultra-
sound is an established method in the diagnostic

Fig. 52.17. Transcranial sonography (A) and computed tomography (B) of a comatose patient. a = contralateral skull;
b = third ventricle (tamponaded with blood); ¢ = lateral ventricle (tamponaded with blood); d = subdural hematoma.
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Table 52.4
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Comparison of the different imaging techniques for the evaluation of the brain supplying arteries

MRA CTA DSA Ultrasound

Reliability for the detection of arterial stenoses +++ +++ +4+ 44+
Reliability for the quantification of arterial stenoses + ++ +++ ++
Reliability for the detection of arterial occlusions +++ +++ 44+ 4+t
Observer independency + 4+ 4+ —
Interpretation of images + ++ ++ +
Non-invasiveness +++ ++ - ++4+
Time-efficiency + 4+ - RS
Avoidance of ionizing radiation +++ — — 4+
Cost-effectiveness + + — 44

workup of the intra- and extracranial arteries. It stands
on an equal footing beside other non-invasive imaging
techniques such as CTA or MRA, although all meth-
ods have their specific advantages and disadvantages
(Table 52.4).

The invention of transcranial Doppler ultrasound in
1982, the development of transcranial duplex sonogra-
phy in the early 1990s, and the introduction of ultra-
sound contrast agents in the mid-1990s represent
important milestones in the history of neurosonology.
At present, two new applications of ultrasound emerge
on the horizon, which will probably lead neurosonol-
ogy to new directions.

52.3.1. Perfusion imaging

Doppler imaging techniques allow quantification of
blood flow within large arteries but fail to detect
perfusion at the microcirculation level. Low flow
velocities that are associated with parenchymal perfu-
sion, however, can be detected with perfusion imaging
using ultrasound contrast enhancers. Perfusion imaging
is useful for predicting stroke recovery, for differentiat-
ing stroke pathogenesis and for monitoring therapy.
Several methods, such as contrast agent imaging,
contrast burst imaging, or time variance imaging are
currently under evaluation. Clinical studies indicate
that ultrasound perfusion imaging, as it stands now, is
already sufficient to discriminate between normal and
severely pathological perfusion conditions. Although
applicability in a routine clinical setting cannot be
recommended presently, further progress in the devel-
opment of contrast agents, data processing and ultra-
sound emitting techniques are predictable. Thus,
migration of this technique to the clinical setting is pos-
sible (Kern et al., 2004; Della Martina et al., 2005;
Eyding et al., 2005).

52.3.2. Ultrasound-mediated thrombolysis

Systemic application of recombinant tissue plasmin
activator (rtPA) has been approved for the treatment
of acute stroke within the first 3 hours. Although there
is a statistically significant improvement in functional
outcome (as compared to placebo), efficiency of sys-
temic thrombolysis is limited. In addition to hemorrha-
gic complications, the poor recanalization rate of
approximately 50% might be accountable for the mod-
erate efficiency. In vitro and in vivo experiments indi-
cated that ultrasound can augment rtPA-mediated
thrombolysis and improve vessel recanalization.

The first clinical trials have been conducted to
enhance systemic thrombolysis. In these studies, fre-
quency and power output were comparable to conven-
tional “diagnostic” ultrasound applications. Alexandrov
et al. (2004) demonstrated improved recanalization fre-
quency in acute stroke patients treated with rtPA and
ultrasound compared to patients that received rtPA alone.
Eggers et al. (2005) likewise revealed an improved reca-
nalization rate and even a statistically significant better
functional outcome, although the small sample size
(n = 25) limits the power of this study.

In order to improve the thrombolytic potential and
the permeability of ultrasound through the skull, appli-
cation of “low-frequency” ultrasound has been sug-
gested. In the TRUMBI-study the characteristics of
low-frequency ultrasound were utilized. Unfortunately
this clinical trial had to be stopped prematurely because
of frequent hemorrhagic complications. This important
drawback necessitates further preclinical research to
characterize potential side-effects of ultrasound appli-
cation to the acutely ischemic brain. Nevertheless,
ultrasound mediated thrombolysis appears to be a pro-
mising feature to improve acute stroke treatment in the
near future and can potentially open a window for new
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therapeutic ultrasound applications (Alexandrov, 2004;
Alexandrov et al., 2004; Daffertshofer et al., 2005;
Eggers et al., 2005).
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53.1. Introduction

The relationship between hematological abnormalities
and stroke has been extensively reported in the litera-
ture and so laboratory studies are usually performed
as part of the regular etiological workup study carried
out in stroke patients. Basic standard hematological
and biochemical tests are routinely made as part of the
guideline recommendations for the management of
stroke patients (Adams et al., 2003; European Stroke
Initiative Executive Committee and the EUSI Writing
Committee, 2003). The prevalence of hematological
disorders in patients with stroke is difficult to assess
accurately. The major precipitant of brain ischemia
has been found to be a hematological disorder or coagu-
lopathy that predisposes to thrombosis in approximately
1% of all patients with ischemic stroke and up to 8% of
young adults with stroke (Adams et al., 1986; Bogous-
slavsky et al., 1988; Hart et al., 1990; Tatlisumak and
Fisher, 1996; Markus and Hambley, 1998; Castillo
and Davalos, 2001).

However, in spite of the recognition of hypercoa-
gulable states as an ischemic stroke risk factor it is
often difficult to establish a direct causal relationship as
other stroke etiological factors can coexist. The percentage
cited is even lower in patients with hemorrhagic stroke in
whom coagulopathies have been reported to cause cere-
bral bleeding mainly in children (Quinones-Hinojosa
et al., 2003; Chalmers, 2004; Lietz et al., 2005). Moreover,
stroke itself, especially in the acute phase, as well as some
of the therapies usually administered for stroke prevention
(e.g., warfarin) may be responsible for abnormalities in the
levels of the proteins that are analyzed in order to rule out

hematological abnormalities. These factors must therefore
be taken into account when considering hematological dis-
eases as a possible cause of stroke.

Although still in the research phase, the use of serum
markers released into the cerebrospinal fluid (CSF) and
the peripheral blood as a result of cerebral damage sec-
ondary to stroke is becoming increasingly important for
the diagnosis and prognosis of stroke. In fact, excitotoxi-
city markers including glutamate and GABA (Castillo
et al., 1996, 1997; Serena et al., 2001) as well as inflam-
matory markers such as interleukins (IL), tumor necrosis
factor (TNF)-a and adhesion molecules such as intercel-
Iular adhesion molecule (ICAM)-1 and vascular cellular
adhesion molecule (VCAM)-1 (Fassbender et al., 1994;
Vila et al., 1999) among others have been shown to be
related to ischemic lesion growth as well as to poor out-
come in patients with acute ischemic stroke. Markers of
endothelial basal lamina disruption such as matrix metal-
loproteinases (MMP) and cellular-fibronectin (c-Fn)
have been shown to predict hemorrhagic transformation
in patients with acute ischemic stroke both in those
who receive and do not receive thrombolytic therapy
(Castellanos et al., 2003, 2004a; Montaner et al., 2003).
A panel of serum markers has recently been found to
be useful for the diagnosis of stroke in the acute phase
(Reynolds et al., 2003; Lynch et al., 2004).

The examination of the cerebrospinal fluid (CSF) is
also a useful tool for the study of patients with acute
stroke. CSF examination is indicated to establish the
presence of subarachnoid hemorrhage and to exclude
the presence of infection, immunologic disorders, and
meningeal malignancies as possible causes of stroke
(Fishman, 1992).
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The present chapter outlines those laboratory tests
that have proved to be useful in the diagnosis of dis-
eases associated with ischemic and hemorrhagic
strokes. The utility of serum markers for the diagnosis
and the prognosis of stroke as well as the usefulness of
CSF analysis in stroke patients are also discussed.
A detailed revision of the hematological diseases
related to stroke is made in Chapter 45 and is beyond
the scope of the present chapter.

53.2. Laboratory tests in stroke patients

Table 53.1 shows the basic laboratory workup that is
recommended for patients with stroke (Adams et al.,
2003; European Stroke Initiative Executive Committee
and the EUSI writing committee, 2003). These tests pro-
vide useful information for revealing the cause of stroke
(e.g., polycythemia, thrombocytosis, thrombocytopenia,
leukemia, coagulopathies), ruling out stroke mimic
(e.g., hypoglycemia, hyponatremia) and providing evi-
dence of concurrent illnesses (e.g., anemia, diabetes).
When specific hematological disorders are suspected
as being the cause of stroke more specific laboratory
tests need to be performed in order to complete the etio-
logical study. Table 53.2 shows a list of hematological
disorders that have been related to stroke. Some of these
diseases can be suspected due to abnormalities revealed
in the basic laboratory workup (Table 53.3). More
specific tests aimed at determining the activity of plate-
lets as well as the levels and activity of the coagulation
and fibrinolytic factors should be performed when a
thrombophilic or hemophilic syndrome is suspected.
Immunologic and genetic tests are necessary to rule

Table 53.1

Basic laboratory tests for patients with stroke

Erythrocyte sedimentation rate
C-reactive protein
Hematological tests
Cellular blood count (erythrocytes, platelets, leukocytes)
Hemoglobin concentration
Hematocrit levels
Biochemistry
Glucose levels
Electrolytes
Renal and hepatic chemistry
Coagulation tests
Prothrombin time
Partial thromboplastin time
Activated partial
thromboplastin time
Fibrinogen levels
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out the presence of lupus anticoagulant and anticardioli-
pin antibodies as well as specific mutations related to
hypercoagulability.

As most well-controlled studies suggest that the con-
tribution of hypercoagulable states to the overall stroke
risk is low, considerable controversy exists as to which
patients should be tested to rule out these disorders and
when. Moreover, it is not possible to interpret some of
the screening tests for coagulopathies in the acute stroke
phase, so the test should be performed when the patient
is not in an active thrombotic state and the coagulation
and fibrinolytic factors have stabilized, usually 6-8
weeks after the thrombotic event (Tohgi et al., 1990;
Macik and Ortel, 1995; Tatlisumak and Fisher, 1996;
Bridgen, 1997; Bushnell and Goldstein, 2000). In
general, it is accepted that young patients without
obvious causes of stroke and patients with a previous
personal or family history of venous thrombosis should
be tested for hypercoagulable states. The existence of
abnormalities in routine screening laboratory tests
(hemoglobin, hematocrit, platelet count or coagulation
tests) should also make the clinician suspect a pro-
thrombotic state (Hart and Kanter, 1990; Markus and
Hambley, 1998; Bushnell and Goldstein, 2000; Van
Cott et al., 2002).

53.3. Serum markers of stroke

In the last few years, research into the pathophysiology
of stroke has demonstrated that molecular mechanisms
participate as mediators of cerebral injury after stroke
(Kogure and Kato, 1998). The study of molecular mar-
kers has proved to be of considerable utility as the
blood and CSF levels of these molecules released as
a result of cerebral damage have been found to be use-
ful in diagnosing ischemic stroke (Reynolds et al.,
2003; Lynch et al., 2004) and especially in predicting
the evolution of the cerebral lesion (e.g., lesion growth,
and spontaneous and secondary hemorrhagic transfor-
mation) and the clinical evolution (e.g., progressing
stroke and outcome) (Castillo and Rodriguez, 2004).

53.3.1. The ischemic cascade

Cerebral ischemia results in a cascade of molecular
events that are triggered as a consequence of the
decrease in the cerebral blood flow and the subsequent
energetic failure (Fig. 53.1). This marked ATP reduc-
tion leads to the depolarization of the cellular mem-
branes and secondary permeability abnormalities
with an intracellular increase of [Na't], [Ca®'] and
[C17], and an extracellular increase of [K*], which in
turn results in the extracellular release of glutamate
and other excitatory and inhibitory amino acids such



Table 53.2

Hematological disorders associated with stroke

I. ISCHEMIC STROKE

1. Cellular disorders:
a) Myeloproliferative diseases

b) Sickle-cell disease

¢) Paroxysmal nocturnal
hemoglobinuria

d) Thrombotic
thrombocytopenic purpura

e) Malignancy (leukemia*/
intravascular lymphoma)

2. Disorders of coagulation/fibrin:
a) Congenital

(b) Acquired

II. HEMORRHAGIC STROKE

Disorders of coagulation
(a) Congenital

(b) Acquired

Polycythemia rubra vera
Essential thrombocythemia*

Natural anticoagulation
disorders:
Antithrombin III deficiency
Protein C deficiency
Protein S deficiency
Factor V Leiden (activated
protein C resistance)
Prothrombin gene mutation
(G20210A)
Fibrinolytic system
disorders:
Plasminogen deficiency
Dysfibrinogenemia
tPA deficiency
PAI-1 excess
Uncertain mechanism
Homocysteinemia

Disseminated intravascular
coagulation

Lupus anticoagulant/
anticardiolipin syndrome

Pregnancy and puerperium

Oral contraceptive pill

Paraproteinemias

Hemophilia (A and B)
Von Willebrand’s disease
Factor X deficiency
Prothrombin deficiency
Factor VII deficiency

Thrombopenia

Vitamin K deficiency

Chronic hepatopathy

Intravascular disseminated
coagulopathy

Anticoagulant treatment
(heparin/warfarin)

tPA = tissue plasminogen activator; PAI = inhibitor of plasminogen activator.

*Intracerebral bleeding has also been reported.
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Table 53.3

Laboratory abnormalities in diseases associated with stroke

M. CASTELLANOS ET AL.

Erythrocytes Platelets Leukocytes PT APTT
Polycythemia rubra vera T N/T N/T N N
Essential thrombocythemia N T N N N
Sickle cell disease l N N N N
Paroxysmal nocturnal hemoglobinuria 1 N/| N/|* N N
Thrombotic thrombocytopenic purpura l 1 N N N
Hemophilia N N N N T
Von Willebrand’s disease N N N N N/T
Factor X deficiency N N N T T
Prothrombin deficiency N N N T T
Factor VII deficiency N N N T N
Vitamin K deficiency N N N T N/T
Chronic hepatopathy N N N T T
Disseminated intravascular coagulation N l N T T
Heparin treatment N N N N/T T
Warfarin treatment N N N T N/T

N = normal value; PT = prothrombin time; APTT = activated partial thromboplastin time.

*When the leukocyte count is decreased it is due to mild lymphopenia.
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Fig. 53.1. Summary of molecular events triggered by cerebral
ischemia. HSP = heat shock protein; IEG = immediate early
genes.

as glycine and GABA respectively. Glutamate activates
glutamate-mediated channels (NMDA and AMPA) and
originates an intracellular increase of calcium. Intracel-
lular calcium participates in the formation of free radi-
cals through the activation of nitric oxide synthase that
promotes nitric oxide formation and the subsequent
synthesis of the highly toxic peroxynitrite radical and
mediates apoptosis or delayed cellular death (Schmid-
ley, 1990; Linink et al., 1993; Fisher and Garcia, 1996;
Kogure and Kogure, 1997). The intracellular increase
of calcium triggers the inflammatory cascade which
starts with the local expression of inflammatory cyto-
kines including the TNF-a and the IL-1B (Liu et al.,
1994; Wang et al., 1994), which in turn stimulates
the release of other cytokines including IL-6 and IL-8,
and chemotactic factors such as leukocyte adhesion

molecules (selectines), the ICAM-1, the VCAM-1, and
the platelet endothelial cellular adhesion molecule
(PECAM) (Feuerstein et al., 1998). The leukocytes
reaching the ischemic zone as a result of the release of
chemotactic factors interact with the endothelial cells of
the capillary walls resulting in the occlusion of the
arteries and leading to the “no-reflow” phenomenon that
does not allow the complete recovery of the CFB within
the ischemic zone (Ames et al., 1968; Schmid-Schonbein
et al.,, 1980). Moreover, leukocytes also stimulate the
release of vasoconstrictor substances with secondary
damage of the vascular reactivity (Hértl et al., 1996)
and of proteolytic enzymes that break down the endothe-
lial wall and permit the leakage of water and erythrocytes,
which may result in brain edema and hemorrhagic trans-
formation of the ischemic lesion, respectively (Hamann
et al., 1995; Hamann et al., 1996).

Inflammatory molecules also stimulate the release
of proteolytic enzymes such as matrix metalloprotei-
nases, a group of proteolytic enzymes contributing to
the rupture of the endothelial basal lamina (Romanic,
1994) and that have been related to brain edema and
hemorrhagic transformation development both in
experimental models of cerebral ischemia (Rosenberg
et al., 1990; Hoe Heo et al., 1999) and in humans
(Montaner et al., 2001; Castellanos et al., 2003).

53.3.2. Serum markers and stroke diagnosis

A rapid diagnosis of stroke is important in the clinical
setting in order to increase the number of patients who
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can receive an effective therapy in the appropriate time
window. Thrombolytic therapy with recombinant
tissue-plasminogen activator (rtPA) has proved to be
the only effective treatment of ischemic stroke when
administered in the first 3 hours after symptom onset
(National Institutes of Neurological Disorders and
Stroke rtPA Stroke Study Group, 1995; Adams et al.,
1996) and the administration of activated recombinant
factor VII (rFVIIa) in the first 3 hours after onset has
been found to be the only effective drug to avoid the
expansion of bleeding in patients with intracerebral
hemorrhage (Mayer et al., 2005a,b). Moreover, the
earlier the treatment is administered, the greater the
efficacy of the drug. Neuroimaging techniques are
the only tools capable of differentiating between
ischemic and hemorrhagic stroke and the fact that
these techniques are not available in many smaller
hospitals frequently results in a delay in treatment
administration. New tools are therefore necessary to
reduce the time between symptom onset and the
administration of an effective therapy. The determina-
tion of blood markers may prove useful to diagnose
stroke and to differentiate between ischemic and
hemorrhagic stroke. The feasibility of developing a
panel of biomarkers for the diagnosis of ischemic
stroke has recently been tested. After analyzing 26 bio-
markers involved in the pathogenesis of stroke includ-
ing markers of glial activation and inflammation,
apoptosis, myelin breakdown and peroxidation, throm-
bosis, and cellular injury, a model including MMP-9,
vWF and VCAM provided a sensitivity and specificity
of 90% for predicting stroke (defined clinically by the
presence of focal neurological symptoms lasting >24
hours) (Lynch et al., 2004). In a later work including
more than 50 biomarkers, the same group reported a
high correlation between 5 biomarkers including pro-
tein S-100B3, B-type neurotrophic growth factor
(BNGF), von Willebrand factor, MMP-9 and mono-
cyte chemotactic protein-1 (MCP-1) and the diagnosis
of both ischemic and hemorrhagic stroke. In a panel
algorithm in which three or more marker values above
their respective cut-offs were scored as positive, these
five markers provided a sensitivity of 93% and specifi-
city of 93% for the diagnosis of ischemic stroke within
the first 9 hours of symptom onset. The algorithm also
allowed the diagnosis of hemorrhagic stroke within the
first 6 hours of evolution with a sensitivity of 80-89%
and specificity of 93% (Reynolds et al., 2003).

53.3.3. Serum markers of early neurological
deterioration

Early neurological deterioration, which is considered
to occur between stroke onset and the first 72 hours
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of evolution (Roden-Jiilig, 1997), occurs in approxi-
mately one-third of patients with ischemic stroke and
increases mortality and functional disability (Davalos
et al.,, 1990; Castillo, 1999). Several clinical and
radiological factors including a previous history of dia-
betes mellitus and ischemic heart disease (Jorgensen
et al., 1994; Davalos et al., 1999), high and low systo-
lic blood pressure levels (Davalos et al., 1990; Jorgen-
sen et al., 1994), hyperthermia (Castillo et al., 1994;
Davalos et al., 1997a), hyperglycemia (Davalos et al.,
1990; Toni et al., 1995), elevated fibrinogen levels
(Davalos et al., 1997a) and early signs of cerebral
ischemia on cranial computed tomography (CT) (Toni
et al, 1995; Davalos et al., 1997a) have been found to
be associated with early neurological deteriora-
tion. However, it is only partially predictable based
on these data, so the participation of other factors on
progressing stroke needs to be investigated.

Recent clinical and experimental research has shown
that biochemical mechanisms participate as mediators
of early neurological deterioration (Davalos and Castillo,
1999). Of these, plasma glutamate levels have been found
to be the strongest biochemical predictor of progressing
stroke. Plasma and CSF glutamate levels have been
reported to be significantly higher in patients with early
neurological deterioration than in those who do not dete-
riorate (Castillo et al., 1997; Davalos et al., 1997b). Glu-
tamate concentrations >200 pmol/l in plasma (OR, 26.1;
95% CI 6.9-98.6) and >8.2 umol/l in CSF (OR, 40.9;
95% CI 7.6-220) have been shown to be independent
predictors of early neurological deterioration in the acute
phase of hemispheric cerebral infarct and to classify
correctly a progressing evolution with a probability of
92% and 93%, respectively (Castillo et al., 1997). A later
study also confirmed the association between excito-
toxicity and early neurological deterioration in patients
with lacunar infarctions. In this particular group of
patients, plasma glutamate concentrations >200 pmol/l
and plasma GABA concentrations <240 nmol/l were
reported to have a positive predictive value for neurologi-
cal deterioration of 67% and 84%, respectively, and an
excitotoxic index (plasma glutamate concentrations/
plasma GABA concentrations) >106 correctly predicted
neurological deterioration in 85% of patients with lacunar
infarctions (Serena et al., 2001).

The association of glutamate levels with progressing
stroke may be related to the participation of excitotoxi-
city in the recruitment of the penumbral zone (the tissue
at risk of infarction surrounding the ischemic core)
towards infarcted tissue. Different neuroimaging techni-
ques, including positron emission tomography, diffu-
sion/perfusion magnetic resonance imaging (MRI) and
cranial CT perfusion, allow the identification of penum-
bral tissue in the earliest stages of cerebral ischemia and
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to follow the dynamic evolution of the ischemic lesion
(Schlaug et al., 1997; Heiss et al., 2004). The spread of
glutamate from the ischemic core to the periphery of
the ischemic lesion may induce irreversible injury in the
penumbra. Glutamate has in fact been shown to be a
mediator in the occurrence of peri-infarct depolarizations
originating at the infarcted core and propagating towards
the periphery of the lesion with the result of an increase in
the infarcted volume (Hossman, 1996). In experimental
studies, a correlation between the number of peri-infarct
depolarizations and infarct volume has been found (Mies
et al., 1993, 1994) and the pharmacological suppression
of peri-infarct depolarizations by glutamate and glycine
antagonists has been shown to reduce infarct volume
(Gill et al., 1992; Tatlisumak et al., 1998). Moreover, in
a clinical setting, a high correlation between glutamate
levels and infarction volume has been found in patients
with acute ischemic stroke (Castillo et al., 1996) as well
as a strong association between glutamate levels on
admission and diffusion-weighted imaging lesion growth
in patients with acute hemispheric infarction (Castellanos
etal.,2004b). These peri-infarct depolarizations probably
result in ischemic enlargement by increasing the ener-
getic demands within an already energetically compro-
mised tissue due to the low cerebral blood flow in the
penumbral zone.

Iron-mediated free radical generation also plays an
important role as a mediator of progressing stroke.
Plasma and CSF ferritin concentrations have been
shown to be significantly higher within the first 24 hours
of evolution in patients with subsequent early neurologi-
cal deterioration, larger infarct volumes and poor out-
come at 1 month (Davalos et al., 1994, 2000). Plasma
ferritin concentrations >275 ng/ml and CSF ferritin
concentrations >11 ng/ml have been found to be
independently associated with early neurological dete-
rioration in patients with acute hemispheric infarction
(Davalos et al., 2000). A positive correlation has been
reported between ferritin concentrations and glutamate
and inflammatory molecule levels in both experimental
(Castellanos et al., 2002a) and clinical studies (Davalos
et al., 2000) so enhanced iron-mediated excitotoxic and
inflammatory mechanisms might explain the associa-
tion between ferritin concentrations and progressing
stroke. Nitric oxide, which also participates in free
radical generation, has also been reported to mediate
early neurological deterioration. The levels of nitric
oxide metabolites (NO-m) in CSF are significantly
higher in patients with progressing stroke. CSF NO-m
concentrations >5 pmol/ml independently predicted
early neurological deterioration (OR 5.7; 95% CI
1.2-27.4) in patients with acute ischemic stroke even
after adjustment for CSF glutamate levels (Castillo
et al., 2000).
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Inflammatory mechanisms also play an important
role in the progression of cerebral ischemia. High IL-
6 concentrations in plasma and CSF have been asso-
ciated with larger infarct volume, neurological deteriora-
tion, and poor outcome in patients with acute ischemic
stroke (Fassbender et al., 1994; Tarkowski et al., 1995;
Elneihoum et al., 1996; Vila et al., 1999, 2000; Castillo
and Davalos, 2001). Plasma IL-6 concentrations
>21.5 pg/ml and CSF IL-6 concentrations >6.3 pg/ml
have been found to be independent predictors of early
neurological deterioration (Vila et al., 2000). In patients
with lacunar infarctions in particular, plasma TNF-o con-
centrations >14 pg/ml and ICAM-1 >208 pg/ml have
been shown to be associated with early neurological dete-
rioration and poor outcome at 3 months even after adjust-
ment for plasma glutamate and GABA concentrations
(Castellanos et al., 2002b). Significantly lower plasma
concentrations of IL-10, an anti-inflammatory cytokine,
has also been reported to be independently associated
with early neurological deterioration in patients with
acute ischemic stroke (Vila et al., 2003). As mentioned
above, cytokines and adhesion molecules facilitate leu-
kocyte adherence and their migration from capillaries
into the brain (Pozzilli et al., 1985; Akopov et al., 1996)
resulting in subsequent microvessel occlusion and the
progressive reduction in blood flow that might result in
cell death and an increase in infarct volume (Feuerstein
et al., 1998). The administration of anti-adhesion mole-
cules has been shown to reduce infarct volume (Chen
et al., 1994) and the administration of IL-1 and TNF-o
antagonists results in neuroprotection in experimental
models of cerebral ischemia (Relton and Rothwell,
1992; Carlson et al., 1999) (Fig. 53.2).

53.3.4. Serum markers of final infarct volume

Several biochemical markers have been shown to
be related to the final infarct volume. A significant
correlation has been reported between plasma levels
of glutamate and IL-6 at admission and the final
infarct volume in patients with acute hemispheric
infarction (Castillo et al., 1996; Vila et al., 2000; Cas-
tellanos et al., 2004b). In a clinical study including 122
patients with acute hemispheric infarction, glutamate
levels were found to be the only independent predictor
of diffusion-weighted image ischemic lesion growth
between admission and 72 hours of evolution, after
adjusting for other inflammatory markers including
IL-6 levels and other neurotransmitter amino acids
including GABA and L-arginine levels (Castellanos
et al., 2004b).

Biomarkers of endothelial damage have also been
found to be predictors of infarct lesion growth and
final infarct volume. There is a high association
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Previous history of:
-Diabetes mellitus
-Ischemic heart disease

Clinical factors:
- High and low systolic blood pressure
- Hyperthermia
- Hyperglycemia
- Elevated fibrinogen levels

Markers of
Early Neurological
Deterioration
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Neuroimaging factors:
-Early signs of cerebral ischemia

Biochemical markers:
- Glutamate
- GABA
- Ferritin
- Nitric oxide metabolites
-1L-6
- TNF-o
- ICAM-1

Fig. 53.2. Neuroimaging, clinical, biochemical and vascular risk factors associated with early neurological deterioration. IL-6:
interleukin-6; TNF-o:: tumor necrosis factor-o; ICAM-1: intercellular adhesion molecule-1.

between plasma MMP-9 levels and final infarct
volume (Castellanos et al., 2004c; Rosell et al., 2005)
and the levels of MMP-9 and MMP-13 have also been
reported to be independent predictors of DWI lesion
volume increase in human ischemic stroke (Rosell
et al., 2005). Plasma concentrations of the astroglial pro-
tein S100B correlate with the final extent of tissue
damage and neurological outcome in patients with acute
ischemic stroke (Missier et al., 1997; Foerch et al., 2005).

53.3.5. Serum markers of malignant middle
cerebral artery infarction

Malignant middle cerebral artery infarction is a life-
threatening complication mainly related to the develop-
ment of massive brain edema. As only aggressive treat-
ment including early hemicraniectomy and hypothermia
has been reported to be effective (Schwab et al., 1998),
it is important to find predictors that might indicate to
the clinician which patients are at risk of developing
this complication and therefore likely to benefit from
the appropriate treatment within the effective therapeu-
tic window. As brain edema after cerebral ischemia
seems to be due to the lack of integrity of the endothe-
lial basal membrane, which is secondary to the release
of proteolytic enzymes, biochemical markers of
endothelial damage may provide useful information
for the prediction of malignant middle cerebral artery
infarction. In fact, baseline MMP-9 and c-Fn levels
have been found to be significantly higher in patients
who develop malignant middle cerebral artery infarc-
tion. Plasma MMP-9 concentrations >140 ng/ml pre-
dicted the development of malignant middle cerebral

artery with a sensitivity of 64%, specificity of 88%,
PPV of 85%, and NPV of 69% whereas the sensitivity,
specificity, positive predictive value (PPV) and negative
predictive value (NPV) of plasma c-Fn >16.6 pg/ml for
the prediction of malignant middle cerebral artery
infarction were 90%, 100%, 100%, and 90%, respec-
tively (Serena et al., 2005).

53.3.6. Serum markers of hemorrhagic
transformation of the ischemic lesion

Although hemorrhagic transformation after ischemic
stroke may occur as part of the natural evolution of
the ischemic lesion, the use of anticoagulants and espe-
cially the use of thrombolytic therapy increases the risk
of this complication and often precludes the use of
thrombolytic treatment in clinical practice (NINDS
rtPA Stroke Study Group, 1997). As thrombolytic ther-
apy with rtPA has been proved to be the only effective
therapy in patients with acute ischemic stroke, the
search for biomarkers that might be useful to predict
the development of hemorrhagic transformation, espe-
cially in patients who are candidates for thrombolytic
treatment, is becoming of critical importance.

The loss of the integrity of the endothelial basal
lamina seems to be the primary cause of hemorrhage after
cerebral ischemia (Hamann et al., 1996). The activation
of MMP after cerebral ischemia appears to play a major
role in basal lamina degradation and secondary hemor-
rhagic transformation of the ischemic area (Rosenberg
et al., 1996; Clark et al., 1997; Rosenberg et al., 1998;
Gasche et al., 1999; Hoe Heo et al., 1999). It has been
shown that the antigens of the basal lamina components
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such as laminin, collagen IV, and fibronectin disappear
during experimental focal cerebral ischemia (Hamann
et al., 1995) and this effect has been associated with
cerebral bleeding after middle cerebral artery occlusion
in primates (Hamann et al., 1996).

Clinical studies have demonstrated the association
between high levels of MMP-9 and the risk of devel-
oping hemorrhagic transformation in patients with
acute ischemic stroke who have (Montaner et al.,
2003) and have not (Castellanos et al., 2003) received
rtPA. Plasma MMP-9 levels >140 ng/ml were found
to independently predict the development of any type
of hemorrhagic transformation in a large and non-
selected group of patients with ischemic stroke (OR
12; 95% CI 3-51) with a sensitivity of 87%, specificity
of 90%, positive predictive value of 61%, and negative
predictive value of 97% (Castellanos et al., 2003). In a
selected group of patients with cardio-embolic stroke
who received thrombolytic treatment, plasma MMP-9
levels were also found to independently predict hemor-
rhagic transformation development (OR 9.62; 95% CI
1-70.26). In this group of patients, plasma MMP-9
levels >191.3 ng/ml predicted the development of
parenchymal hemorrhage with a sensitivity of 100%,
specificity of 78%, positive predictive value of 67%,
and negative predictive value of 100% (Montaner
et al., 2003).

Plasma levels of c-Fn have also been found to pre-
dict hemorrhagic transformation in patients who
receive rtPA treatment. As c-Fn is mainly located at
the vascular endothelium it is likely that the levels of
this protein provide a more accurate reflection of the
endothelial disruption responsible for the hemorrhagic
transformation of the ischemic lesions. Plasma c-Fn and
MMP-9 levels at admission were independent predic-
tors of hemorrhagic transformation development in
patients who received rtPA treatment (OR 2.1, 95%
CI 1.3-3.3; and OR 1.1, 95% CI 0.9-1.3, respectively).
Plasma c-Fn levels >3.6 pg/ml were found to predict
the development of hemorrhagic transformation type-2
and parenchymal hemorrhage with a sensitivity of
100%, specificity of 96%, positive predictive value of
44%, and negative predictive value of 100% whereas
the sensitivity, specificity, positive predictive value
and negative predictive value of plasma MMP-9 levels
>140 ng/ml for the same types of hemorrhagic transfor-
mation were 81%, 88%, 41% and 98% (Castellanos
et al., 2004a).

The levels of endogenous fibrinolytic inhibitors have
also been reported to be associated with the develop-
ment of hemorrhagic transformation in patients who
have received thrombolytic treatment. Plasma PAI-1
levels were shown to be significantly lower and
thrombin-activated fibrinolysis inhibitor (TAFI) levels
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significantly higher in patients with symptomatic
hemorrhage after rtPA treatment. PAI-1 levels >180%
and TAFI levels <21.4 ng/ml were independent predic-
tors of symptomatic hemorrhagic transformation
(OR 129, 95% CI 1.41-118.8; and OR 12.75, 95%
CI 1.17-139.2, respectively). The combination of
plasma PAI-1 levels >180% and TAFI levels
<21.4 ng/ml predicted the development of symptomatic
hemorrhagic transformation after rtPA administration
with a sensitivity of 75%, specificity of 97.6%, positive
predictive value of 75%, and negative predictive value
of 97.6% (Ribo et al., 2004b).

53.3.7. Serum markers of arterial recanalization

It is accepted that the benefit of thrombolytic therapy
depends on whether the recanalization of the occluded
artery is achieved so allowing for the early reperfus-
ion of the ischemic brain. However, recanalization
is observed in less than half of the treated patients
(Katzan and Furlan, 2001) and so other factors must
come into play in the dissolution of the clot. The activ-
ity of the fibrinolytic and coagulation systems at the
time the arterial occlusion occurs may at least in part
be responsible for the high or low rate of arterial reca-
nalization when the thrombolytic drug is administered.

In a clinical study which included 44 patients with
middle cerebral artery occlusion who received throm-
bolytic treatment with rtPA, the levels of the antigenic
PAI-1 were significantly lower in patients who had
recanalization after rtPA administration. PAI-1 levels
>34 ng/ml were found to be the only independent
predictor of resistance to thrombolysis. There were
no differences in the levels of other markers of endo-
genous fibrinolytic activity including the functional
thrombin activatable fibrinolysis inhibitor (fTAFI)
and homocysteine (Ribo et al., 2004a).

With the hypothesis that high fibrinolytic activity
and/or low procoagulant activity at the time of arterial
occlusion could improve arterial recanalization after
rtPA administration, plasma markers of coagulation
(fibrinogen, prothrombin fragments 1 and 2, factor
XIII, and factor VII) and fibrinolysis (o,-antiplasmin,
functional PAI-1, and fTAFI) were analyzed in 63
patients with middle cerebral artery occlusion who
received rtPA. Patients who showed middle cerebral
artery recanalization had significantly lower plasma
levels of on-antiplasmin and fTAFI at admission,
although the levels of a,-antiplasmin was the only pre-
dictive variable of recanalization after adjusting for
potential confounders (OR 0.95, 95% CI 0.91-0.99).
Levels of o,-antiplasmin of 85% predicted recanaliza-
tion with a sensitivity of 25% and a specificity of 85%
(Marti-Fabregas et al., 2005).
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53.3.8. Serum markers of progression of
intracranial atherosclerosis

C-reactive protein is an indicator of systemic inflamma-
tion and a marker of the inflammatory activity underly-
ing atherothrombotic disease. Plasma C-reactive protein
levels have been found to increase in patients after acute
ischemic stroke (Canova et al., 1999; Muir et al., 1999;
Di Napoli and Papa, 2002) and high levels significantly
predict the risk of future ischemic stroke independently
of other vascular risk factors. Data from the Framing-
ham study that included a total of 1,462 patients who
were followed for up to 14 years demonstrated that the
risk of having a first ischemic stroke or transient
ischemic attack (TIA) significantly increased with each
increasing quartile of baseline C-reactive protein concen-
trations. The relative risk of having a first ischemic
stroke/TIA increased by almost two times in those
patients with plasma C-reactive protein levels in the third
quartile (>3 pg/ml) compared to those whose C-reactive
protein levels were in the first quartile (Rost et al., 2001).
Moreover, plasma C-reactive protein levels have also
been shown to predict future ischemic events after a first
TIA or ischemic stroke in patients with intracranial large-
artery occlusive disease. In a clinical study including
71 patients with intracranial large-artery occlusive dis-
ease, 13 patients (18.3%) had a new ischemic event in
the follow-up period. Plasma C-reactive protein concen-
trations >1.41 mg/dl independently predicted further
intracranial large-artery occlusive disease-related
ischemic events (hazard ratio 30.67; 95% CI 3.6-255.5)
with a sensitivity of 85.7% and a specificity of 87.5%,
which suggests that inflammation plays an important role
in the progression and destabilization of intracranial
large-artery atherosclerotic plaques (Arenillas et al.,
2003). In fact, C-reactive protein induces various inflam-
matory changes in endothelial and smooth muscle cells
that have been associated with atherosclerosis (Verma
and Yeh, 2003). C-reactive protein binds to oxidized
low-density lipoproteins (LDL) forming a complex that
is opsonized by macrophages and results in the genera-
tion of foam cells. It also induces the expression of
inflammatory mediators such as E-selectin, VCAM-1,
and ICAM-1 by endothelial cells, and is associated with
endothelial cell dysfunction and the progression of ather-
osclerosis, possibly by decreasing nitric oxide synthesis.
Moreover, C-reactive protein is able to sensitize endothe-
lial cells to being destroyed by cytotoxic CD4" T cells
and to facilitate thrombogenesis through stimulation of
the procoagulant tissue factor biosynthesis by macro-
phages (Di Napoli et al., 2005).

Soluble CD40L, a potent immunomodulator that is
expressed on endothelial cells, smooth muscle cells,
mononuclear phagocytes and platelets, also seems to

1089

participate in the initiation and progression of athero-
sclerotic lesions. By binding to its receptor CDA40,
sCD40L triggers the expression of several inflammatory
mediators including TNF-o, IL-1, IL-6, IL-12, ICAM-1,
VCAM-1, MMPs and tissue factor. The inhibition of the
CD40/CD40L binding results in a decrease in the pro-
gression of the atheroma and an increase in plaque stabi-
lization (Lutgens et al., 2000; Schonbeck et al., 2000).
In a group of 130 healthy women who were followed
for 4 years, high levels of sCD40L were found to be pre-
dictive of the development of cardiovascular events,
including myocardial infarction, stroke, or cardiovascu-
lar death. Women with sCD40L levels >3.71 ng/ml had
a significantly increased relative risk of developing
future cardiovascular events (RR 3.3; 95% CI 1.2-8.6)
(Schonbeck et al., 2001).

53.3.9. Serum markers of prognosis of
intracerebral hemorrhage

Research into the pathophysiological mechanisms
accompanying intracerebral hemorrhage has mainly
focused on the association between serum markers
and early hematoma growth and the neuronal injury
surrounding the bleeding lesion, commonly referred
to as the perihematoma hypodensity rim. Early hema-
toma growth due to continuous bleeding occurring
especially within the first few hours of intracerebral
hemorrhage onset has been shown to cause early neu-
rological deterioration due to an increase in the hemor-
rhage volume with secondary brain herniation (Brott
et al., 1997); perihematoma hypodensity rim has also
been reported to be related to early neurological dete-
rioration and may be responsible for delayed damage
and late deterioration (Mayer et al., 1994a).

53.3.9.1. Serum markers of the perihematomal
hypodensity rim

Several mechanisms seem to be involved in edema
formation after spontaneous intracerebral hemorrhage.
These include an early phase occurring in the first
hours of evolution of bleeding and involves hydrostatic
pressure and clot retraction with secondary expulsion of
serum from the clot that contributes to the creation of a
low cerebral blood flow zone around the bleeding; a
second phase which occurs in the first 2 days of evolu-
tion and involves the activation of the coagulation cas-
cade and thrombin production, which stimulates
excitotoxicity, inflammation and blood-brain barrier
breakdown; and a third phase after 3 days of evolution
which is mainly mediated by red blood cell lysis and
hemoglobin-induced neuronal toxicity. The activation
of the cascade complement also participates in the
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second and third phase of perihematoma hypodensity
rim development (Xi et al., 2002).

Pro-inflammatory molecules released as a result of the
activation of thrombin (Lee et al., 1997; Xi et al., 1998,
2001) and endothelial damage markers related to
blood—brain barrier disruption (Rosenberg and Navratil,
1997) have already been reported as being associated
with perihematoma hypodensity rim development. There
is a significant correlation between high plasma levels of
IL-6, TNF-a, and ICAM-1 and the volume of perihe-
matoma hypodensity developed in the third to fourth
days of evolution in intracerebral hemorrhage patients
(Castillo et al., 2002). The volume of the perihematoma
hypodensity rim also correlated with glutamate levels.
High glutamate levels are associated with poor neuro-
logical outcome and increased volume of the residual
cavity after intracerebral hemorrhage (Castillo et al.,
2002). MMP-9 levels positively correlate with the
volume of the perihematoma hypodensity rim as well as
with its enlargement within the first 48 hours of evolution
(Abilleira et al., 2003; Alvarez-Sabin et al., 2004). Signi-
ficantly higher MMP-9 levels were found in patients with
neurological worsening (Abilleira et al., 2003) whereas
MMP-3 levels were associated with mortality at 3 months
in patients with intracerebral hemorrhage (Alvarez-Sabin
et al., 2004). In experimental models of cerebral ische-
mia, the inhibition of MMP has been reported as decreas-
ing the perihematoma hypodensity rim (Rosenberg and
Navratil, 1997).
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53.3.9.2. Serum markers of early hematoma growth

Early hematoma growth has been related to the occur-
rence of multifocal bleeding in the periphery of the clot
formed after intracerebral hemorrhage development
(Mayer et al., 1994b). As mentioned above, in the per-
iphery of the bleeding the activation of the coagulation
cascade with the release of thrombin leads to an increase
in the inflammatory response and MMP, which contri-
butes to blood—brain barrier rupture with the subsequent
leakage of erythrocytes and a secondary increase in the
volume of the hematoma. Higher levels of inflammatory
molecules including IL.-6 and TNF-o as well as markers
of endothelial damage including MMP-9 and c-Fn have
been found in patients with early hematoma growth
(Silva et al., 2005). IL-6 levels >24 pg/ml and c-Fn
levels >6 pg/ml were independent predictors of early
hematoma growth (OR 16; 95% CI 2.3-119 and OR
92; 95% CI 22-381, respectively). The levels of c-Fn
were found to be the only predictive factor of relevant
early hematoma growth, considered as an increase of
>33% of the volume of the hematoma compared with
the volume at admission (Silva et al., 2005) (Fig. 53.3).

53.4. CSF and stroke

Lumbar puncture has been relegated to a minor role in
the diagnosis of stroke mainly due to the availability of
high-quality brain imaging. However, as mentioned in
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Fig. 53.3. The activation of the coagulation cascade with the release of thrombin in the periphery of the bleeding increases the
inflammatory response and the release of matrix metalloproteinases (MMP) and cellular fibronectin (c-Fn) contributing to
blood-brain barrier rupture. The erythrocytes then leak and the volume of the hematoma increases.



LABORATORY STUDIES IN THE INVESTIGATION OF STROKE

the introduction of this chapter, the study of CSF is dis-
tinctive for the identification of subarachnoid hemor-
rhage and lumbar puncture must be performed when
neuroimaging tests do not demonstrate the existence of
blood in the subarachnoid space but subarachnoid hemor-
rhage is suspected from the clinical point of view. In this
case, CSF usually detects blood, high protein levels, and
positive xantocromia provided that it is obtained at least
6 hours after the onset of bleeding (Lee et al., 1975).

CSF examination is also crucial to ruling out infec-
tious diseases that may cause cerebral vasculitis and
secondary cerebrovascular diseases. Infectious causes
of vasculitis include meningovascular syphilis, tuber-
culous meningitis, and other bacterial and fungeal
meningitis, including human immunodeficiency virus
infection. Besides the clinical suspicion of these disor-
ders, CSF examination is very useful in the diagnosis
of these diseases. Hyperleukocytosis and low levels
of glucose are frequently found. The culture of the
CSF may demonstrate the presence of the pathogen
especially in bacterial infections (Weststrate et al.,
1996; Zalduondo et al., 1996; Qureshi et al., 1997,
Ries et al., 1997; Hsu and Kim, 1998).

Lumbar puncture may also be useful for the diagnosis
of immunologic/inflammatory diseases such as Behget’s
disease, isolated angiitis of the central nervous system,
and Susac’s syndrome among others. In Behget’s disease,
an inflammatory condition of unknown etiology that may
present as stroke-like episodes (Iraguli and Maravi,
1986), CSF examination usually demonstrates a predo-
minantly lymphocytic moderate pleocytosis as well as
increased proteins, usually less than 100 mg/dl. In the
isolated angiitis of the central nervous system the most
consistent CSF abnormality is an increase in the protein
concentration (usually >100 mg/dl) although CSF may
occasionally be normal. In Susac’s syndrome or retino-
cochleocerebral vasculopathy, CSF examination may
demonstrate a mild pleocytosis (predominantly lympho-
cytic) and increased protein concentration (Elkind and
Mohr, 2004). CSF is also useful in the diagnosis of cere-
bral venous thrombosis as the CSF is rarely (10%)
entirely normal in this pathology. An elevated protein
content, the presence of red blood cells (in two-thirds of
cases), and pleocytosis (in one-third) is frequently
observed (Bousser and Barnett, 2004).

Finally, CSF abnormalities can be found in patients
with cancer-related stroke. Approximately 15% of
patients with cancer have cerebrovascular disease,
with the frequency of cerebral infarctions being similar
to that of cerebral hemorrhage. Mechanisms related to
cerebral ischemia in patients with cancer include
atherosclerosis, non-bacterial thrombotic endocarditis,
disseminated intravascular coagulation, infection,
tumor embolism, and cerebral venous thrombosis.
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The most usual mechanism for cerebral hemorrhage
is intratumoral hemorrhage (Arboix, 2000). An
increase in the cerebral arterial or venous thrombosis
can complicate cancer due to the higher activation of
the coagulation system related to the cancer. The
metastatic infiltration of the leptomeninges causes
CSF abnormalities, which mainly include hyperleuko-
cytosis. The existence of malignant meningeal infiltra-
tion is confirmed through cytological studies revealing
the presence of malignant cells in the CSF (Rogers,
2003).

53.5. Conclusions

Although still in the research phase, the usefulness of
biomarkers as predictors of stroke lesion evolution is
becoming increasingly important as it may be valuable
in guiding patient management decisions as well as in
designing future clinical trials to test new therapeutic
interventions. Based on the more consistent available
data it seems that the progression of ischemic lesions
can be prevented by the blocking of excitotoxic and
inflammatory mechanisms in particular. Biomarkers
of endothelial basal membrane disruption, especially
c-Fn and MMP-9, have been shown to accurately pre-
dict the development of malignant middle cerebral
artery infarction as well as the hemorrhagic transfor-
mation of ischemic lesions both in patients who have
and have not received thrombolytic treatment. The
data about the predictive capacity of antigenic PAI-1
and oy-antiplasmin on arterial recanalization after
thrombolytic treatment support the hypothesis that
the efficacy of rtPA in achieving the recanalization
of the occluded artery seems to be related to the bal-
ance between endogenous fibrinolytic and coagulation
systems. Finally, the progression of atherosclerosis and
the possibility of ischemic stroke recurrence may be
predicted by analyzing CPR and sCD40L levels.
Further studies are still necessary to validate the use
of biomarkers in the diagnosis of stroke as well as their
utility in the management of stroke patients.

References

Abilleira S, Montaner J, Molina C, et al. (2003). Matrix
metalloproteinase-9 concentration after spontaneous intra-
cerebral hemorrhage. J Neurosurg 99: 65-70.

Adams HP, Butler MJ, Biller J, et al. (1986). Nonhemorrha-
gic cerebral infarction in young adults. Arch Neurol 43:
793-796.

Adams HP Jr, Brott TG, Furlan AJ, et al. (1996). Guidelines
for thrombolytic therapy for acute stroke: a supplement to
the guidelines for the management of patients with acute
ischemic stroke. A statement for healthcare professionals



1092

from a special writing group of the Stroke Council, Amer-
ican Heart Association. Stroke 27: 1711-1718.

Adams HP Jr, Adams RJ, Brott T, et al. Stroke Council of
the American Stroke Association (2003). Guidelines for
the early management of patients with ischemic stroke:
a scientific statement from the Stroke Council of the
American Stroke Association. Stroke 34: 1056-1083.

Akopov SE, Simonian NA, Grigorian GS (1996). Dynamic
of polymorphonuclear leukocyte accumulation in acute
cerebral infarction and their correlation with brain tissue
damage. Stroke 27: 1739-1743.

Alvarez-Sabin J , Delgado P, Abilleira S, et al. (2004). Temporal
profile of matrix metalloproteinases and their inhibitors after
spontaneous intracerebral hemorrhage. Relationship to clini-
cal and radiological outcome. Stroke 35: 1316-1322.

Ames A, Wright LW, Kowade M, et al. (1968). Cerebral
ischemia, II: the no-reflow phenomenon. Am J Pathol
52: 437-453.

Arboix A (2000). Cerebrovascular disease in the cancer
patient. Rev Neurol 31: 1250-1252.

Arenillas JF, Alvarez-Sabin J, Molina CA, et al. (2003).
C-reactive protein predicts further ischemic events in
first-ever transient ischemic attack or stroke patients with
intracranial large-artery occlusive disease. Stroke 34:
2463-2470.

Bogousslavsky J, Van Melle G, Regli F (1988). The Lau-
sanne Stroke Registry: analysis of 1,000 consecutive
patients with first stroke. Stroke 19: 1083-1092.

Bousser M-G, Barnett HIM (2004). Cerebral venous throm-
bosis. In: JP Mohr, DW Choi, JC Grotta, B Weir, PA
Wolf (Eds.), Stroke: Pathophysiology, Diagnosis, and
Management. 4th edn. Churchill Livingstone, Philadel-
phia, pp. 301-325.

Bridgen ML (1997). The hypercoagulable state: who, how,
and when to test and treat. Postgrad Med 101: 249-267.
Brott T, Broderick J, Kothari R, et al. (1997). Early hemor-
rhage growth in patients with intracerebral hemorrhage.

Stroke 28: 1-5.

Bushnell CD, Goldstein LB (2000). Diagnostic testing for
coagulopathies in patients with ischemic stroke. Stroke
31: 3067-3078.

Canova CR, Courtin C, Reinhart WH (1999). C-reactive protein
(CPR) in cerebrovascular events. Atherosclerosis 147: 49-53.

Carlson NG, Wieggel A, Chen J, Bacchi A, et al. (1999).
Inflammatory cytokines IL-1 alpha, IL-1 beta, IL-6 and
TNF-alpha impart neuroprotection to an excitotoxin through
distinct pathways. J Immunol 163: 3963-3968.

Castellanos M, Puig N, Carbonell T, et al. (2002a). Iron
intake increases infarct volume after permanent middle
cerebral artery occlusion in rats. Brain Res 952: 1-6.

Castellanos M, Castillo J, Garcia MM, et al. (2002b).
Inflammation-mediated damage in progressing lacunar infarc-
tions. A potential therapeutic target. Stroke 33: 982-987.

Castellanos M, Leira R, Serena J, et al. (2003). Plasma
metalloproteinase-9 concentration predicts hemorrhagic
transformation in acute ischemic stroke. Stroke 34: 40—46.

Castellanos M, Leira R, Serena J, et al. (2004a). Plasma
cellular-fibronectin concentration predicts hemorrhagic

M. CASTELLANOS ET AL.

transformation after thrombolytic therapy in acute
ischemic stroke. Stroke 35: 1671-1676.

Castellanos M, Blanco M, Pedraza S, et al. (2004b). Molecular
markers of progressing stroke are associated with diffusion-
weighted MRI lesion growth in patients with acute ischemic
stroke. Stroke 35: 247.

Castellanos M, Blanco M, Pedraza S, et al. (2004c). Molecular
markers of endothelial injury and diffusion-weighted MRI
in acute ischemic stroke. Stroke 35: 329.

Castillo J (1999). Deteriorating stroke: diagnostic criteria,
predictors, mechanisms and treatment. Cerebrovasc Dis
9: 1-8.

Castillo J, Davalos A (2001). Paraneoplastic strokes. In: J
Bogousslavsky, L Caplan (Eds.), Uncommon causes of stroke.
Cambridge University Press, Cambridge, pp. 139-145.

Castillo J, Rodriguez I (2004). Biochemical changes and
inflammatory response as markers for brain ischemia:
molecular markers of diagnostic utility and prognosis in
human clinical practice. Cerebrovasc Dis 17: 7-18.

Castillo J, Martinez F, Leira R, et al. (1994). Mortality and
morbidity of acute cerebral infarction related with tem-
perature and basal analytic parameters. Cerebrovasc Dis
4: 66-71.

Castillo J, Davalos A, Naveiro J, et al. (1996). Neuroexcita-
tory amino acids and their relation to infarct size and neu-
rological deficit in ischemic stroke. Stroke 27: 1060-1065.

CastilloJ, Davalos A, Noya M (1997). Progression of ischaemic
stroke and excitotoxic amino acids. Lancet 349: 79-83.

Castillo J, Rama R, Davalos A (2000). Nitric oxide-related
brain damage in acute ischemic stroke. Stroke 31:
852-857.

Castillo J, Davalos A, Alvarez-Sabin J, et al. (2002). Molecu-
lar signatures of brain injury after intracerebral hemor-
rhage. Neurology 58: 624-629.

Chalmers EA (2004). Haemophilia and the newborn. Blood
Rev 18: 85-92.

Chen H, Chopp M, Zhang RL, et al. (1994). Anti-CD11b
monoclonal antibody reduces ischemic cell damage after
transient focal cerebral ischemia in rat. Ann Neurol 35:
458-463.

Clark AW, Krekoski CA, Bou S-S, et al. (1997). Increased
gelatinase A (MMP-2) and gelatinase B (MMP-9) activ-
ities in human brain after focal ischemia. Neurosci Lett
238: 53-56.

Davalos A, Castillo J (1999). Progressing stroke. In: M
Fisher, J Bogousslavsky (Eds.), Current Review of Cere-
brovascular Disease. 3rd edn. Current Medicine, Philadel-
phia 149-158.

Davalos A, Cendra E, Teruel J, et al. (1990). Deteriorating
ischemic stroke: risk factors and prognosis. Neurology
40: 1865-1869.

Davalos A, Fernandez-Real JM, Ricart W, et al. (1994). Iron-
related brain damage in acute ischemic stroke. Stroke 25:
1543-1546.

Davalos A, Castillo J, Pumar JM, et al. (1997a). Body tem-
perature and fibrinogen are related to early neurological
deterioration in acute ischemic stroke. Cerebrovasc Dis
7: 64-69.



LABORATORY STUDIES IN THE INVESTIGATION OF STROKE

Davalos A, Castillo J, Serena J, et al. (1997b). Duration of
glutamate release after acute ischemic stroke. Stroke 28:
708-710.

Davalos A, Toni D, Iweins F, et al. (1999). Neurological
deterioration in acute ischemic stroke. Potential predictors
and associated factors in the European Cooperative Acute
Stroke Study. Stroke 30: 2631-2636.

Davalos A, Castillo J, Marrugat J, et al. (2000). Body iron
stores and early neurologic deterioration in acute cerebral
infarction. Neurology 54: 1568-1574.

Di Napoli M, Papa F (2002). Inflammation, hemostatic mar-
kers, and antithrombotic agents in relation to long-term
risk of new cardiovascular events in first-ever ischemic
stroke patients. Stroke 33: 1763-1771.

Di Napoli M, Schwaninger M, Cappelli R, et al. (2005). Eva-
luation of C-reactive protein measurement for assessing
the risk and prognosis in ischemic stroke: a statement for
Health Care Professionals from the CPR Pooling Project
Members. Stroke 36: 1316-1329.

Elkind MSV, Mohr JP (2004). Collagen vascular and infec-
tious diseases. In: JP Mohr, DW Choi, JC Grotta, B Weir,
PA Wolf (Eds.), Stroke: Pathophysiology, Diagnosis, and
Management. 4th edn. Churchill Livingstone, Philadel-
phia, pp. 575-601.

Elneihoum AM, Falke P, Axelsson L, et al. (1996). Leuko-
cyte activation detected by increased plasma levels of
inflammatory mediators in patients with ischemic cerebro-
vascular diseases. Stroke 27: 1734—1738.

European Stroke Initiative Executive Committee and the
EUSI writing committee (2003). European stroke initiative
recommendations for stroke management—update 2003.
Cerebrovasc Dis 16: 311-337.

Fassbender K, Rossol S, Kammer T, et al. (1994). Proinflamma-
tory cytokines in serum of patients with acute cerebral
ischemia: kinetics of secretion and relation to the extent of
brain damage and outcome of disease. J Neurol Sci 122:
135-139.

Feuerstein GZ, Wang X, Barone FC (1998). Inflammatory
mediators and brain injury. The role of cytokines
and chemokines in stroke and CNS diseases. In: MD
Ginsberg, J Bogousslavsky (Eds.), Cerebrovascular Dis-
ease. Pathophysiology, Diagnosis, and Management, Vol.
I. Blackwell Science, Massachusetts, pp. 507-531.

Fisher M, Garcia JH (1996). Evolving stroke and the
ischemic penumbra. Neurology 47: 884—888.

Fishman RA (1992). Cerebrospinal fluid in cerebrovascular dis-
orders. In: HIM Barnett, JP Mohr, BM Stein, FM Yatsu
(Eds.), Stroke: Pathophysiology, Diagnosis, and Management.
2nd edn. Churchill Livingstone, New York, pp. 103-110.

Foerch C, Singer OC, Neumann-Haefelin T, et al. (2005).
Evaluation of serum S1008 as a surrogate marker for
long-term outcome and infarct volume in acute middle
cerebral artery infarction. Arch Neurol 62: 1130-1134.

Gasche Y, Fujimura M, Morita-Fujimura Y, et al. (1999). Early
appearance of activated metalloproteinase-9 after focal
cerebral ischemia in mice: a possible role in blood—brain
barrier dysfunction. J Cereb Blood Flow Metab 19:
1020-1028.

1093

Gill R, Andine P, Hillered L, et al. (1992). The effect of MK-
801 on cortical spreading depression in the penumbral
zone following focal ischemia in the rat. J Cereb Blood
Flow Metab 12: 371-379.

Hamann GF, Okada Y, Fitridge R, et al. (1995). Microvascu-
lar basal lamina antigens disappear during cerebral ische-
mia and reperfusion. Stroke 26: 2120-2126.

Hamann GF, Okada Y, del Zoppo GJ (1996). Hemorrhagic
transformation and microvascular integrity during focal
cerebral ischemia/reperfusion. J Cereb Blood Flow Metab
16: 1373-1378.

Hart RG, Kanter MC (1990). Hematologic disorders and
ischemic stroke. A selective review. Stroke 21: 1111-1121.

Hartl R, Schiirer L, Schmid-Schonbein GW, et al. (1996).
Experimental antileukocyte interventions in cerebral
ischemia. J Cereb Blood Flow Metab 16: 1108-1119.

Heiss WD, Sobesky J, Hesselmann V (2004). Identifying
thresholds for penumbra and irreversible tissue damage.
Stroke 35: 2671-2674.

Hoe Heo J, Lucero J, Abumiya T, et al. (1999). Matrix
metalloproteinases increase very early during experimen-
tal focal cerebral ischemia. J Cereb Blood Flow Metab
19: 624-633.

Hossman KA (1996). Periinfarct depolarizations. Cerebro-
vasc Brain Metab Rev 8: 195-208.

Hsu SS, Kim HS (1998). Meningococcal meningitis present-
ing as stroke in an afebrile adult. Ann Emerg Med 32:
620-623.

Iraguli VJ, Maravi E (1986). Behcet syndrome presenting as
cerebrovascular disease. J Neurol Neurosurg Psychiatry
49: 838-840.

Jorgensen HS, Nakayama H, Raaschou HO, et al. (1994). Effect
of blood pressure and diabetes on stroke in progression.
Lancet 344: 156-159.

Katzan IL, Furlan AJ (2001). Thrombolytic therapy. In: M
Fisher, J Bogousslavsky (Eds.), Current Review of Cere-
brovascular Disease. Current Medicine Inc., Philadelphia,
pp. 207-217.

Kogure K, Kato H (1998). Neurochemistry of stroke. In:
HIJM Barnet, JP Mohr, BM Stein, FM Yatsu (Eds.),
Stroke: Pathophysiology, Diagnosis and Management.
3rd edn. Churchill Livingstone, New York, pp. 69—101.

Kogure T, Kogure K (1997). Molecular and biochemical
events within the brain subjected to cerebral ischemia.
Clin Neurosci 4: 179-183.

Lee MC, Heany LM, Jacobson RL, et al. (1975). Cerebrosp-
inal fluid in cerebral hemorrhage and infarction. Stroke 6:
638-641.

Lee KR, Kawai N, Kim S, et al. (1997). Mechanisms of edema
formation after intracerebral hemorrhage: effects of thrombin
on cerebral blood flow, blood—brain barrier permeability, and
cell survival in a rat model. J Neurosurg 86: 272-278.

Lietz K, Kuehling SE, Parkhurst JB (2005). Hemorrhagic
stroke in a child with protein S and factor VII deficiency.
Pediatr Neurol 32: 208-210.

Linink MD, Zobrist RH, Hatfield MD (1993). Evidence sup-
porting a role for programmed cell death in focal cerebral
ischemia in rats. Stroke 24: 2002-2009.



1094

Liu T, Clark RK, McDonell PC, et al. (1994). Tumor necro-
sis factor-au expression in ischemic neurons. Stroke 25:
1481-1488.

Lutgens E, Cleutjens KB, Heeneman S, et al. (2000). Both early
and delayed anti-CD40L antibody treatment induces a
stable plaque phenotype. Proc Natl Acad Sci USA 97:
7464-7469.

Lynch JR, Blessing R, White WD, et al. (2004). Novel diag-
nostic test for acute stroke. Stroke 35: 57-63.

Macik BG, Ortel TL (1995). Clinical and laboratory evalua-
tion of the hypercoagulable states. Clin Chest Med 16:
375-387.

Markus HS, Hambley H (1998). Neurology and the blood:
haematological abnormalities in ischaemic stroke. J Neu-
rol Neurosurg Psychiatry 64: 150-159.

Marti-Fabregas J, Borrell M, Cocho D, et al. (2005). Hemo-
static markers of recanalization in patients with ischemic
stroke treated with rtPA. Neurology 65: 366-370.

Mayer S, Sacco RL, Shi T, et al. (1994a). Neurological dete-
rioration in non comatose patients with supratentorial
intracerebral hemorrhage. Neurology 44: 1379-1384.

Mayer S, Lignelli A, Fink ME, et al. (1994b). Perilesional
blood flow and edema formation in acute intracerebral
hemorrhage. J Neurosurg 80: 51-57.

Mayer SA, Brun NC, Begtrup K, et al. (2005a). Recombinant
Activated Factor VII Intracerebral Hemorrhage Trial
Investigators. Recombinant activated factor VII for acute
intracerebral hemorrhage. N Engl J Med 352: 777-785.

Mayer SA, Brun NC, Broderick J, et al. Europe/Australasia
Novoseven, ICH Trial Investigators (2005b). Safety and
feasibility of recombinant factor VIla for acute intracereb-
ral hemorrhage. Stroke 36: 74-79.

Mies G, lijima T, Hossmann K-A (1993). Correlation
between peri-infarct DC shifts and ischemic neuronal
damage in rat. Neuroreport 4: 709-711.

Mies G, Kohno K, Hossmann K-A (1994). Prevention of
peri-infarct direct current shifts with glutamate antagonist
NBQX following occlusion of the middle cerebral artery
in the rat. J Cereb Blood Flow Metab 14: 802-807.

Missier U, Wiesmann M, Friedrich C, et al. (1997). S-100
protein and neuron-specific enolase concentrations in
blood as indicators of infarction volume and prognosis in
acute ischemic stroke. Stroke 28: 1956-1960.

Montaner J, Alvarez-Sabin J , Molina C, et al. (2001). Matrix
metalloproteinase expression after human cardioembolic
stroke: temporal profile and relation to neurological
impairment. Stroke 32: 1759-1766.

Montaner J, Molina CA, Monasterio J, et al. (2003). Matrix
metalloproteinase-9 pretreatment level predicts intracra-
nial hemorrhagic complications after thrombolysis in
human stroke. Circulation 107: 598-603.

Muir KW, Weir CJ, Alwan W, et al. (1999). C-reactive protein
and outcome after ischemic stroke. Stroke 30: 981-985.

National Institutes of Neurological Disorders and Stroke rtPA
Stroke Study Group (1995). Tissue plasminogen activator
for acute ischemic stroke. N Engl J Med 333: 1581-1587.

M. CASTELLANOS ET AL.

NINDS rtPA Stroke Study Group (1997). Intracerebral
hemorrhage after intravenous tPa therapy for ischemic
stroke. Stroke 28: 2109-2118.

Pozzilli C, Lenzi GL, Argentino C, et al. (1985). Imaging of
leukocyte accumulation in human cerebral infarcts. Stroke
16: 251-255.

Quinones-Hinojosa A, Gulati M, Singh V, et al. (2003). Spon-
taneous intracerebral hemorrhage due to coagulation
disorders. Neurosurg Focus 15: E3.

Qureshi Al, Janssen RS, Karon JM, et al. (1997). Human
immunodeficiency virus infection and stroke in young
adults. Arch Neurol 54: 1150-1153.

Relton JK, Rothwell NJ (1992). Interleukin-1 receptor
antagonist inhibits ischaemic and excitotoxic neuronal
damage in the rat. Brain Res Bull 29: 243-246.

Reynolds MA, Kirchick HJ, Dahlen JR, et al. (2003). Early
biomarkers of stroke. Clin Chem 49: 1733-1739.

Ribo M, Montaner J, Molina CA, et al. (2004a). Admission
fibrinolytic profile predicts clot lysis resistance in stroke
patients treated with tissue plasminogen activator. Thromb
Haemost 91: 1146-1151.

Ribo M, Montaner J, Molina CA, et al. (2004b). Admission
fibrinolytic profile is associated with symptomatic hemor-
rhagic transformation in stroke patients treated with tissue
plasminogen activator. Stroke 35: 2123-2127.

Ries S, Schminke U, Fassbender K, et al. (1997). Cerebrovas-
cular involvement in the acute phase of bacterial meningi-
tis. J Neurol 244: 51-55.

Roden-Jiilig A (1997). Progressing stroke: epidemiology.
Cerebrovasc Dis 7: 2-5.

Rogers LR (2003). Cerebrovascular complications in cancer
patients. Neurol Clin 21: 167-192.

Romanic AM (1994). Extracellular matrix-degrading protei-
nases in the nervous system. Brain Pathol 4: 145-156.
Rosell A, Alvarez-Sabin J , Arenilla JF, et al. (2005). A
matrix metalloproteinase protein array reveals a strong
relation between MMP-9 and MMP-13 with diffusion-
weighted image lesion increase in human stroke. Stroke

36: 1415-1420.

Rosenberg GA, Navratil M (1997). Metalloproteinase inhibi-
tion blocks edema intracerebral hemorrhage in the rat.
Neurology 48: 921-926.

Rosenberg GA, Mun-Bryce S, Wesley M, et al. (1990).
Collagenase-induced intracerebral hemorrhage in rats.
Stroke 21: 801-807.

Rosenberg GA, Navratil M, Barone F, et al. (1996). Proteoly-
tic cascade enzymes increase in focal cerebral ischemia in
rat. J Cereb Blood Flow Metab 16: 360-366.

Rosenberg GA, Estrada EY, Dencoft JE (1998). Matrix
metalloproteinases and TIMPS are associated with
blood-brain barrier opening after reperfusion in rats.
Stroke 29: 2189-2195.

Rost NS, Wolf PA, Kase CS, et al. (2001). Plasma concentra-
tion of C-reactive protein and risk of ischemic stroke and
transient ischemic attack: The Framingham Study. Stroke
32: 2575-2579.



LABORATORY STUDIES IN THE INVESTIGATION OF STROKE

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

Schmidley JW (1990). Free radicals in central nervous sys-
tem ischemia. Stroke 25: 7-12.

Schmid-Schonbein GW, Usami S, Skalk R, et al. (1980). The
interaction of leukocytes and erythrocytes in capillary and
postcapillary. Microvasc Res 19: 45-70.

Schonbeck U, Sukhova Gk, Shimizu K, et al. (2000). Inhibi-
tion of CD40 signaling limits evolution of established
atherosclerosis in mice. Proc Natl Acad Sci USA 97:
7458-7463.

Schonbeck U, Varo N, Libby P, et al. (2001). Soluble
CD40L and cardiovascular risk in women. Circulation
104: 2266-2268.

Schwab S, Steiner T, Aschoff A, et al. (1998). Early hemi-
craniectomy in patients with complete middle cerebral
artery infarction. Stroke 29: 1888-1893.

Serena J, Leira R, Castillo J, et al. (2001). Neurological
deterioration in acute lacunar infarctions. The role of
excitatory and inhibitory neurotransmitters. Stroke 32:
1154-1161.

Serena J, Blanco M, Castellanos M, et al. (2005). The predic-
tion of malignant cerebral infarction by molecular brain
barrier disruption markers. Stroke 36: 1921-1926.

Silva Y, Leira R, Tejada J, et al. (2005). Molecular signa-
tures of vascular injury are associated with early growth
of intracerebral hemorrhage. Stroke 36: 86-91.

Tarkowski E, Rosengren L, Blomstrand C, et al. (1995). Early
intrathecal production of interleukin-6 predicts the volume
of brain lesion in stroke. Stroke 26: 1393-1398.

Tatlisumak T, Fisher M (1996). Hematologic disorders asso-
ciated with ischemic stroke. J Neurol Sci 140: 1-11.

Tatlisumak T, Takano K, Meiler MR, et al. (1998). A glycine
site antagonist, ZD9379 reduces the number of spreading
depressions and infarct size in rats with permanent middle
cerebral artery occlusion. Stroke 29: 190-195.

Tohgi H, Kawashima M, Tamura K, et al. (1990). Coagula-
tion-fibrinolysis abnormalities in acute and chronic phases
of cerebral thrombosis and embolism. Stroke 21:
1663-1667.

1095

Toni D, Fiorelli M, Gentile M, et al. (1995). Progressing
neurological deficit secondary to acute ischemic stroke.
Arch Neurol 52: 670-675.

Van Cott EM, Laposata M, Prins MH (2002). Laboratory
evaluation of hypercoagulability with venous or arterial
thrombosis. Venous thromboembolism, myocardial infarc-
tion, stroke, and other conditions. Arch Pathol Lab Med
126: 1281-1295.

Verma S, Yeh ET (2003). C-reactive protein and athero-
thrombosis—beyond a biomarker: an actual partaker
of lesion formation. Am J Physiol Regul Integr Comp
Physiol 285: 1253-1256.

Vila N, Filella X, Deulofeu R, et al. (1999). Cytokine-
induced inflammation and long-term stroke functional
outcome. J Neurol Sci 162: 185-188.

Vila N, Castillo J, Davalos A, et al. (2000). Proinflammatory
cytokines and early neurological worsening in ischemic
stroke. Stroke 31: 2325-2329.

Vila N, Castillo J, Davalos A, et al. (2003). Levels of anti-
inflammatory cytokines and neurological worsening in
acute ischemic stroke. Stroke 34: 671-675.

Wang X, Yue TL, Barone FC, et al. (1994). Concomitant
cortical expression of TNF-o and IL-18 mRNA follows
early response gene expression in transient focal ischemia.
Mol Chem Neuropathol 23: 103-114.

Weststrate W, Hijdra A, de Gaus J (1996). Brain infarcts in
adults with bacterial meningitis. Lancet 347: 399.

Xi G, Wagner KR, Keep RF, et al. (1998). The role of
blood clot formation on early edema development follow-
ing experimental intracerebral hemorrhage. Stroke 29:
2580-2586.

Xi G, Hua Y, Bhasin RR, et al. (2001). Mechanisms of
edema formation after intracerebral hemorrhage. Effects
of extravasated red blood cells on blood flow and blood—
brain barrier integrity. Stroke 32: 2932-2938.

Xi G, Keep RF, Hoff JT (2002). Pathophysiology of brain
edema formation. Neurosurg Clin N Am 13: 371-383.
Zalduondo FM, Provenzale JM, Hulette C, et al. (1996).
Meningitis, vasculitis, and cerebritis caused by CNS histo-
plasmosis: radiologic-pathologic correlation. AJR Am J

Roentgenol 166: 194-196.



Handbook of Clinical Neurology, Vol. 94 (3rd series)
Stroke, Part 111

M. Fisher, Editor

© 2009 Elsevier B.V. All rights reserved

Chapter 54

Imaging functional recovery from stroke
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Stroke remains a major source of human morbidity and
mortality. Stroke is the third leading cause of death in
the Western countries, with approximately 1 in 15
deaths attributable to stroke, and the second leading
cause worldwide. Approximately 85% of patients sur-
vive an acute stroke, living an average of 7 years there-
after. Most are left with significant disability (Gresham
et al., 1995; Rathore et al., 2002; Kugler et al., 2003),
reducing activities and participation.

Stroke is most frequently caused by an ischemic
infarct due to thrombo-embolic cerebral artery occlusion
and can therefore affect all aspects of brain function. The
nature and severity of post-stroke deficits vary widely.
Over the weeks and months following a brain infarction,
most patients do show some spontaneous improvement in
those behaviors affected by stroke (Kertesz and McCabe,
1977; Hier et al., 1983; Duncan et al., 1992). However,
this recovery is highly variable and generally incomplete.
As a result, stroke is the leading cause of adult disability
in the USA and many other countries.

Increasing investigation has explored the neurobiol-
ogy of spontaneous post-stroke recovery in part
because of the hope to use this information to develop
strategies to improve patient outcomes. More recently
studies have examined the brain events underlying
experimentally derived post-stroke gains. Most studies
of stroke recovery have focused on recovery of motor
or language function, two domains commonly affected
by stroke (Gresham et al., 1995). A number of brain
mapping techniques has been used to investigate
stroke recovery, each with its relative strengths. Func-
tional magnetic resonance imaging (fMRI) has been
the tool for many of these given relative safety and
accessibility of MRI machines, as well as its good

temporal and excellent spatial resolution. Positron emis-
sion tomography (PET) scanning was the first method
employed for the study of recovery from stroke. It capi-
talizes on tracer technology and can measure many
aspects of brain physiology. However, PET uses radio-
active tracers, has poor temporal resolution, and is gen-
erally less accessible. The activation studies using PET
or MRI can reveal the brain areas participating in a
certain function. They fail, however, to demonstrate
the specificity and functional relevance of the cerebral
activation areas. Thus, other physiological methods
have been applied to address these questions. They
include transcranial magnetic stimulation (TMS), which
allows non-invasive stimulation of the cerebral cortex
for a number of different purposes. It has been used to
investigate the functionality of the corticospinal motor
output system, to study changes in cortical excitability
following brain lesions including stroke, and to interfere
with brain function by introducing so-called virtual
brain lesions (Jahanshahi and Rothwell, 2000). The
current chapter is focused on recovery of motor func-
tion, one of the major sources of disability in stroke
patients. However, findings in motor recovery overlap
substantially with investigations of recovery in other
brain systems such as language (Baron et al., 2004).
The long-term goal of many studies, to better under-
stand post-stroke reorganization of brain function in
order to improve patient outcomes, might be realized by
better prediction of outcomes, patient triage to incipient
restorative therapies, defining duration and intensity of
restorative therapy, and measuring treatment effects.
A number of restorative interventions are under study,
including cell-based approaches, selective serotonin
reuptake inhibitors, catecholaminergics, brain stimulation,
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robotic and other device-based interventions, mental
imagery-based protocols, and constraint-induced and
other intensive physical therapy regimens—though cur-
rently none is approved for enhancing outcome after
CNS injury such as stroke. The maximum value of func-
tional neuroimaging methods such as fMRI will be appre-
ciated in the current context when applied in association
with an established restorative intervention.

54.1. The biological consequences of stroke

A number of changes arise in the brain over the weeks
following a stroke. These have been described at mul-
tiple levels in experimental models of stroke in labo-
ratory animals. Cellular and molecular studies in
animals undergoing an experimental unilateral infarct
have characterized ion and neurotransmitter changes,
changes in cortical excitability, inflammation, angio-
genesis, neurogenesis, synaptogenesis, and cellular
growth, many of which evolve bilaterally, during the
days to weeks that follow a unilateral insult (Dirnagl
et al., 1999). A body of evidence suggests that many
of these events contribute to spontaneous recovery of
function after a stroke (Cramer and Chopp, 2000).
Furthermore, exogenous interventions have been
found that amplify these molecular events and simulta-
neously improve behavioral outcome. Examples
include amphetamine (Stroemer et al., 1998), growth
factors (Kawamata et al., 1997; Ren et al., 2000), cellu-
lar therapies (Chen et al., 2003; Mahmood et al., 2004),
brain stimulation (Adkins-Muir and Jones, 2003; Kleim
et al., 2003; Plautz et al., 2003), increased environmen-
tal complexity (Johansson and Ohlsson, 1996; Johans-
son and Belichenko, 2002), and increased physical
activity level (Jones et al., 1999). There are therefore
discrete molecular brain events that arise days to weeks

Table 54.1

Some human brain properties measured with neuroimaging
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after an infarct. These events likely underlie or substan-
tially contribute to spontaneous recovery and can be
therapeutically augmented in association with improved
behavioral outcome in animals.

However, translating preclinical restorative findings
into improved therapeutics for human stroke patients is
hampered by difficulty in measuring these cellular-
molecular events in human patients, among whom
brain tissue is uncommonly available for examination.
In some cases, functional neuroimaging can provide
insights into these measures (Table 54.1).

Furthermore, human brain imaging studies are
important because of the limitations of animal models
in this context (Cramer, 2003). For example, rodent
studies are of limited value because these creatures
are quadrupeds with vastly different brain organization
from humans, such as relatively large size of basal
ganglia compared to white matter. Primate studies
have been instructive; however, size and pathogenesis
of brain injury has limited overlap with spontaneous
human cerebrovascular disease. Animal models often
lack the heterogeneity of injury found in the human
condition; animals generally have a more uniform
pre-infarct behavioral status and are generally at a
much younger point in their lifespan. Most if not all
human stroke risk factors are absent in animal models,
cognitive/affective features important to all aspects of
recovery usually have limited correspondence with
the human condition, and medical complications that,
when combined, affect a majority of human stroke
patients are generally absent in animal studies. Given
some of these concerns related to animal models, it
remains true that there is no human like humans to
understand humans, and neuroimaging methods
remain among the most useful tools for measuring
neurobiological events of interest.

Stroke topography
acute

subacute to chronic

Stroke lesion load

acute ischemia
chronic damage

Brain tissue salvageable from ischemia
Brain artery occlusion and re-opening
Activation of residual brain functions
Activation of reorganized brain functions

PWI, DWI
CT, MRI

rCBF-PET, DWI, PWI

CT, MRI, FDG-PET, FLZ-PET, MRS
OEF-PET, PWI

CTA, MRA

rCBF-PET, fMRI

rCBF-PET, fMRI

Legend: PWI = perfusion weighted imaging, DWI = diffusion weighted imaging, FDG = fluorodeoxy-glucose, FLZ = flumazenil,
OEF = oxygen extraction fraction, CTA = computer assisted angiography, MRA = magnetic resonance angiography, MRS = magnetic

resonance spectroscopy, TCBF = regional cerebral blood flow.
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First, human brain imaging techniques can provide
insights into the pathophysiology of stroke-related
brain injury, data that are of direct relevance to under-
standing recovery from stroke. Acute focal interrup-
tion of the brain perfusion is the cause of acute
neurological deficits such as hemiparesis or aphasia.
Importantly, reversal of this hypoperfusion can be a
major contributor to very early functional recovery
after stroke (Labiche et al., 2003; Seitz et al., 2005).
The perfusion abnormalities measured with PET or
MRI provide information both about the severity and
the spatial extent of blood flow depression (Heiss
et al., 1992; Rordorf et al., 1998). Figure 54.1 shows
examples of five patients who presented with a severe
contralateral hemiparesis and extensive middle cere-
bral artery territory hypoperfusion on perfusion-
weighted imaging (PWI). In addition, note that the
resulting structural brain lesions, as demonstrated with
diffusion-weighted imaging (DWI), were far smaller
than the initial perfusion deficit in these five patients.
In parallel with this, the patients recovered dramati-
cally from the acute ischemic event.

These patients demonstrate an important concept
regarding the influence of acute stroke events on the
process of stroke recovery: that the nature of the injury
and of the surviving tissue impacts the nature of recov-
ery events. Note that in these five patients the loca-
tions of the resulting brain lesion was associated with
a variable (though mild) pattern of stable sensorimotor
deficits, as demonstrated using equipment useful for
measuring sensorimotor control of hand function (Bin-
kofski et al., 2001). Use of PWI and DWI, as well as
PET scanning of GABA-benzodiazepine-receptors
with flumazenil (Sette et al., 1993; Heiss et al.,
1998), provides important insight as to how large the
area of salvageable brain tissue is, which helps to pre-
dict the final infarct volume, the degree of behavioral
recovery from injury, and specifies the substrate avail-
able for recovery-related events (Fig. 54.2) (Kleiser
et al., 2005).

Further, functional neuroimaging in human subjects
is important because these data at times provide
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insights not apparent with structural imaging or be-
havioral assessment. Behavioral changes do not con-
sistently correspond tightly with the molecular/
physiologic events that comprise therapeutic targets.
For example, there are many ways a brain can produce
a given behavioral phenotype, but only some of these
brain states might be appropriate targets for therapeu-
tic intervention. Also, behavioral assessments at times
do not provide mechanistic insights or distinguish
patient subgroups. Functional imaging, spanning mole-
cular and behavioral levels, can be useful in these
regards because the data provide insights into brain
changes at the systems level.

As an example, functional imaging can provide
improved insight beyond those obtained via anatomi-
cal measures. Human (Brott et al., 1989; Saver et al.,
1999) and experimental animal (Lyden et al., 1997;
Rogers et al., 1997) studies of brain infarction have
consistently found that behavioral deficits correlate
significantly with acute or with chronic measurement
of infarct volume. However, these correlations are
sometimes limited, especially chronically, as this
approach to understanding brain injury assumes an
equivalency of cortical function akin to theories of cer-
ebral mass action (Lashley, 1950). Introduction of
functional MRI measures into analysis of injury can
improve the correlation between injury and behavioral
effects (Crafton et al., 2003), and thus this approach
may have improved value for predicting stroke out-
come compared with anatomical scans to measure
total stroke volume (Fig. 54.3). In Fig. 54.3, infarct
volume was shown to have a significant inverse rela-
tionship with pegboard performance by the affected
hand, but this relationship was stronger when expres-
sion of injury incorporated a functional MRI measure
of hand territory; injury to more than 37% of the hand
motor map was associated with total loss of hand
motor function. There are many other neurological set-
tings whereby functional imaging can provide insights
when behavioral exam or anatomical brain imaging
provide limited insight. For example, when neurologi-
cal exam is normal, expression of genetic risk for
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Fig. 54.1. Infarct lesions of five patients with initial severe hemiparesis and excellent recovery. The shaded area shows the perfu-
sion lesion as assessed for a delay of 4s in time-to-peak maps, the black area shows the definite infarct lesion in DWI. The MR
images were obtained within 24 hours after stroke onset. A = capsular infarction; B = hemispheric white matter infarction;
C = infarction of the premotor cortex; D = infarction of the parietal cortex; E = infarction of the precentral cortex.
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Fig. 54.2. (A) Salvage of ischemic brain tissue at risk of infarction by systemic thrombolysis with rtPA (squares) and stable
lesion presentation in patients not eligible for thrombolysis (dots). The structural stroke lesions as visualized on day 8 in
FLAIR images are smaller than the PWI-lesions with a delay of 4 s in time-to-peak maps (open square, circle, p < 0.02)
but virtually identical to the DWI lesions in the acute MRI scans obtained within 3 hours after stroke onset before treatment.
At 3 months the stroke lesions had regressed in volume, particularly in the treated patients (data from Ritzl et al., 2004).
(B) Relation of the neurological improvement assessed with the European Stroke Scale (ESS) and the volume of impaired per-
fusion. The correlation was significant for the patients subjected to thrombolysis (triangles, r = 0.763, p < 0.02) but not for
those not eligible for thrombolysis (Weller et al., 2006).
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Fig. 54.3. (A) Infarct volume (top left) and fraction of hand motor map injured by stroke (top right) each show a significant
inverse relationship with pegboard performance by the affected hand (normalized to pegboard results for the unaffected hand).
However, correlation is stronger and more significant in the latter case. Note that injury to > 37% of the hand motor map was
associated with total loss of hand motor function. The arrow indicates the patient whose images are displayed below.
(B) Images from a patient whose stroke was mild—moderate in size (33 cm’), but injured 35% of the hand motor area and
was associated with total loss of hand motor function. Reproduced from Crafton et al. (2003) with permission from Oxford

University Press.
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Alzheimer’s disease (Bookheimer et al., 2000) can
nevertheless be measured when a memory task is per-
formed during functional magnetic resonance imaging.
When neuropsychological testing is normal, fMRI can
be used to measure effects of HIV on the brain during
a memory task performance (Ernst et al., 2002). When
anatomical MRI is unrevealing, PET scanning can be
used to measure the relationship between cognitive
deficits and decreased cortical metabolism after trau-
matic brain injury (Fontaine et al., 1999). When stroke
renders a patient hemiplegic, and exam is thus silent,
fMRI permits measurement of activity across brain
motor networks (Cramer et al., 2002a). Even in
patients without a neurological diagnosis, functional
brain imaging studies suggest that the same behavioral
phenotype can arise from varying patterns of brain
activity; for example, some elderly patients might acti-
vate a greater fraction of their cognitive reserve to
maintain normal function (Scarmeas et al., 2003).

It is possible that such human brain mapping data
might be used to derive neurophysiological data for
improved clinical decision-making at the level of the
individual patient. This goal has precedence in medical
practice. For example, when a patient presents with a
ventricular tachyarrhythmia or a refractory epileptic dis-
order, current practice often incorporates electrophysio-
logical data to guide specific decisions in treatment
(Sheth, 2002; Wetzel et al., 2003). One recent study
serves as an example of using the information in brain
maps for decision making in the context of a clinical trial
(Cramer et al., 2005). Motor maps via fMRI were used to
localize the stroke hemisphere’s hand motor area in
patients with chronic stroke. This information was then
used to guide targeted subthreshold cortical stimulation.

When considering clinical measures for clinical and
brain mapping studies of stroke recovery, it is impor-
tant to remember that restorative therapeutics empha-
sizes specific brain systems. This is true at the
behavioral level, where therapeutically reinforcing a
specific behavior, for example after exposure to a
restorative drug, is critical to successfully improving
the behavior of interest (Feeney et al., 1982). This is
also true for functional imaging, where specific beha-
vior is required to activate the brain. Thus, the global
clinical measures used in acute stroke trials by them-
selves are likely to be insufficient in many cases to
capture system-directed therapies, or to interpret many
studies of functional activation after stroke.

54.2. Limitations of neuroimaging studies on
stroke recovery

Many patterns of altered brain function have been
described during the study of patients with stroke.

These have been exhaustively compiled elsewhere
(Cramer and Bastings, 2000; Chen et al., 2002;
Rijntjes and Weiller, 2002; Calautti and Baron, 2003;
Baron et al., 2004; Seitz et al., 2004).

Initial functional imaging studies were cross-
sectional and designed as small-sample, proof of prin-
ciple studies. Subsequent studies have examined stroke
patient subpopulations, increased sample size, corre-
lated features of brain activation with clinical mea-
sures, and performed serial studies during the period
of behavioral gains post-stroke. However, the under-
standing of changes in brain function after stroke,
and the relationship between these changes and clini-
cal measures, remains limited. There are at least three
groups of issues that limit the current understanding of
brain events underlying spontaneous return of function
following a stroke. The first is the heterogeneity of
stroke. There are a great number of variables that
likely modify brain function after stroke (Table 54.2).
Some are related to the injury, such as pathogenesis,
features of infarction, behavioral sequelae, and thera-
pies. Some variables overlap with issues relevant to
the study of brain function in health, such as age,
hemispheric dominance, and medical comorbidity.
Others are also important to the study of brain function
in the setting of acute stroke, such as concomitant
depression and prestroke disability. Each is a source
of variance that can reduce power in functional ima-
ging studies of stroke recovery.

As a subset of this issue, the behavioral experience
during the process of brain mapping can be a source
of variance in elderly or impaired subjects. Instruc-
tions sufficient for young control subjects might
result in divergent behaviors or strategies among
patients. In elderly and impaired subjects undergoing

Table 54.2

Clinical variables influencing stroke recovery and its
functional imaging

Stroke topography Medical co-morbidities

Time post-stroke Pre-stroke disability

Age Pre-stroke experience and
education

Type of post-stroke therapy

Amount post-stroke therapy

Hemispheric dominance
Side of brain affected

Depression Acute stroke interventions
Injury to other brain network  Medications during stroke
nodes recovery period

Medications at time of
brain mapping

Final clinical status

Stroke mechanism

Infarct volume

Initial stroke deficits
Arterial patency

From Cramer (2004).
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fMRI scanning, brain activity can be influenced by a
number of common comorbidities such as cervical
arthritis, bladder dysfunction, muscle spasms, re-
duced visual or auditory acuity, pain, anxiety, inat-
tention, and cognitive dysfunction in domains other
than those being evaluated. These points also empha-
size the need for particular care in screening for
MRI-incompatible objects in body and clothing when
dealing with elderly or infirm subjects. Endurance
can be reduced, making a protocol that is appropriate
for young subjects a challenge for those with neurolo-
gical disease or advanced age. Polypharmacy might
have a significant effect on subject status as well as
possibly neuronal-vascular coupling. A good bedside
manner in the scanner room, a concept of reduced
importance in most studies of healthy subjects, likely
has a substantial effect on results of fMRI studies of
patients with stroke.

A second group of issues pertains to the divergence
of investigative approaches to study impairment and
recovery of brain function in neurological patient
populations. For example, in the motor system,
squeezing versus finger tapping activates different
motor circuits (Ehrsson et al., 2000; Cramer et al.,
2001c). Differences in force (Dettmers et al., 1995;
Cramer et al., 2002c; Ward and Frackowiak, 2003),
frequency (VanMeter et al., 1995; Blinkenberg et al.,
1996; Rao et al., 1996; Schlaug et al., 1996), ampli-
tude (Waldvogel et al., 1999), or complexity (Rao
et al., 1993; Sadato et al., 1996; Gerloff et al., 1998)
of finger movements can substantially impact activa-
tion in multiple brain sensorimotor areas. A similar
degree of variability exists in clinical assessments used
to measure stroke recovery (Duncan et al., 2000;
Uchino et al., 2001). This situation in stroke recovery
contrasts with that found in multiple sclerosis, where
the Multiple Sclerosis Functional Composite (Cutter
et al., 1999) is routinely included across studies; and
in spinal cord injury, where the American Spinal
Injury Association (ASIA) motor score, sensory
scores, and Impairment Scale (Ditunno et al., 1994)
are routinely reported. Adoption of a standardized
approach to be included in studies of stroke recovery
might reduce the impact of this latter issue.

A third group of issues pertains to brain and vascu-
lar changes common in patients with stroke. Vascular
disease can modify neuronal—vascular coupling as well
as vasoreactivity. Available data suggest this is most
important with highly advanced stenosis or occlusion
of cerebral arteries (Bilecen et al., 2002; Carusone
et al., 2002; Cramer et al., 2002b; Hamzei et al.,
2003; Hund-Georgiadis et al., 2003; Rossini et al.,
2004; Ziyeh et al., 2005). Moreover, advanced large
cerebral artery narrowing itself, in the absence of
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an MRI-resolvable infarct, can be associated with
reorganization of brain function (Krakauer et al.,
2004). Further studies are needed in this area. Also,
brain injury such as stroke can affect the intrinsic
T2* property of brain tissue, the underlying measure-
ment in blood-oxygen-level-dependent fMRI. Recent
data from our lab (below) raise the possibility that
this might be important.

Furthermore, interpretation of functional imaging
data can be improved with a multimodal approach,
such as addition of electrophysiological measures.
Methods such as electroencephalography and magne-
toencephalography have reduced spatial resolution
compared with fMRI, but offer a high temporal resolu-
tion, in the range of milliseconds. Moreover, these
techniques assess brain electric activity directly, in
contrast to rTCBF-PET and fMRI whose measurements
are profoundly influenced by vascular abnormalities
found in stroke patients. Furthermore, TMS has been
used to probe post-stroke brain physiology, including
conduction rates and excitability, as reviewed in detail
elsewhere (Cramer and Bastings, 2000; Seitz et al.,
2004).

54.3. Spontaneous changes in brain function
after stroke

Despite current limitations, functional imaging studies
examining spontaneous events related to stroke recov-
ery converge on a number of findings.

54.3.1. Changes in networks

The earliest studies emphasized altered function within
multiple nodes of relevant distributed networks (Brion
et al., 1989; Azari et al., 1996). This finding has been
replicated repeatedly. Clearly, altered function within
one area changes function within interconnected areas
within a distributed brain network after stroke, similar
to multifocal, distant changes in brain function
reported after a focal brain perturbation in the motor
system of healthy subjects (Ilmoniemi et al., 1997;
Siebner et al., 2000; Lee et al., 2003). A number of
animal studies have been concordant with results in
humans (see for example Jones and Schallert, 1992;
Kolb, 1995; Jones et al., 1996; Nudo et al., 1996; Xerri
et al., 1998; Liu and Rouiller, 1999; Biernaskie and
Corbett, 2001; and Dijkhuizen et al., 2003). Figure 54.4
presents a model that compiles these findings. This
model assumes a three-step temporal evolution of
restorative changes following stroke, affording a
sequence of functional and ultimately structural plasti-
city and suggesting unique epochs for therapeutic
intervention.
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Fig. 54.4. Changes in bilateral brain areas after unilateral
stroke have been grouped into three time periods. (1) In the
initial hours—days after a stroke, brain function and behavior
can be globally deranged (Grotta and Bratina, 1995), and few
restorative structural changes have started. (2) A period of
growth then begins lasting several weeks. Structural and
functional changes in the contralesional hemisphere precede
those of the ipsilesional hemisphere, and at such times activ-
ity in relevant contralesional areas can even exceed activity
in the lesioned hemisphere. This growth-related period may
be a key target for certain restorative therapies. (3) Subse-
quently, there is pruning, reduction in functional overactiva-
tions, and establishment of a static pattern of brain activity
and behavior. The final pattern may nevertheless remain
accessible to plasticity-inducing, clinically meaningful, inter-
ventions (Liepert et al., 2000; Pariente et al., 2001; Carey
et al.,, 2002a). An excess of growth followed by pruning
has precedence in human neurobiology, being a recapitula-
tion of normal developmental events (Chugani et al., 1987).
Supra- and sub-normal activity levels in the ipsilesional
and contralesional hemispheres correlate with features of
behavioral outcome in specific patient populations, as
described above. Reproduced from Cramer (2004) with per-
mission from Lippincott, Williams & Wilkins.

54.3.2. Changes in laterality

One commonly reported effect of stroke on brain func-
tion in humans is a reduction in the laterality of activ-
ity related to many behaviors, such as motor and
language tasks (Chollet et al., 1991; Weiller et al.,
1993; Cramer et al., 1997; Cao et al., 1998; Hamdy
et al., 1998; Seitz et al., 1998; Thulborn et al., 1999).
This issue has also received considerable attention in
the study of normal aging (Cabeza, 2002) and has
furthermore been described in a number of other neu-
rological contexts including epilepsy (Detre, 2004),
traumatic brain injury (Christodoulou et al., 2001),
and multiple sclerosis (Lee et al., 2000). Early reports
emphasized a less lateralized pattern of activation after
stroke than normal; that is, the effect of stroke on
motor system function is to increase the extent to
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which both hemispheres are recruited rather than just
the hemisphere contralateral to movement. For exam-
ple, a language task or a right-hand motor task that
activates the left hemisphere in healthy controls will
activate relevant regions within both the right and the
left hemispheres in patients with a left hemisphere
stroke.

A number of factors have been found to modify the
extent to which stroke is associated with reduced later-
ality. Examples include time after stroke (laterality
often increases towards normal as patients recover
(Heiss et al., 1999; Marshall et al., 2000; Calautti
et al,, 2001; Feydy et al., 2002; Fujii and Nakada,
2003; Nhan et al., 2004), hemispheric dominance
(motor task performance with the dominant hand is
more lateralized than with the non-dominant hand in
both health and after stroke (Kim et al., 1993; Cramer
et al., 1997; Zemke et al., 2003), and topography of
injury (higher laterality may be more common with a
subcortical [compared with a cortical infarct] (Feydy
et al., 2002; Luft et al., 2004b). Also, several studies
suggest that the spontaneous increase in activity within
the non-stroke hemisphere after stroke; that is, reduced
laterality, reflects greater injury and/or deficits. This is
particularly emphasized in the serial fMRI study by
Fujii and Nakada (2003), an fMRI study that examined
the question using multiple motor tasks to activate the
brain (Cramer and Crafton, 2005), and by TMS studies
(Turton et al., 1996; Netz et al., 1997). TMS studies
have further suggested possible mechanisms for this
finding. In primary motor cortex, stroke hemisphere
inhibition upon the non-stroke hemisphere is reduced
(Shimizu et al., 2002), and non-stroke hemisphere
inhibition upon the stroke hemisphere is increased
(Murase et al., 2004), though these inhibitory patterns
might vary with level of deficits (Butefisch et al.,
2003).

Other factors relevant to laterality in normal sub-
jects are also likely important to the experience of
stroke recovery, such as task complexity (higher later-
ality with less complex tasks) (Shibasaki et al., 1993;
Just et al., 1996; Wexler et al., 1997), subject age
(higher laterality with lower age) (Cabeza, 2002), task
familiarity (higher laterality with novel behaviors)
(Lohmann et al., 2004), proximal versus distal (higher
laterality with distal motor tasks) (Colebatch et al.,
1991; Cramer et al., 2001c; Cramer and Crafton,
2004), and perhaps gender (Vikingstad et al., 2000).
Note that the motor cortex activation site ipsilateral
to movement that is recruited with reduced laterality
is different from the site activated during movement
of the contralateral hand and is on the anterior precen-
tral gyrus, possibly representing the premotor cortex
(Cramer et al., 1999).
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Some studies suggest that changes in laterality of
brain function might be important to whatever beha-
vioral recovery is achieved after stroke (Cappa et al.,
1997; Heiss et al., 1999; Thulborn et al., 1999; Johan-
sen-Berg et al., 2002b; Cardebat et al., 2003), even if
the final behavior is less than normal. A number of
cases have been published where brain activation is
mostly or completely restricted to the non-stroke hemi-
sphere, contralateral to results in controls (Buckner
et al., 1996; Cramer et al., 1997, 1999; Gold and
Kertesz, 2000). In fact, laterality of cerebral activation
is dynamically modulated after stroke (Fig. 54.5). For
example, while activity related to exploratory finger
movements of the affected hand showed a bilateral
activation pattern initially, in the first days after stroke
onset, activation adjacent to the infarct was absent sub-
sequently, after approximately two weeks—this was in
spite of partially recovered hand function as well as
the presence of motor evoked potentials in the affected
hand (Binkofski and Seitz, 2004). Interestingly, this
lack of activity in the affected sensorimotor cortex also
held for the non-affected hand indicating a general
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Fig. 54.5. Lateralization of the blood-oxygen-level-dependent
response at 2 days, 2 weeks, and 2 months after focal infarct in
the motor cortex. A value of +1 indicates lateralization entirely
to the stroke-affected hemisphere, while a value of —1 indicates
lateralization entirely to the non-stroke hemisphere. At the
acute stage, affected hand (black bars) movement is associated
with a blood-oxygen-level-dependent response that is weakly
lateralized towards the stroke-affected hemisphere, contralat-
eral to movement. At the subacute stage, the blood-oxygen-
level-dependent response to affected hand movement is
lateralized to the non-affected hemisphere, ipsilateral to
movement, while in the chronic stage when the patient had
fully recovered, lateralization had returned to the affected
hemisphere. Non-affected hand movement (shaded bars)
was associated with activation that was lateralized to the
non-affected hemisphere, contralateral to movement, at all
time points. In this regard, note lateralization of the blood-
oxygen-level-dependent response to the non-affected hemi-
sphere is complete in the subacute stage. Data from
Binkofski and Seitz (2004).
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hemodynamic—electrical decoupling in the affected
cortex. After complete recovery at 2 months following
stroke, the fMRI signal related to finger movements of
the formerly affected hand was again lateralized as
normal. These data suggest that, in some patients with
a cortical infarct, lateralization of activity to the con-
tralesional hemisphere is a transient phenomenon that
vanishes after complete recovery. Nevertheless, some
degree of contralesional activation in the motor cortex
may persist in patients with excellent recovery even if
they do not show abnormal activity in the non-affected
hand as evident from simultaneous electromyographic
recordings at the time of fMRI scanning (Nhan et al.,
2004; Butefisch et al., 2005; Cramer and Crafton,
2005). This accords with the observation that a patient
who has recovered from post-stroke motor deficits and
suffers a second infarct affecting the side contralateral
to the first infarct can be afflicted by the initial weak-
ness again (Fisher, 1992; Song et al., 2005).

54.3.3. Changes in activation site

A spontaneous shift in the site of activation has also
been reported after stroke, in all manner of direction,
by fMRI, PET, and TMS. The most common changes
described in the motor system have been a ventral or
a posterior shift in the contralateral (stroke hemi-
sphere) activation site during unilateral motor task per-
formance by the stroke-affected hand. Weiller et al., in
a PET study of patients with subcortical stroke,
described a ventral shift in the center of activation dur-
ing motor task performance in recovered patients
whose stroke affected the posterior aspect of the inter-
nal capsule, as compared with more anterior sites, sug-
gesting that topographic shifts in cortical activation
site might reflect survival of selected corticospinal
tract fibers (Weiller et al.,, 1993). An fMRI study
whose enrollees had a range of stroke topographies
also reported the same finding: patients with complete
motor recovery had more ventral motor cortex activa-
tion as compared with patients with partial recovery
(Zemke et al., 2003) (Fig. 54.6). Similar results were
reported in a serial fMRI study (Tombari et al.,
2004). This suggests that, at least for hand motor
recovery, a ventral shift might be associated with bet-
ter recovery of function. Corresponding with these
observations is a report that larger infarcts within pri-
mary sensorimotor cortex are associated with a more
dorsal site of activation (Cramer and Crafton, 2005).
Such ventral or dorsal shifts of activation related
to finger movement activity seem to reflect a more
general principle of post-lesional reorganization in
the human cortex as was found similarly in human
gliomas (Wunderlich et al., 1998).
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Fig. 54.6. Group maps from healthy controls, from patients with stroke affecting the right arm (left brain) and complete recov-
ery, and from patients with stroke affecting the right arm and good but incomplete recovery show a difference in activation site
and size. Among patients, differences varied with level of recovery. All subjects tapped right index finger. The Talairach coor-
dinates for center of activation for the activation cluster in left primary sensorimotor cortex in those with complete recovery
was (31, —21, 50), which was ventral as compared with those with partial recovery, among whom the center of activation
was located at (30, —19, 54). In addition, patients with full recovery, as compared with partial recovery, showed a 2.7-fold lar-
ger contralateral sensorimotor activation, with negligible differences in the supplementary motor area, despite no differences in
finger tapping force or in surface electromyogram (EMG) recordings. Reproduced from Zemke et al. (2003) with permission

from Lippincott, Williams & Wilkins.

A posterior shift in activation site has been
described in motor studies of stroke recovery across
multiple imaging modalities (Rossini et al., 1998;
Cramer et al., 2000; Pineiro et al., 2001; Calautti
et al., 2003), and has also been described in the motor
system of patients with multiple sclerosis (Lee et al.,
2000) or spinal cord injury (Green et al., 1998; Turner
et al., 2003). In most studies of stroke patients, a pos-
terior shift did not correlate with clinical status; how-
ever, a recent study suggests that degree of posterior
shift is linearly related to degree of recovery, at least
for proximal movements (Cramer and Crafton, 2005).

54.3.4. Changes in activation size

Studies have described changes in activation size in
many brain areas in the setting of stroke recovery.
Functional neuroimaging studies have emphasized that
recovery of function is associated with increased acti-
vation over time in several areas within the stroke-
affected hemisphere, accompanied by decreased acti-
vation over time in several areas, particularly within
the non-stroke hemisphere (Heiss et al., 1999; Nelles
et al., 1999; Marshall et al., 2000; Nhan et al., 2004;

Tombari et al., 2004). This is consistent with TMS stu-
dies (Traversa et al., 1997, 2000). TMS studies suggest
that the primary motor cortex becomes more excitable
than normal, and that enlargement of the excitable
cortex within the stroke hemisphere during the period
of stroke recovery is a feature of patients with superior
motor outcomes (Cicinelli et al., 1997; Traversa et al.,
1997). Importantly, while clinical status reaches a pla-
teau in 3 months or less for many functions such as
motor function (Duncan et al., 1992; Nakayama
et al., 1994), brain reorganization might continue to
evolve for months beyond this (Traversa et al., 2000;
Tombari et al., 2004).

The task used to probe activation can significantly
influence the volume of activation. For example, con-
tralateral activation volume during right hand squeez-
ing is significantly larger than the volume during
right index finger tapping (Cramer et al., 2001c). This
illustrates one of the important principles of brain
mapping of stroke recovery, that the results are highly
influenced by the nature of the fMRI task used to
address the questions.

Both the volume of tissue activated and the height
(or magnitude) of activation might be useful measures
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of regional activation. These do not always change in
parallel, but instead can be independent measures.
Further attention to both of these measures, as has
been done in some optical topography studies (Prakash
et al., 2004), might be useful for best characterizing
changes in activation size after stroke.

54.3.5. Correlations between behavior and changes
in brain activation

In some serial functional imaging studies, the corre-
late of better clinical outcome has been increased
activation in key stroke-hemisphere areas (Heiss
et al., 1999; Marshall et al., 2000; Fujii and Nakada,
2003; Zemke et al., 2003; Nhan et al., 2004), but in
other studies, the correlate has been a reduction
(Calautti et al., 2001; Ward et al., 2003a). These dif-
ferences across fMRI studies might arise from sev-
eral sources. Several methodological issues might
contribute, such as divergence in time after stroke
at which investigations are performed, the task used
to activate the brain, the patient populations
enrolled, the nature of therapy given to patients after
stroke, or in other variables. Indeed, when applying
the same fMRI probe, tapping affected index finger
at 2 Hz (driven by auditory metronome) across a
25° range of motion with eyes closed, shoulder
adducted, and elbow extended, at 1.5 Tesla field
strength, it was found that, as compared to age-
matched controls, activation volume is decreased
after stroke (Zemke et al., 2003) and increased after
spinal cord injury (Cramer et al., 2001b). Together,
these observations suggest that a particular brain
mapping method will have the best clinical validity
when applied to a specific patient population and
clinical context.

Across studies, results converge on certain likely
relationships between behavior and brain function.
First, for behaviors arising from a lateralized, primary
cortex-driven brain area, increased activation in the
primary cortex correlates with better outcome
(Traversa et al., 1997; Heiss et al., 1999; Zemke
et al.,, 2003) (Fig. 54.6), indicating preservation of
key substrate with optimal connections for supporting
the behavior of interest. Second, in other brain areas
such as the association cortex, for example, greater
activation of secondary motor areas correlates with
poorer outcome, as in this case greater activation
represents a compensatory event that is generally not
able to support full return of behavior due to the nature
of anatomical connections in these areas (Ward et al.,
2003b). Best outcomes are associated with the greatest
return to the normal state of brain function (Ward
et al., 2003b).
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54.3.6. Changes along infarct rim

Increased activity along the rim of a cortical infarct
has been described in fMRI and PET studies (Cramer
et al., 1997; Rosen et al., 2000; Luft et al., 2004b).
These changes appear to be modulated in magnitude
most probably due to hemodynamic abnormalities in
the affected cortex (Powers et al., 1988; Binkofski
and Seitz, 2004). Butz et al. (2004) found peri-infarct
low-frequency activity in the majority of patients after
cortical stroke showing that the electrical state of the
peri-lesional brain tissue is also abnormal. It should
be emphasized that the residual brain lesion represents
only the core of the far larger ischemic damage in the
acute stage after stroke (Seitz et al., 2005). Thus, the
rim along the infarct may appear intact on standard
MRI but most likely severely abnormal on a microsco-
pical level, a suggestion supported by studies of
patients with a TIA and a normal MRI but reorganized
brain function (Krakauer et al., 2004).

Changes in peri-infarct activation might correspond
to the increased levels of growth-related proteins
found along the rim of an experimental infarct intro-
duced into animals (Li et al., 1998; Stroemer et al.,
1998). Nevertheless, this tissue along the infarct rim
has been shown to accommodate the cortical represen-
tations allowing for post-stroke recovery (Binkofski
and Seitz, 2004; Kleiser et al., 2005). An important
consideration in the interpretation of fMRI studies of
this zone is that the intrinsic T2* property of brain tis-
sue, changes which underlie activation in blood-
oxygen-level-dependent fMRI, can be altered by
stroke (Goodyear et al., 2004). Recent data from our
lab suggest that the area surrounding an infarct might
have increased T2* signal compared with normal brain
tissue, the impact of which upon blood-oxygen-level-
dependent fMRI might be important. However, further
studies on this topic are needed.

54.3.7. Diaschisis

Diaschisis may also be an important process related to
behavioral recovery after stroke. Brain areas connected
to, but spatially distant from, the region of infarction
show numerous changes post-stroke (Baron et al.,
1986; Witte and Stoll, 1997; Seitz et al., 1999; Nhan
et al., 2004). For example, several patients with a
behavioral deficit early after stroke were observed
among whom areas that normally showed activation
were near silent. These areas with reduced brain acti-
vation had no injury from stroke and showed normal
resting cerebral blood flow. Behavioral recovery was
associated with restitution of brain activity in these
areas (Nhan et al., 2004). Indeed, in several cases an
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area of the brain had normal perfusion, was inactive
early after stroke, and highly active months later, and
was sufficiently distant from the infarct so as to be in
a separate vascular territory. While numerous methods
have been used to describe diaschisis, this process may
be most directly measured using fluoro-deoxy-glu-
cose-PET (Heiss et al., 1993; Cappa et al., 1997) and
resting rCBF-PET (Seitz et al., 1999). Further studies
in humans are needed to understand this spontaneous
distant suppression of function, its impact on beha-
vioral status, and the extent to which it might be a
therapeutic target.

54.4. Recovery resulting from therapeutic
intervention

Functional MRI and other brain mapping methods
have provided insights into the brain events underlying
spontaneous return of function after stroke. These
methods are also useful for understanding the brain
events underlying behavioral gains arising from exo-
genous interventions. Furthermore, the promise of
these methods extends beyond gaining neurobiological
insight, as measures of brain function might provide
useful information on prognosis, triage, and as a surro-
gate marker (Dobkin, 2003), as described above.
In some therapeutic contexts, information derived
from functional neuroimaging can guide certain treat-
ment decisions (Cramer et al., 2005).

Several examples of treatment effects on stroke
recovery have been published. Animal studies provide
useful lessons in this regard (Nudo et al., 1996; Jones
et al., 1999; Biernaskie and Corbett, 2001; Johansson
and Belichenko, 2002; Kleim et al., 2003). Many
human studies to date have focused on effects of
increased physical activity (Liepert et al., 1998; Carey
et al.,, 2002; Johansen-Berg et al., 2002a; Schaechter
et al., 2002; Wittenberg et al., 2003; Luft et al., 2004a).
Effects of pharmacologic (Pariente et al., 2001) and other
(Meinzer et al., 2004; Cramer et al., 2005) interventions
have also been studied.

A number of adjuvant factors are important to reor-
ganization of brain function after stroke, both in the
spontaneous and treatment-induced settings, including
repetitiveness of intervention, learning, sensori-
motor integration, complexity, imagery, and attention.
Restorative therapy will likely need to be graded to
patient status with regard to such issues, such as by
altering dose, context, demand level, and complexity
of intervention. Such dosing adjustments might be
based on features of behavior or perhaps of functional
brain organization. These adjuvant aspects of restora-
tive therapeutic interventions thus warrant considera-
tion. Defining recovery can be complex. Clinically,
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a wide number of scales are used to measure neurolo-
gical and disability status (Duncan et al., 2000; Uchino
et al., 2001; Duncan et al., 2005).

The goals of restorative therapy concerning the
recovery of hand function can be considered from at
least three perspectives. First, performance of very
similar hand movements is highly correlated, but these
are in some cases controlled by separate cerebral struc-
tures and thus have different recovery patterns and
responses to therapy (Azari et al., 1996; Binkofski
et al., 1996; Cramer et al., 2001c; Kuhtz-Buschbeck
et al., 2001). Second, recuperation of finger move-
ments in the affected hand might not be independent
from evolution of motor behavior in the contralateral
(non-stroke) hand. In fact, associated finger move-
ments in the ipsilesional hand can be observed regu-
larly after a focal brain lesion, such as stroke, that
impairs a patient’s ability to perform activities of daily
life that are normally performed in a bimanual manner
(Kazennikov et al., 1994; Nelles et al., 1998; Seitz
et al., 2004). Third, recovery of the affected limb
involves control in both the spatial and temporal
domain. In fact, even patients with excellent recovery
of sensorimotor functions due to physiotherapy may
retain deficits in skilled finger movement capacity that
can be appreciated in the experimental context of func-
tional neuroimaging. For example, somatosensory dis-
crimination of cubic objects is a routine procedure
easily performed by healthy subjects as well as
patients with excellent recovery from striatocapsular
or cortical stroke (Weder et al., 1994; Seitz et al.,
1998; Binkofski et al., 1999; Stoeckel et al., 2003).
Nevertheless, a patient might retain severe difficulties
to perform this forced choice alternative paradigm
showing continued difficulties related to the cognitive
control of action. Several scales used to measure
recovery might have a ceiling effect, being insensitive
to mild deficits (Cramer et al., 2001a). Such an effect
can influence interpretation of recovery and its func-
tional imaging. Thus, analyzing fMRI data in a
performance-related manner, such that the image
frames are grouped with respect to electromyograp-
hic activity recorded during scanning, can vastly
improve identification of activation in some paradigms
(Fig. 54.7).

54.4.1. Active, intense, repetitive content
of therapy

Active repetitive movement practice (Woldag and
Hummelsheim, 2002) can enhance the strength and
functional use of the affected limb in patients with
chronic stroke. For instance, repetitive practice of hand
and finger flexion and extension movements resulted
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Fig. 54.7. Activation maps related to visually triggered finger movements of the affected hand in two patients after marked
recovery from hemiparetic stroke. The activation maps were generated in a performance-related manner with respect to simul-
taneous recordings of the surface EMG from the first dorsal interosseus muscle on either side. (A) The patient presented with
abnormal activity in the non-affected hand paralleled by a bilateral activation pattern in motor and parietal cortical areas. Ana-
lysis of his imaging data with regard to the stimulation protocol failed to show any cerebral activity due to his failure to comply
with the go and stop signals. (B) The patient had strictly unilateral electromyographic activity in his moving affected arm. An
EMG ratio of 1 indicated no increase as compared to rest. Nevertheless, there was brain activation in the contralesional pre-
motor cortex and even a small activation area in the contralesional motor cortex. Note the greater amount of EMG activity
in the recovered hand in this patient as compared with the other patient. Data from Biitefisch et al. (2005).

in significant motor performance improvements during
the therapy period (Butefisch et al., 1995). Intensity of
therapy might be an important factor in the level of
functional improvement (Kwakkel et al., 1999), and
in this regard repetitive therapy may in part be based
on events related to normal learning (Karni et al.,
1996; Nudo et al., 2001; Kleim et al., 2002). Active
participation has been found to be more effective in
improving motor performance improvement compared
to passive training (Lotze et al., 2003). Constraint-
induced movement therapy (CIMT) includes intense,
active training of the affected hand while the non-
affected hand is in a cast or glove to prevent move-
ments. Changes in brain function have been described
after CIMT, with the divergent functional neuroima-
ging results possibly reflecting differences in patients
and study methods (Liepert et al., 1998; Kopp et al.,
1999; Schaechter et al., 2002; Wittenberg et al.,
2003; Park et al., 2004).

54.4.2. Sensorimotor integration

Motor gains can be demonstrated when impaired
voluntary movements are supplemented with some
form of assistance, either through neuromuscular sti-
mulation (Cauraugh et al., 2000; Cauraugh and Kim,

2002; Muellbacher et al., 2002) or by mechanical
assistance (Volpe et al., 2000; Lum et al., 2002). Stu-
dies that utilize techniques to enhance somatosensory
input have shown effectiveness at improving motor
function in healthy (Muellbacher et al., 2002) and
paretic limbs (Floel et al., 2004). Sensorimotor inte-
gration theory might provide insight into the basis for
these motor gains: motor output is inextricably linked
to sensory input, and those unable to voluntarily com-
plete movements cannot produce appropriate sensory
patterns associated with motor effort (Bornschlegl
and Asanuma, 1987; Pavlides et al., 1993). This theory
provides a rationale for active assistive therapy (Rein-
kensmeyer et al., 2004). Implementation of sensorimo-
tor integration theory might be improved with
measurement of function in key brain functional areas
for integration (Huttunen et al., 1996; Thickbroom
et al., 2001).

54.4.3. Environmental complexity and context

Environmental complexity or enrichment has been
found to alter brain function and structure in normal
(Diamond et al., 1977; Kempermann et al., 1997;
Van Praag et al., 2000) and neurologically impaired
(Kolb et al., 1987; Kolb and Gibb, 1991; Biernaskie
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and Corbett, 2001) animals. Animals with experimen-
tal stroke have improved functional outcomes when
exposed to enriched environments that allow social
interaction and a broad range of activities (Will
et al., 1977; Johansson, 2003). Post-stroke experience
likely similarly influences functional outcome in
humans. For example, specialized multidisciplinary
stroke units show improved patient outcomes com-
pared to that of general wards (Langhorne et al.,
1993; Ottenbacher and Jannell, 1993).

Computer, robotics, and motion tracking technol-
ogy have recently been used to produce rich virtual
reality environments (Holden et al., 2001; Jack et al.,
2001; Ku et al., 2003). This technology can be utilized
in a variety of settings and can influence environment
in numerous ways such as by augmenting sensory
feedback (Sisto et al., 2002). Deriving maximum clin-
ical gains from implementing environmental complex-
ity into restorative therapies might be achieved by
incorporating findings from brain mapping studies on
the neurobiology of complexity (Just et al., 1996;
Gerloff et al., 1998; Stowe et al., 1998; Dhamala
et al., 2003; Verstynen et al., 2005). In addition, virtual
reality approaches lend themselves readily to incor-
poration into most brain mapping protocols.

The context in which restorative therapy is adminis-
tered influences clinical gains. Task-specific training
(Nelson et al., 1996; Trombly and Wu, 1999; Carey
et al., 2002; Muellbacher et al., 2002; Alon et al.,
2003; Schaechter, 2004), use of a functionally rich
task ecology (Wu et al., 1998; Ma et al., 1999; Wu
et al., 2000), and increased purpose of practiced exer-
cise (Hsieh et al., 1996) each can improve clinical
gains. Functional imaging can contribute to implemen-
tation of these observations by providing insight into
mechanism of effect on the injured brain.

54.4.4. Imagery

Imagery and observation represent the planning and
preparation stages of movement (Grezes and Decety,
2001; Jeannerod, 2001). Various forms of covert
rehearsal, such as motor imagery or action observa-
tion, might be effective in producing increased recov-
ery. This might be particularly true in patients among
whom stroke-induced behavioral loss is complete,
such as those with hemiplegia who are unable to per-
form the repetitive goal-directed movements important
to recovery (Page et al., 2001; Pomeroy et al., 2005).

Brain mapping studies in human subjects have
found that motor imagery and action observation are
each associated with widespread activation of a dis-
tributed motor control network (Van Mier, 2000).
A range of movement-related areas such as contralateral
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primary motor cortex, supplementary motor area,
premotor cortex, and parietal cortex are also active dur-
ing motor imagery and during movements observation
(Porro et al., 1996; Lotze et al., 1999; Gerardin et al.,
2000; Grezes and Decety, 2001; Jeannerod, 2001;
Lacourse et al., 2005). Mere observation of a movement
can activate complex motor output circuits in healthy
(Gangitano et al., 2004) or in hemiplegic (Cramer
et al., 2002a) human subjects.

Primate studies by Rizzolatti et al. have identified a
cortical action-observation matching system with ties
to physical movement, in which cells termed mirror
neurons fire during both action observation and action
execution (Di Pellegrino et al., 1992; Rizzolatti et al.,
1996). Brain mapping studies suggest that a similar
system exists in humans (Fadiga et al., 1995; Decety
et al., 1997; Hari et al., 1998; Buccino et al., 2001)
with preservation of substantial somatotopic specifi-
city (Maeda et al., 2002). These observations add
strength to the suggestion that action observation can
give rise to a covert experience of that same action,
including pre-movement planning and preparation
stages. In fact, preliminary data showed the surpris-
ingly strong effect of cognitive-imaginative training
in patients after stroke (Miiller et al., 2007).

54.4.5. Attention

Practice conditions that make performance more dif-
ficult have the potential to enhance the cognitive
and motor processes involved with improving long-
term performance (Lee et al., 1991). For instance,
contextual interference, which incorporates random
practice conditions, is known to stimulate attention
and cognition. This pattern of practice conditions
has been shown to enhance retention and transfer of
motor skill learning (Wulf and Schmidt, 1988; Lee
et al.,, 1991; Hall and Magill, 1995; Immink and
Wright, 2001; Shea et al., 2001; Ste-Marie et al.,
2004). Associative plasticity also depends on atten-
tion (Stefan et al., 2004). Indeed, simply looking at
one’s tapping finger, versus looking away, increases
by 50% the volume of motor cortex activated (Baker
et al., 1999). Studies examining the effect of attention
on brain function in healthy subjects (Li and Wright,
2000; Immink and Wright, 2001; Stefan et al., 2004)
may be of guiding value in understanding how to
manipulate attention in order to maximize therapeutic
gains in patients with stroke. This may be reflected in
a different degree of activation in the parietal cortex
in patients who had recovered and were studied in
the chronic stage as compared with the acute situation
when the patients were maximally impaired (Ward
et al., 2004).
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54.5. Summary

Functional imaging of stroke recovery is a unique
source of information that provides insights into
recovery of function after stroke and might lay the
groundwork for development of restorative treat-
ments. A number of features of brain function change
spontaneously after stroke. Current studies have
defined many of the most common events. Key chal-
lenges for the future are to develop standardized
approaches to help address more refined questions
in more natural tasks, determine the psychometric
qualities of these measures, and define the clinical
utility of these methods.
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55.1. Initial stroke workup

The last decade was characterized by refining stroke as
a widespread disease. Accompanied by a worldwide
campaign led by the American and European stroke
societies, neurologists brought stroke and its symp-
toms into the awareness of clinicians and the public.
Alongside heart disease, stroke became one of the
most recognized emergencies, and certainly one of
the most important neurological diseases. Significant
improvements in patient care, diagnostics, and treat-
ment were made driven by results from experimental
and clinical cerebrovascular research. Direct transfer
into clinical practice consequently resulted in land-
mark innovations in stroke therapy such as the
approval of tissue plasminogen activator (tPA), and
the implementation of stroke units for patient care.
Such approaches require the workup of stroke
patients ruled by the “time is brain” domain. Standar-
dized workups are now available in all main stroke
centers (Fig. 55.1). After admission of stroke patient
into hospital, the initial clinical evaluation includes
(in addition to the patient’s history and examination)
the survey of standardized scales such as the Glasgow
Coma Scale (GCS) and National Institute of Health
Stroke Scale (NIHSS). Accompanied by an assess-
ment of the patient’s medical status, including an
electrocardiogram (ECG) and an emergency labora-
tory screening (see Fig. 55.1), this evaluation typi-
cally takes about 10-15 minutes, and builds the
basis for subsequent treatment decisions. The typical
stroke workup represents a stepwise approach in an
escalating fashion due to occurrence and clinical

symptoms of the disease. After the initial workup
(Figs. 55.1 and 55.2), which precedes the therapeutic
intervention, diagnostic testing is escalated based on
the suspected origin and the course of the stroke in
the individual patient, as outlined in Fig. 55.2 (levels
IT and III).

Allocation of treatment is at present dominated by
the 3-hour time window according to the initial criteria
for approval of tPA (NINDS Study Group, 1995).
A pathophysiological approach for positive detection
of vessel occlusion or the evolution of stroke in the
individual situation is based on this original study.
The function of stroke imaging in this context (com-
puted tomography) is to exclude potential contraindi-
cations such as cerebral hemorrhage or marked early
infarct signs. The wide availability of dynamic stroke
imaging with computed tomography (CT) and mag-
netic resonance imaging (MRI) may refine the indica-
tion for thrombolysis when a vessel occlusion or a
stroke within the 3 hour time window cannot be
detected, and may extend the therapeutic time window
beyond 3 hours. Stroke imaging alone could therefore
alter the patient’s workup including allocation of
potential future treatments.

55.2. Imaging stroke

MRI has evolved over the last decade to become the
preferred brain imaging modality over CT. MRI-based
diffusion-weighted imaging (DWI) can demonstrate,
in contrast to CT, the onset of ischemia within min-
utes, while perfusion-weighted imaging (PWI) pre-
cisely defines the areas of hypoperfusion (Warach
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Fig. 55.1. Initial workup of the acute stroke patient. Allocation to treatment is currently based on the 3 hour time window.
Between 3 and 6 hours an IA or IV thrombolysis should be considered. Large hemispheric infarction may be treated with early

craniectomy.

et al., 1995). A PWI-DWI mismatch, which indicates
tissue with decreased perfusion extending beyond that
of diffusion abnormalities, is thought to represent tis-
sue at risk of further infarction, which could poten-
tially be salvaged (Warach et al., 1996). A PWI-
DWI mismatch can be seen in about 80% of stroke
patients examined in the acute phase and is thought
to predict infarct growth (Barber et al., 1998). MR
angiography (MRA) sensitively localizes vessel steno-
sis or occlusion, and correlates with patterns of infarc-
tion that can be further improved by contrast
enhancement (Fujita et al., 1994). MRI was also
shown to be sensitive for imaging acute or chronic
intracerebral hemorrhage by susceptibility-weighted
T,* imaging (Fiebach et al., 2004). Intracerebral
hemorrhage causes a characteristic imaging pattern
on stroke MRI that is accurately detectable even in less
experienced  practitioners.  Such  susceptibility-
weighted T,* imaging is even able to show small
chronic hemorrhages as focal areas of signal loss, indi-
cating hemosiderin deposits caused by minor bleeding
from small fibrohyalinized arterioles (Lee et al., 2004).

The mismatch phenomenon awaits further spe-
cification regarding quantification and correlation

to structural morphology. Recently published direct
comparisons of MRI and PET data of the ischemic
penumbra represent the first step in this direction.
Indeed, it appears that a matching DWI/PWI lesion
may still represent salvageable tissue (Guadagno et al.,
2004). On the other hand, the simple DWI-PWI mis-
match concept may overestimate the penumbra
(Sobesky et al., 2004). More detailed analysis on the
MRI side, probably by implementing quantitative PWI
and time-to-peak delay maps, may refine the penumbra
definition by DWI-PWI mismatch. MRI appears never-
theless as the ideal sole imaging modality in hyperacute
stroke without requiring additional CT. MRI alone may
refine within the next decade patients for any kind of
therapy by individually identifying salvageable tissue.
This could replace the current standard (see Fig. 55.1)
of allocation to treatment according to a rigid time win-
dow, with an individually assessed dynamic brain tissue
window (Fig. 55.3). Practicing precursor studies such as
Desmoteplase in acute stroke (DIAS) may justify a new
wave of hope of extending the therapeutic time window
for stroke patients (Hacke et al., 2005).

In clinical practice there are always situations where
an MRI cannot be obtained; for example, in agitated or
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VIII, IX, XI, mutations of prothrombin, factor V, MTHFR polymorphism,
antiphospholipid antibodies)
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on results in MRI

Mitochondriopathy: Serum Lactate, CK, mitochondrial DNA, EMG, muscle
biopsy, aerobic straining test

MoyaMoya disease: DSA, assessment of vasomotor-capacity by using
TCD, CTP, PWI, SPECT

CADASIL: Notch-3 gene-test, skin biopsy

Vasculitis: DSA, brain-, leptomeningeal-, vessel-, muscle biopsy depending

Hematologic disease: blood , bone marrow analysis, chest CT, abdomen CT
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Fig. 55.2. Complete workup of stroke patients in an escalating fashion. After basal tests (level I), the workup should be esca-
lated to levels II and III according to the patient’s individual situation to detect typical (cardiac embolism, vasculitis, dissec-
tion) and rare (moyamoya disease, Cadasil, mitochondriopathies) causes of an ischemic stroke.

pacemaker-carrying patients. In addition, the infra-
structural capacity in smaller hospitals often lack
expensive hardware and software so that the latest
MRI technology may not be available. Under such
circumstances CT might be the method of choice.
CT has a general weaker sensitivity for detection of
infratentorial processes, and advantages and drawbacks
in determining tissue at risk for infarction without
reperfusion. Because signal intensity is more directly
related to contrast dye concentration, CT has advan-
tages over MRI in quantifying perfusion. CT provides
quantitative mean transit time (MTT), cerebral blood
flow, and cerebral blood volume, allowing characteri-
zation of absolute thresholds in the penumbra (thre-
sholded cerebral blood flow lesion minus thresholded
cerebral blood volume lesion) (Wintermark et al.,
2002a). The cerebral blood volume abnormality itself
was shown to correlate well with the DWI lesion size
(Wintermark et al., 2002b). A “mismatch” can then be

defined as the difference between the abnormality on
cerebral blood flow CT perfusion study and the
expected core infarct based on cerebral blood volume
abnormality. Recent data suggest that after vascular
occlusion, it is only the amount of “core” that is impor-
tant in making treatment decisions (Jovin et al., 2003).
From the current perspective, however, it remains ques-
tionable if CT technology can be developed to compete
equally with MRI in precisely imaging the brain tissue
window of the individual stroke patient.

55.3. Ultrasound in stroke

Neurological ultrasound is an inexpensive, non-
invasive, real-time monitoring tool that has become
routine for the diagnostic workup of stroke patients.
Color-coded duplex sonography then evolved to
become the gold standard. This technique sensitively
enables the detection of extra- and intracranial vessel
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Fig. 55.3. Suggestion of a future evaluation paradigm in stroke patients. Note that the rigid time window concept is shifted
towards a dynamic pathophysiologically oriented approach to treat salvageable tissue in the individual patient.

occlusions or stenosis, can in experienced hands
replace vessel imaging with CT or MRI, and is there-
fore (in the present authors’ department) typically
part of the basal stroke workup (Fig. 55.2, level I).
A good temporal window and an experienced opera-
tor can accomplish a focused stroke workup in 10
minutes, which may be delayed in patients with sub-
optimal windows to 20 minutes. Ultrasound testing
can be performed at bedside simultaneously with neu-
rological examination, monitoring of vital signs, and
drawing blood, making it the ideal real-time monitor-
ing tool at stroke units for the detection of vasos-
pasms in subarachnoid hemorrhage patients, midline
shifts in patients with hemispheric infarctions, or
the documentation of lesion evolution in patients
with intracerebral hemorrhage. In addition to these
applications the use of ultrasound is established for
the detection of cardiopulmonary shunts and circulat-
ing microemboli as well as for the verification of
brain death.

Innovations in ultrasound will carry this technique
into the future with several interesting applications
that could improve the diagnostic capacity, and may
even enhance therapy. One of these innovations
includes the use of gas-filled microbubbles that have
a much stronger echo-enhancing effect than conven-
tional echocontrast agents. The result is a much better
delineation of cerebral blood flow, vessel occlusion,
pseudo-occlusion, or stenoses in the extracranial (but
also in the intracranial) vasculature. Microbubble-
based methods such as bolus injection kinetics, refill
kinetics, and diminution kinetics are at present used
to qualitatively describe or relatively quantify brain
tissue perfusion under ischemic conditions (Martina
et al., 2005). It is, however, not yet clear which of
the models or parameters will be best for clinical brain
perfusion assessment in humans.

Doppler ultrasound may be also used in the future
to monitor treatment or even to improve treatment.
Non-image-guided Doppler sonography identifies
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thrombus location with an accuracy greater than 90%
for the middle cerebral artery and internal carotid
artery. Once this thrombus/residual flow interface is
found, a narrow 3-10 mm pulsed-wave ultrasound
beam can be steadily aimed at the thrombus location
to monitor the effect of a thrombolytic drug. By expos-
ing thrombus surface and structures to tPA, thromboly-
tic activity can be enhanced with a 2 MHz transcranial
Doppler. A randomized, multicenter, clinical trial
called CLOTBUST (Combined Lysis of Thrombus in
Brain Ischemia Using Transcranial Ultrasound and
Systemic tPA) showed a 49% rate of complete recana-
lization or dramatic clinical recovery from stroke
within 2 hours after tPA bolus when tPA infusion
was continuously monitored with TCD, compared with
30% among patients who received tPA without ultra-
sound monitoring (Alexandrov et al., 2004). Early
complete recanalization was sustained at 2 hours by
38% of monitored patients compared with 12.7% con-
trols. Ultrasound may therefore substitute thrombolysis
in the future as depicted in Fig. 55.3. Therapeutic
ultrasound may further be developed towards targeting
microbubbles with ligands such as antibodies or syn-
thetic peptides (e.g. intracellular adhesion molecule
1) that can interact with endothelial or intracerebral
function (Villanueva et al., 2002, 2004). Potential
future therapeutic use of the microbubble technique
incorporates drugs (e.g. tPA) into ultrasound-sensitive
microcapsules. Such microcapsules can be monitored
using low mechanical indices owing to their acoustic
properties. Once the thrombus is localized, the micro-
capsules can be destroyed and placed by higher
mechanical index pulses inducing the burst release of
the encapsulated therapeutic agent (Martina et al.,
2005). This technique could principally also be used
for gene therapy by tagging genes to cationic micro-
bubbles (Christiansen et al., 2003).

Ultrasound imaging also includes the evaluation of
vascular ageing as a degenerative process; the demon-
stration of plaque development, motion, and vulner-
ability in atherosclerosis; and multi-dimensional as
well as innovative imaging techniques (e.g., compound
imaging) to depict early and small vascular lesions
(Hennerici et al., 2004).

55.4. Cardiac investigations

In clinical studies, cardiogenic embolism accounts for
up to one-sixth of ischemic strokes (Cerebral Embo-
lism Task Force, 1986, 1989). Echocardiography and
24-hour ECG serve as cornerstones in the evaluation
and diagnosis of stroke patients (Cerebral Embolism
Task Force, 1986, 1989). While a non-invasive,
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inexpensive, and simple 24-hour ECG study can easily
be assessed in all suspected patients, referral to trans-
esophageal echocardiography (TEE) or transthoracic
echocardiography (TTE) usually requires a more
defined clinical indication. The difficulty here is that
there are no sensitive or specific clinical diagnostic
criteria for cardio-embolic stroke. In less than 2% of
patients found to have a cardiac source of stroke with-
out clinical evidence of heart disease, the identification
of the embolic source by echocardiography reaches
nearly 10% (Lerakis and Nicholson, 2005).

Cardio-embolic sources for stroke can be separated
into three distinct categories. The first subset includes
cardiac lesions that have a propensity for thrombus for-
mation. This includes specific characteristics of the left
atrial appendage and the presence of mitral annular cal-
cification in patients with nonrheumatic atrial fibrilla-
tion. A second group of causes is the presence of
cardiovascular masses, which may include intracardiac
tumors, thrombi, or atherosclerotic plaques of the aorta.
The third subset includes passageways within the heart
serving as conduits for paradoxical embolization from
the venous system. The most commonly identified pas-
sageways implicated in cardiogenic strokes are atrial
septal defects and patent foramen ovale (Lerakis and
Nicholson, 2005). TEE is superior to TTE in detecting
embolic sources in all structures related to or neigh-
boring the left atrium which are usually at high risk for
embolization. TTE can be used to detect mitral- and
aortic-valve insufficiencies, dilation, hypo- or hyper-
trophy, and ejection fraction of the left ventricle—
conditions associated with a moderate embolic risk.
The differential indication for a TEE or a TTE should
therefore be balanced as outlined in the algorithm in
Fig. 55.4. The search for thrombophilic diseases which
could cause or promote the formation of such emboli
should always be considered when a cardiac embolic
source is detected (see Fig. 55.5).

55.5. Conclusion

The future of diagnostic testing in stroke patients will
further move towards a specific analysis of the disease
in the individual patient. Significant innovations are
awaited from stroke imaging with CT and MRI, and
from ultrasound technology. As outlined, such innova-
tions improve or establish not only diagnostic meth-
ods, but are also particularly suited to pioneering the
way for therapeutic approaches, and could build the
future basis for a tailored therapy which moves away
from fixed time window frames towards a pathophy-
siologically targeted treatment of salvageable tissue
in the individual patient.
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General principles of acute stroke management
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56.1. Introduction

The goals of a comprehensive acute stroke treatment
management are (1) to minimize the amount of brain
damage by reversing penumbra and by preventing
further bleeding in acute hemorrhages, (2) to prevent
early neurological and medical complications, and (3)
to promote early recovery. If the multiple small steps
to achieve excellence in stroke management succeed,
the patient will likely have a better chance of survival,
and ultimately have a better outcome.

An organized system of care in the prehospital and
emergency room phase is a prerequisite for effective
treatment. Immediate diagnosis of stroke subtype is
now possible in most patients arriving at the hospital
thanks to acute neurological expertise (in the form of
a stroke consultant) and advanced neuroimaging.
Although acute recanalization treatment is the most
effective intervention, general care, prevention of
complications, and early and late rehabilitation remain
the cornerstones of stroke therapy.

56.2. Prehospital management, chain of rescue,
and referral

56.2.1. Recognition of stroke by the patient
and bystanders

Ignorance or minimization of symptoms of acute
stroke and transient ischemic attacks (TIAs) remains
a major problem in the rapid activation of the emer-
gency medical system (EMS) after stroke onset. Public
awareness campaigns focusing on the general public or
high-risk populations may have some impact on this
problem. Other reasons for late information of the
EMS are acute cognitive and behavioral problems that

make patients unable to recognize or communicate
their symptoms. Examples of such problems induced
by acute stroke include the inability to move, anosog-
nosia, anosodiaphoria, aphasia, disturbances of con-
sciousness, memory deficits, and confusional states.

56.2.2. Activation of the EMS system chain
of rescue

Patients or witnesses of an acute stroke should call the
regional or national medical emergency number. Per-
sonnel responding should have proper training and algo-
rithms to recognize stroke symptoms. They should give
these patients a high priority for ambulance dispatch
(Porteous et al., 1999; Camerlingo et al., 2001), espe-
cially if symptom onset is recent.

The presence of a physician at the site of stroke is
only required if the patient is considered hemodynami-
cally unstable or has a severely depressed conscious-
ness potentially requiring intubation. If a general
practitioner receives a call about or consults a patient
with suspected stroke, he should recommend/arrange/
organize emergency transportation, preferably through
the EMS system, to the nearest emergency room of a
hospital providing acute stroke care. Time is the most
important factor for the success of acute stroke treat-
ment. Therefore transport by paramedics should be
the quickest available according to distances, transport
capacities, and weather. Helicopter transport plays an
increasingly important role in the rapid transfer of
patients with stroke (Thomas et al., 2002). Whenever
symptoms and signs suggestive of TIAs or stroke
are recognized—within minutes, hours or days—they
should prompt immediate referral to the next casualty
or stroke center. If several days or weeks have passed
before the symptoms come to the attention of the
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physician, semi-urgent referral to a neurologist or
stroke center is appropriate.

56.2.3. Prehospital assessment and scales

Paramedical personnel need specific training and algo-
rithms for patients with suspected stroke. Their assess-
ment includes the evaluation of the patient’s airway,
breathing, and circulation (i.e., the “ABC” of resuscita-
tion) (Hachimi-Idrissi and Huyghens, 2002; Adams Jr
et al., 2003). A measure of blood sugar is recom-
mended. They should obtain thorough information
from the patient and the witnesses about the usual
state of health, time of symptom onset, and usual
medications. The EMS ambulance dispatchers and
the ambulance drivers should notify the emergency
and stroke team that they will be arriving with a
stroke patient and describe his/her clinical status. If
possible, the ambulance driver should indicate a pre-
hospital stroke scale and should advise a next of kin
to come to the hospital immediately. Scales such as
the Los Angeles Pre-hospital Stroke Scale (Kidwell
et al., 1998), the Cincinnati Pre-hospital Stroke Scale
(Kothari et al., 1999), or the “Face, Arm, and Speech
Test” (FAST) (Harbison et al., 2003) are easy to use.

56.2.4. Referral

Admission to a stroke unit has been shown to reduce han-
dicap and mortality, presumably due to a combination of
better acute treatment, prevention and treatment of
complications, and early rehabilitative interventions.
Therefore, it should be a health policy goal of each com-
munity to provide enough stroke unit beds and watch
over the quality of such units. Different network models
of medical centers providing organized acute stroke care
are possible, and have to be set up and publicized for in
each community. Referral algorithms, education, and
technology-facilitated communication by telemedicine
can improve the performance of such networks.

If thrombolysis or other acute recanalization treat-
ments are considered, referral to a stroke center should
not be delayed by neuroimaging in a non-specialized
hospital. This will usually be done in the stroke center
where neuroimaging may be analyzed with more
expertise. Furthermore, patients with intracerebral
hemorrhages may benefit similarly from acute stroke
treatment (Mayer et al.,, 2005; Steiner et al., 2006)
and stroke unit care as ischemic stroke patients.

If the number of stroke unit beds are limited in a
community, a triage checklist for referral to a stroke
center should be established. Such criteria for referral
could be, other than thrombolysis, recurrent or pro-
gressive neurological deficits, an anticipated high risk
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of complications, and need for specialized diagnostic
tests or neurosurgical evaluation.

56.2.5. Prehospital treatment

Airways patency and protection, oxygenation, and cir-
culatory function have to be assured by the paramedi-
cal personnel, or a physician in the field, if needed.
Antithrombotics or anticoagulation must not be given
until brain imaging has excluded intracranial hemor-
rhage. Blood pressure may only be lowered if above
220/120 mmHg, especially in patients with signs of
cardiac failure or myocardial ischemia (Adams Jr
et al., 2003; Toni et al., 2004). Neuroprotection with
drugs and external cooling devices is now being inves-
tigated in the prehospital phase.

56.3. Emergency room assessment and hospital
admission

56.3.1. Triage, stabilization, and acute evaluation
of stroke

Acute evaluation should be performed simultaneously by
a vascular neurologist and an emergency room physician.
Acute assessment of neurological and vital functions
parallels treatment of acutely life-threatening conditions.
Emergency management of acute stroke includes three
parallel processes: (1) management of life-threatening
comorbid conditions and complication of stroke,
(2) medical and neurological evaluation with advanced
neuroimaging, and (3) treatment of the stroke itself.
The initial examination includes observation of
breathing function, assessment of blood pressure and
heart rate and determination of arterial oxygen satura-
tion using infrared pulse oxymetry if available. Simul-
taneously, blood samples for clinical chemistry,
coagulation and hematology studies are drawn and a
venous line is inserted. Standard electrolyte solutions
are given until clinical chemistry results are available.
Twelve-lead electrocardiography and chest radiogra-
phy support the clinical evaluation of cardiothoracic
pathologies. The possibility of initiating thrombolytic
treatment without knowledge of platelet counts and
coagulation parameters has recently been suggested.
For patients on oral anticoagulation, portable bedside
international normalized ratio (INR) measurements
tools may be more rapid than an usual blood test.

56.3.2. Telemedicine
Systems linking the ambulance or a secondary hospital

emergency room with a stroke center and their specia-
lists are emerging (Fisher, 2005). They can increase
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adherence to evaluation and treatment protocols,
and decrease mortality (Audebert et al., 2006). Their
downsides are technical issues, costs and energy for
installation and maintenance.

56.3.3. Stroke team

A stroke team should consist of a neurologist, a neurora-
diologist, a nurse coordinator and a neurosurgeon. They
work closely with the medical personnel in the emer-
gency department, the radiology department, and the
(neuro-) intensive care units. Not all hospitals will have
the resources to provide a complete stroke team at all
times. The more components of the team are involved
in acute stroke care, the more rapidly treatment can be
initiated. The stroke team is usually responsible for con-
firming the onset time, evaluating the neuroimaging,
establishing the diagnosis and reviewing the inclusion/
exclusion criteria for thrombolytic therapy, then making
the final decision to initiate the treatment.

56.3.4. Standard protocols and clinical pathways

Written protocols and checklists for stroke should be
produced for each stage of the management, from pre-
hospital to long-term follow-up care. They are likely to
improve resource utilization and clinical outcome,
although this has not been firmly established by rando-
mized trials (Kwan and Sandercock, 2004).

Management algorithms may differ depending on
whether the patient arrives at the hospital within the
first few hours after stroke onset or much later. Condi-
tions and complications such as hypertensive crisis,
elevated blood glucose, aspiration, increased intracra-
nial pressure, seizures, or cardiac arrhythmias should
enter into a predefined management framework.

56.3.5. Hospital admission and monitoring

Stroke patients should be admitted to the hospital,
which should be equipped with a monitored integrated
stroke unit and neurointensive care (Indredavik et al.,
1998; Stroke Unit Trialists’ Collaboration, 2000). This
permits frequent neurological and general assessments
during the first 2448 hours. A minimal monitoring
during this period includes neurological surveillance
by trained nurses, online electrocardiogram (ECG)
monitoring, respiratory monitoring by ECG leads or
pulse oxymetry, and blood pressure measurements
with automatic inflatable sphygmomanometry. More
intensive monitoring may be justified according to
stroke severity, and could include a central venous
catheter with central venous pressure monitoring and
intra-arterial blood pressure measurements.

Approximately 25% of patients may deteriorate
during the initial period, although it is difficult to pre-
dict which patients will do so (Yamamoto et al.,
1998; Castillo, 1999). Continuous observation will
allow:

1. observation of cardiovascular and neurological
events;

2. measurement of prevent complications;

improvement of the diagnosis rate of stroke etiology;

4. detection of changes in the patient’s condition that
might prompt initiation of medical or surgical
interventions.

bt

56.3.6. General care of the stroke patient

The proven efficacy of stroke units is likely to be due to
the adherence to guidelines for general treatment. These
are based more on consensus than on placebo-controlled,
randomized, blinded studies. General management of
stroke patients comprises respiratory and cardiac care,
fluid and metabolic management, and blood pressure
control. In addition, prophylactic measures concerning
deep venous thrombosis (DVT), pulmonary embolism,
aspiration pneumonia, other infections, and decubital
ulcer, likely decrease morbidity and increase long-term
independence. Clinical worsening of the patient may be
due to medical (Table 56.1) causes or neurological com-
plications (Table 56.2). Any worsening should prompt a

Table 56.1

Medical causes of clinical worsening in stroke patients

Infections
Pneumonia
Urinary tract
Endocarditis
Sinusitis
Others
Respiratory
Bronchoaspiration/pneumonia
Pulmonary emboli
Atelectasis
Respiratory failure
Cardiac
Output failure
Arrhythmias, myocardial
infarction
Metabolic

Hyper-/hypoglycemia
Hyper-/hyponatremia
Other electrolyte disturbances
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Table 56.2

Neurological causes of worsening in stroke patients
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Ischemic stroke:

Worsening of ischemia

Mass effect with intracranial hypertension*
Epileptic seizures*

Withdrawal of alcohol, nicotine, drugs, hypnotic*
ITatrogenic worsening with psychotropic drugs*
Confusional states*

Psychological /psychiatric reasons*

Hemorrhagic stroke:

Above*, and
Early rebleed or continuing bleeding

Persistent occlusion /insufficient collaterals
Progression of stenosis, reocclusion
Hypotension (often nocturnal or iatrogenic)
Recurrence of embolic stroke

Hemorrhagic transformation

Hydrocephalus, especially with intraventricular or cerebellar hemorrhage

Table 56.3
What to do if the patient is getting worse

Ask the patient and ask the nurse

Check vital signs

Do a thorough neurological and medical exam

Consider brain imaging and vascular imaging

Consider labs (electrolytes, blood count, CRP, etc.), chest
x-ray, urinary sediment, blood cultures, etc.

Consider blood gases, CT for pulmonary embolus, EEG,
cardiac echo, etc.

new clinical evaluation (Table 56.3), often accompanied
by laboratory exams.

Although there is a general rule to maintain the patient
in a “normal physiological condition,” there is increasing
evidence that this may not be true for certain parameters:

1. overzealous lowering of elevated blood pressure is
likely to do more harm than good;

2. hypothermia may be preferable to normothermia;

3. early feeding (by mouth or by tube) in patients with
dysphagia may increase the rate of aspiration.

56.3.7. Neurological complications

Detecting and treating promptly neurological complica-
tions of ischemic and hemorrhagic stroke is one of the
main reasons for improved survival of patients with acute
phase of stroke. It requires a well-equipped, staffed, and
trained neurological monitoring unit which may have a
neurointensive care or an intermediate care status.

The main neurological complications of ischemic
and hemorrhagic stroke are listed in Table 56.2 and
are discussed below.

56.4. Clinical diagnosis of stroke in the
acute setting

56.4.1. Accuracy of stroke diagnosis, ischemic
versus hemorrhagic stroke versus TIA

The presence of a focal neurologic deficit and a history
of abrupt onset of symptoms in the absence of trauma
suggest the occurrence of a stroke. Paramedics cor-
rectly diagnose stroke in about two-thirds of cases
and emergency room physicians in about 90% (Ferro
et al., 1998).

Patients with intracerebral hemorrhage often have
progressive symptom onset over 5-20 minutes, rather
than maximal onset at the beginning (as in embolic
stroke) or a stuttering onset (as in large- or small-artery
thrombosis). Symptoms are more frequently severe.
Signs of increased intracranial pressure (such as
decreased level of consciousness, vomiting, and head-
aches) may be present early, and blood pressure may
be more severely increased (Panzer et al., 1985). Intra-
cerebral hemorrhage very rarely occurs during sleep.
Despite these clinical differences, neuroimaging is man-
datory to differentiate ischemic from hemorrhagic
stroke and from stroke imitators (Poungvarin et al.,
1991; Weir et al., 1994).

Given the time-dependent effectiveness of intrave-
nous thrombolysis and advances in neuroimaging, the
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historical definition of TIA has become questionable
(Albers et al., 2002). In TIAs clinical signs disappear
completely within 1 hour in about 60% of the patients.
In the remaining patients, signs often persist/linger for
more than 24 hours, and neuroimaging studies are
more frequently pathological.

56.4.2. History taking

The most valuable tools in diagnosing strokes and
TIAs are a precise history taking, which should
include questioning of the family or caregivers, and a
basic neurological exam (Table 56.4). This informa-
tion helps to differentiate stroke from stroke-like man-
ifestations of non-vascular disorders. TIAs and strokes
are characterized by their rapid onset over seconds to
minutes, and by a typical constellation of signs and
symptoms that can be attributed to a specific vascular
territory. Repeated questioning and precise chronologi-
cal description of symptom onset by the patient or wit-
nesses may allow the differentiation of ischemic
events from migraine with aura, focal epileptic seizures,
and psychogenic deficits (Michel and Bogousslavsky,
2004a). Loss of consciousness is rarely caused by TIA
or stroke and should lead to a search for epileptic

Table 56.4

Rapid neurological assessment in the suspected
acute patient

General:

Vital signs, including cardiac rthythm

Cardiac bruits, meningismus

Cognitive:

Level of consciousness, behavior

Orientation, attention (digit span), hemineglect of space

Language (fluency, comprehension, repetition)

Primitive reflexes (grasping, lack of initiative, perseveration)

Short-term memory (3 words after 5 min)

Cranial nerves:

Ptosis, pupillary reaction to light, visual fields to
confrontation

Ocular pursuit, nystagmus

Facial paralysis and sensation to pinprick

Tongue and palate deviation, dysarthria

Extremities:

Bilateral arm and leg raising and strength

Ataxia (finger-to-nose and heel-to-shin)

Sensation (asymmetry of pinprick and vibration)

Reflexes (asymmetry of tendon reflexes, cutaneous plantar
reflexes)

seizures, hypoglycemia, orthostatic hypotension, and
cardiac diseases. Precise history taking is also extremely
helpful in identifying previous TIAs or other undiag-
nosed risk factors, triggers of stroke (medications,
drugs, recent infection, head and neck trauma), and
associated diseases.

56.4.3. Physical examination

The patient should be seen as soon as possible by a
stroke neurologist, as a delay in clinical evaluation
may obscure the localization of the stroke or TIA
(Bamford et al., 1991; Toni et al., 2000). The clinical
examination begins with the assessment and treat-
ment of the airway, breathing, circulation, and tempera-
ture. A brief standard neurological exam (Table 56.4)
should be performed. To facilitate acute treatment deci-
sions, it may contain the items that are part of a stroke
scale such as the National Institutes of Health Stroke
Scale (NIHSS). It usually helps to make a rapid distinc-
tion between territorial and lacunar syndromes and stroke
imitators. One needs to remember that a “non-focal”
exam rules out neither TIAs nor stroke. The most fre-
quently missed “non-focal” signs of stroke are hemi-
and quadranopsias (because they are not tested), mild
aphasias (missed or mistaken as confusional states), mild
confusional states due to right hemispheric or thalamic
strokes, for example, somnolence and upward gaze
paresis due to midbrain strokes (not recognized), and
bilateral ptosis in right hemispheric or midbrain strokes
(often not recognized or mistaken as somnolence). As
mentioned above, rapid disappearance of symptoms
and a normal exam is characteristic of TIAs and should
in no way undermine the urgency and thoroughness of a
cerebrovascular workup.

Clinical examination helps to localize the lesion in
anterior versus posterior circulation. Stroke severity
and its course can be quantified by scales such as the
NIHSS. Training in applying such scales increases
their reproducibility.

56.4.4. Determination of time of onset, wake-up,
and unknown onset stroke

Stroke occurrence can frequently be determined by
asking the patient and witnesses, and by looking for
circumstantial evidence. Onset during sleep occurs in
about 25% of patients (Chaturvedi et al., 1999; Fink
et al., 2002; Serena et al., 2003; Spengos et al., 2005).
Clinical, neuroimaging and etiopathogenic characteris-
tics of stroke of unknown onset are not significantly dif-
ferent from strokes with known onset (Fink et al., 2002;
Serena et al., 2003), with the possible exception of
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sleep-onset stroke being more frequently lacunar (Cha-
turvedi et al., 1999; Spengos et al., 2005). If the precise
onset of stroke is unknown, the last time where the
patient was seen in his usual state of health is the pre-
sumed onset of stroke. For a patient with symptoms
of stroke on awakening, the time of onset is assumed
to be when the patient went to bed (or when he was last
known to be symptom-free before retiring). If a patient
had mild impairments but then had worsening over the
subsequent hours, the instant the first symptom began
is assumed to be the time of onset. In contrast, if a
patient has symptoms that completely resolved (TIA)
and then has a second event, the time of onset of the
new symptoms is used.

56.5. Selection of diagnostic tests for acute
stroke

In addition to the history and clinical exam, acute
brain and cardiovascular imaging and some basic
laboratory tests (Table 56.5) are essential aids to the
diagnosis of acute stroke. Acute brain imaging (CT
or MRI) distinguishes immediately and reliably
ischemic stroke from intracerebral hemorrhage. After
a large ischemic stroke involving the cortex or basal
ganglia, early abnormalities on CT appear within 1-3
hours. Small and brainstem strokes may not be visua-
lized for 12-24 hours on CT, and may actually never
show up on CT. They are occasionally missed on

Table 56.5

Emergency exams in the patient with suspected stroke

Brain imaging (at least one of the following):

Cranial CT, including perfusion imaging

Brain MRI, including diffusion and perfusion imaging,
FLAIR and T2* susceptibility sequences

Imaging of cervical and intracranial arteries (at least one
of the following):

CT angiography

MR angiography

Doppler and duplex ultrasonography

Conventional or digital subtraction angiography (if intra-
arterial thrombolysis is an option)

Laboratory:

Complete blood count, INR, aPTT, blood glucose, sodium,
potassium, creatinine, CK, CK-MB, CRP

Pregnancy test

Others:

Twelve-lead electrocardiogram
Lumbar puncture (if SAH is suspected and CT is normal or if
meningo-vascular infection is suspected)
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MRI, too. Clinical information such as suspected
stroke localization as well as joint visualization of
images by the clinician and radiologist is very helpful
in interpreting subtle abnormalities on brain imaging.
In acute stroke, the advantages of MRI (higher resolu-
tion, faster appearance of abnormalities, better brain-
stem imaging) are offset by its limited availability and
more complicated monitoring of the stroke patient.
Furthermore, perfusion-CT has emerged as a practical
detection tool for early ischemia (Michel and Bogous-
slavsky, 2005) and reliably differentiates reversible
from irreversible ischemia (Wintermark et al., 2006).
If there is a clinical suspicion of subarachnoid hemor-
rhage but the cranial CT or MRI is negative (as in
less than 10% of cases in the first 24 hours), lumbar
puncture is necessary to rule out this diagnosis.

Acute imaging of cervical and intracranial arteries
is highly recommended for ischemic stroke. The type
of imaging used depends mainly on local availability
and expertise. CT angiography using spiral CT techni-
que is rapid and practical, but experience is still lim-
ited. Acute Doppler and duplex ultrasonography with
transportable equipment is practical and easily repeat-
able. On the other hand, it depends on the availability
of a trained examiner and may give limited intracranial
information. MR angiography is a reliable and vali-
dated method for extra- and intracranial arterial ima-
ging. Cerebral conventional (or digital subtraction)
angiography is the preferred method in the acute phase
if intra-arterial thrombolysis is considered. Cerebral
blood flow measurements (by perfusion CT and perfu-
sion MRI) are becoming more currently used in stroke
centers. Basic laboratory tests (Table 56.5) help
exclude a number of metabolic causes of neurological
signs (for example hypoglycemia) and screen for
contraindications to thrombolysis.

Following initial brain imaging, the further workup
(Table 56.6) should depend on a stepwise hypothesis
testing of stroke pathogenesis, but costs and limited
length of hospitalization may force the clinician into
making an early choice based on the clinical informa-
tion and the initial exams. If the patient is not being
taken care of in a stroke unit, neurological consultation
should be obtained as soon as possible.

56.6. Early prognosis and decision making

The main factors for prognosis after acute ischemic
stroke are age, initial and 24 hours symptom severity
as measured by the NIHSS, premorbid conditions,
the localization and size of the brain lesion, and the
presence and success of early arterial recanalization.
Very early statements on prognosis should be avoided,
as the natural course may be surprisingly benign in
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Additional exams potentially useful to determine stroke etiology and acute complications of stroke

Twenty-four-hour monitoring of

Chest radiography
Echocardiography

Cervical and transcranial Doppler and duplex

Brain MRI and angio MRI of cervical and cerebral
arteries (if not done on emergency admission)

Electroencephalography (to identify epilepsy
or encephalopathy)

Neuropsychological testing

Laboratory tests in most patients

Laboratory tests in selected patients

Lumbar puncture

Urinary sediment

Biopsy of temporal arteries, meninges, cortex
(suspicion of vasculitis)

Vital signs (arrhythmia, hypo- and hypertension, fever, oxygen
desaturation)

Neurological signs (neurological complications of stroke)

Early medical complications (infection, cardiac problems, deep
venous thrombosis)

Transthoracic
Transesophageal
Intravenous injection of microbubbles to detect cardiac shunt

Intravenous injection of microbubbles to detect cardiac shunt

Injection of contrast agents to better evaluate intracranial
arteries

Monitoring for high-intensity transient embolic signals

With diffusion and perfusion images

With T2* susceptibility (gradient echo) and FLAIR images

Conventional cervical and cerebral angiography (mostly digital
subtraction arteriography)

Sedimentation rate, TSH
Lipid profile, liver function tests

Total proteins, serum or protein immuno-electrophoresis,
fibrinogen, blood viscosity, serum osmolality

Differentiation of leucocytes, erythrocyte morphology (sickle
cells)

Urine or serum toxicology screen

Blood alcohol concentration

Syphilis serology (TPHA and/or VDRL), HIV

Homocysteine, mutations of homocysteine regulating genes

Antiphospholipid antibodies, antinuclear antibodies,
rheumatoid factor and other auto-antibodies

Proteins C and S, anti-thrombin-III, plasminogen and tPA-
deficiency, activated protein C resistance, search for
mutations of prothrombin-II and factor V Leiden

Mutations of the notch-3 gene (CADASIL), mitochondrial,
DNA (e.g., MELAS)

some (elderly) patients with initially severe deficits.
Early neuroimaging using perfusion techniques may
improve the accuracy of prognosis, including for mass
effect (Thomalla et al., 2003) and hemorrhagic trans-

formation (Tong et al., 2000) after thrombolysis. In
intracerebral hemorrhage, several scales such as the
intracerebral hemorrhage-score (Hemphill III et al.,
2001) help to predict the outcome quite reliably.
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Physicians talking to the next of kin in acute settings
have to be very cautious and inform them of the poten-
tially severe and sometimes irreversible nature of the
disease. The clinical and radiological state at 24-48
hours is currently much more reliable for prognostica-
tion than the early assessment. If prognosis seems very
poor at this point, a discussion about the patient’s
wishes, intensity of resuscitation, further diagnostic test,
and nutritional support should be initiated with the next
of kin. Palliative care consultations may be obtained to
help in decision making and to guarantee the patient’s
comfort.

56.7. Airways, oxygenation, and respiratory
function

56.7.1. Overview and pathophysiology

A substantial number of patients experience hypoxe-
mia at some point during the acute phase of stroke
(Sulter et al., 2000). The ischemic penumbra with its
decreased blood flow and increased oxygen extraction
is particularly sensitive to hypoxemia; infarct growth
is one likely mechanism worsening the neurological
injury in hypoxemic patients.

Causes for hypoxemia are multiple: pre-existing
lung and heart disease, decreased ventilatory drive,
generalized epileptic seizures, airway obstruction, car-
diac failure, and decreased pulmonary gas exchange
due to pneumonia, atelectasis, and pulmonary emboli.
Patients with large hemispheric or bilateral brainstem
strokes are at highest risk for early broncho-aspiration
(Smithard, 2002). Sleep apnea and hypopnea is fre-
quent during the first night after cerebral infarction
and is associated with early neurological worsening
(Iranzo et al., 2002; Bassetti et al., 2006).

Small randomized studies have not yet shown a bene-
fit from routine oxygen supplementation (Ronning and
Guldvog, 1999), and trials randomizing patients with
hypoxemia would be ethically difficult to perform. The
use of high flow (Nighoghossian et al., 1995) or hyperba-
ric oxygen therapy (Bennett et al., 2005) still lacks evi-
dence of efficacy in acute ischemic stroke patients.

56.7.2. Monitoring

Continuous monitoring with pulse oxymetry in the
acute and subacute stage of stroke will detect hypoxe-
mia. Blood gas analysis or an expiratory pCO, mea-
surement should be performed in patients with signs of
impaired respiratory functions or with severe stroke. In
experimental settings, intracerebral oxygen utilization
may be measured by PET or estimated by MRI (Geisler
et al., 20006).
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56.7.3. Management

Maintaining oxygen saturation above 92% is recom-
mended (Adams Jr et al., 2003; Toni et al., 2004)
and can often be achieved by administration of 2—4
litres of O,/min via a nasal tube. In patients with noc-
turnal oxygen desaturation due to obstructive sleep
apnea, non-invasive continuous positive airway pres-
sure via a nasal or face mask might be used (Iranzo
et al., 2002). Situations where intubation may be con-
sidered are the patient’s inability to maintain suffi-
cient tissue oxygenation, the need for sedation
during intra-arterial procedures, the risk of broncho-
aspiration, the preoperative management of mass
effect, and experimental hypothermia treatment. The
prognosis of patients who need endotracheal intuba-
tion is rather poor (Grotta et al., 1995; Steiner et al.,
1997). Therefore, rapid assessment of the chances
for recovery from respiratory compromise and stroke,
and of the patient’s will should be performed before
intubation.

56.8. Temperature management,
hyperthermia, and hypothermia

56.8.1. Overview and pathophysiology

Body temperature is increased in up to 50% of patients
in the acute phase of stroke (Corbett and Thornhill,
2000). The main causes may be the stroke itself, espe-
cially if it is severe (Boysen and Christensen, 2001)
and infections occurring before (Grau et al., 1995) or
after stroke onset (Grau et al., 1999). Stroke is rarely
the cause of persistent fever however.

High body temperature may favor stroke progression
(Castillo, 1999) and a body temperature above 37.5°
decreases the odds for a good outcome (Reith et al.,
1996; Hajat et al., 2000). Experiments have shown
that fever increases infarct size (Fukuda et al., 1999),
presumably due to decreased survival of penumbral
parenchyma.

56.8.2. Monitoring

Frequent measures of temperature with external devices
is recommended, especially in the acute phase. In cases
of fever, a thorough search for frequent causes of infec-
tions (pneumonia, urinary tract infections, phlebitis,
sinusitis) and rarer causes (endocarditis, sepsis, abdom-
inal or retroperitoneal abscess, bed sores, prostatitis)
should be undertaken. If hypothermia is induced experi-
mentally, continuous semi-invasive (esophageal, rectal)
measurements should be used.
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56.8.3. Management

Although randomized studies with high-dose of antipyre-
tics provide contradictory data (Dippel et al., 2001;
Koennecke and Leistner, 2001; Kasner et al., 2002), treat-
ing an elevated temperature in stroke patients is highly
recommended. One may consider lowering body tem-
perature as soon as it reaches 37.5°C (Adams Jr et al,,
2003; Toni et al., 2004). Other than antipyretic drugs, a
cooling blanket or other surface cooling may lower core
and brain temperature. A large trial giving the antipyretic
drug paracetamol to patients independently of their
temperature is ongoing (van Breda et al., 2005). It is
recommended to use antibiotics for bacterial infections
as early as possible, but use of prophylactic antibiotics
in all stroke patients had no effect on outcome in a rando-
mized study (Chamorro et al., 2005).

56.8.4. Hypothermia

Several mechanisms such as reduction in metabolic and
enzymatic activity, glutamate release and reuptake,
inflammation, reactive oxidant production, and the
expression of other genes are responsible for the neuro-
protective effect of hypothermia in experimental studies
of hypoxic brain injury (Krieger and Yenari, 2004).
Given these data, spontaneous mild hypothermia should
probably not be treated. Actively inducing hypothermia
in acute stroke is feasible (Schwab et al., 2001). As ther-
apeutic hypothermia becomes more pronounced, so do its
complications: pneumonia, thrombocytopenia, hypona-
tremia and cardiac arrhythmias are the most frequent.
Albeit rapid and effective cooling is achievable with
intravenous methods, surface cooling devices may be
more applicable in clinical settings. Anti-shivering med-
ication, sedation, and intubation are often necessary.

Comparative clinical studies suggest an effect on
lesion seize (De Georgia et al., 2004), but improved
clinical outcome has yet to be demonstrated. Effect on
edema is pronounced (Schwab et al., 2001; Georgiadis
et al.,, 2002; De Georgia et al., 2004), but rebound
edema after may limit its effect. Currently ongoing
studies may provide more data on the timing, degree,
and application mode of this promising method.

56.9. Inflammation and infections

56.9.1. Overview and pathophysiology

Acute and chronic non-infectious inflammation is
implicated in propagating atherosclerosis and acute
coronary events (Danesh et al., 2004), but its role in
stroke pathogenesis is less certain. Infection may be
a trigger, a sign of severity, and a complication of
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stroke. It worsens functional prognosis (Aslanyan
et al., 2004) mainly through fever and probably also
by the effect of circulating inflammatory proteins and
cytokines on ischemic or recovering tissue. The most
frequent infection after stroke is probably pneumonia.
It is closely associated with dysphagia (see below),
and occurs even if patients are not fed. Urinary tract
infections are also frequent in immobilized patients
with indwelling catheters. Pressure sores, sinusitis
from nasogastric tubes, endocarditis, and sepsis from
peripheral or central lines are other causes of infec-
tions in stroke patients. Infections or post-infectious
vasculopathy may be found in relation to varicella-
zoster virus, HIV infections, tuberculous and aspergil-
lus meningitis, and neurosyphilis.

56.9.2. Monitoring

Measuring temperature, a full blood cell count,
C-reactive protein, and occasionally the sedimentation
rate on admission identifies patients with early inflam-
matory states. These tests should be repeated if fever
or fluctuation of the neurological status is observed.
Appropriate tests in search of sources of infections
should be performed. If no infectious source for a
systemic inflammation is found, tests for systemic
vasculitis (such as giant cell arteritis, systemic lupus
erythematosus, Takayasu’s arteritis or Cogan’s syn-
drome) and endocarditis should be performed.

56.9.3. Management

If no cause for persistent fever and inflammation is
found after a thorough search, recurrent bronchoaspira-
tion, pulmonary emboli, and systemic vasculitis may be
suspected and treated. The choice of antibiotic depends
on the site—whether the infections were acquired at
home or in hospital—and on possible local resistance
pattern and side-effects. A randomized trial of routine
use of antibiotics during the first days after stroke has
not shown a benefit (Chamorro et al., 2005). There is no
convincing evidence to date for a clinical effect of anti-
inflammatory drugs such as high-dose aspirin (Dutch
TIA Trial Study Group, 1991) or statins (Montaner
et al., 2004) in acute stroke patients.

56.10. Blood pressure
56.10.1. Overview and pathophysiology

During acute stroke, the majority of patients have
increased blood pressure (>140/90), even if they are
not hypertensive before the stroke (Yatsu and Zivin,
1985; Leonardi-Bee et al., 2002b). Although the exact
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mechanisms for this observation are not well understood,
several factors may be involved such as activation of
neuro-endocrine systems (corticotrophic, sympathetic,
renin—angiotensin), increase in cardiac output, high blood
pressure secondary to increased intracranial pressure
(Cushing reflex), pain, and urinary retention (Carlberg
etal., 1991). Cardiac baroreceptor sensitivity is impaired
after acute stroke and may explain increased blood pres-
sure variability (Robinson et al., 1997). It also appears
that persistent cerebral arterial occlusion contributes to
persistent elevation of blood pressure in acute stroke
patients (Mattle et al., 2005).

Cerebral blood flow (CBF) autoregulation is fre-
quently defective in an area of evolving infarction
(Eames et al., 2002). This leads to a direct dependency
on the mean arterial pressure (MAP) of blood flow in
the ischemic tissue. Maintenance of CBF above the
infarction threshold is facilitated by high blood pres-
sure. A drop of blood pressure and therefore of flow
below critical thresholds in the penumbra zone may
explain the relationship between low blood pressure
at hospital admission and stroke progression (Davalos
et al.,, 1990; Powers, 1993; Jorgensen et al., 1994)
and bad outcome (Ahmed et al., 2000; Leonardi-Bee
et al., 2002a; Willmot et al., 2004). In addition to
poor autoregulation of blood flow in ischemic areas,
many stroke patients are chronically hypertensive
and their brain autoregulatory curve is shifted to the
right. Therefore hypertensive stroke patients may bet-
ter tolerate higher blood pressure levels. Blood pres-
sure decreases spontaneously and gradually in most
hypertensive stroke patients after the first hours and
days (Britton et al., 1986; Broderick et al., 1993),
which may partially be explained by (spontaneous)
recanalization (Mattle et al., 2005).

The relationship between blood pressure during
the acute phase and prognosis is a U-shaped curve
(Leonardi-Bee et al., 2002a; Bath, 2004; Willmot
et al., 2004). High blood pressure in ischemic stroke
appears to be associated with early recurrence and cere-
bral edema (Hatashita et al., 1986; Leonardi-Bee et al.,
2002a). It remains controversial whether hemorrhagic
transformation of the infarct is also facilitated by persis-
tent hypertension in non-thrombolyzed patients (Bowes
et al., 1996; Leonardi-Bee et al., 2002a). In spontaneous
intracerebral hemorrhage, however, it is more evident
that elevated blood pressure promotes hematoma
growth (Arakawa et al., 1998).

Treatment of extremely high blood pressure is indi-
cated because this puts not only the brain but also the
heart and kidneys at risk. Nonetheless, if blood pressure
is lowered in unselected hypertensive patients in the
acute phase, early neurological deterioration, increased
infarct volume, and poorer outcome at 3 months have
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been described, especially if systolic blood pressure
reduction is more than 20 mmHg (Castillo et al., 2004).
Rapid fall of blood pressure induced by nimodipine
explained the bad outcome in the Intravenous Nimodi-
pine West European Stroke Trial (Ahmed et al., 2000).
A randomized controlled study using oral candesartan
during the first 7 days after ischemic stroke has shown
good tolerability and a decrease of cardiovascular events
over the following 12 months (Schrader et al., 2003). The
mechanisms of this observation was questioned, because
no significant lowering of peripheral blood pressure was
observed, effects on the outcome of the stroke were not
described, and an effect produced weeks and months after
the treatment on other organs seems unlikely (Michel and
Bogousslavsky, 2003).

More aggressive blood pressure treatment is indi-
cated in patients undergoing thrombolysis or having
particular concomitant medical conditions. Because
of the above-mentioned risk of early rebleeding, blood
pressure should also be treated more aggressively in
hypertensive patients with spontaneous intracerebral
hemorrhage and subarachnoid hemorrhage.

56.10.2. Monitoring

Blood pressure can usually be measured with suffi-
cient precision with an arm cuff adapted to the patients
arm circumference. It should be compared between
both arms at least once in the acute phase; a difference
may suggest stenosis of subclavian or axillary arteries
in relation to dissections of aortic aneurysms, with
severe atherosclerosis, or rarely arteritis. Intra-arterial
blood pressure monitoring may occasionally be required
in patients with very high blood pressure resisting initial
treatment, with requirements for aggressive intravenous
blood pressure-lowering, and with concomitant acute
medical conditions.

If measured non-invasively, the frequency of blood
pressure measurements should initially be every 3-5
minutes. If the patient and the blood pressure remain
stable, the frequency can be decreased to every 15-30
min. Specific recommendations are available for blood
pressure-monitoring during thrombolysis (Brott et al.,
1998; Adams Jr et al., 2003).

The ideal target blood pressure may be quite
variable from one acute stroke patient to the other.
Continuous monitoring of cerebral tissue perfusion at
the bedside could potentially help in finding the best
blood pressure and cardiac output for an individual
situation. Tissue harmonic imaging by transcranial
Doppler (Seidel et al., 2004) or repeat perfusion ima-
ging by MRI or perfusion-CT may become useful for
this in the future.
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56.10.3. Management

Because of the lack of unambiguous data, the appro-
priate treatment of blood pressure in the setting of
acute ischemic stroke remains controversial. A sys-
tematic review concludes that to date there is not
enough evidence to evaluate the effect of lowering
the blood pressure after acute stroke (Blood Pressure
in Acute Stroke Collaboration [BASC], 2000).

Despite the absence of randomized trials, a number of
recommendations can be given that are based on clinical
observation and case series. In most cases of acute
ischemic stroke, the blood pressure should not be low-
ered. It is only recommended to treat systolic blood pres-
sure values over 220 mmHg or diastolic blood pressure
values over 120 mmHg (Adams Jr et al., 2003; Toni
et al., 2004). If treatment is considered necessary, target
systolic blood pressures of about 180 mmHg and diasto-
lic blood pressure of about 105 mmHg are recommended
(Toni et al., 2004; Adams et al., 2005). In patients under-
going thrombolysis or heparin administration, systolic
blood pressure above 185 mmHg and diastolic blood
pressure above 105 mmHg should be avoided because
of increased risk of parenchymal hemorrhage (NINDS
Study Group, 1997; Larrue et al., 2001). The latter thresh-
olds have also been recommended for hypertensive
patients with acute intracerebral hemorrhage. Recent
guidelines recommend avoiding systolic blood pressure
above 160 and diastolic blood pressure above 95 in
intracerebral hemorrhage patients without known hyper-
tension (Steiner et al., 2006).

Specific causes such as pain, anxiety, urinary reten-
tion, and increased intracranial pressure should always
be sought and treated. If the upper limits are tres-
passed, short-acting parenteral drugs that may be
titrated over a venous line allow best control of blood
pressure. Suitable medications are labetolol, uradipil,
clonidine, nitroglycerin, and sodium nitroprusside,
although the latter two have the potential to increase
intracranial pressure. Captopril can be given as intra-
venous boluses.

Oral medications such as captopril or nicardipine
and percutaneous nitroglycerin preparations may suf-
fice occasionally. Their drawback is the imprecise
absorption and duration of action. Independently of
the route of administration, blood pressure should be
lowered gradually, by no more than 20 mmHg and
under frequent monitoring (Toni et al., 1996; Brott
et al., 1997; Adams Jr et al., 2003; Toni et al., 2004).
Hence, sublingual and intravenous calcium antagonists
should be avoided as they carry a considerable risk
of abrupt reduction of blood pressure (Wahlgren et al.,
1994), and of possible ischemic steal (Jorgensen
et al., 1994; Ahmed et al., 2000).
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Certain concomitant medical conditions, such as
acute myocardial ischemia, cardiac insufficiency, acute
renal failure, acute hypertensive encephalopathy, or aor-
tic arch dissection require blood pressure lowering.
Again, a precipitous blood pressure drop should be
avoided and drugs suitable for both the stroke and the
acute medical condition should be selected. In subar-
achnoid hemorrhage, oral nifedipine is given routinely
for several days as it has been shown to reduce
vasospasm-related morbidity and improve outcome
(Mayberg et al., 1994a).

56.10.4. Management of hypotension

Low blood pressure in acute and subacute stroke is typi-
cally seen in younger patients with cardio-embolic
sources. Specific causes of hypotension should be sought,
however. They include volume depletion, gastrointest-
inal bleeding, sepsis, aortic dissection, decreased cardiac
output secondary to myocardial ischemia, cardiac
arrhythmias, and pulmonary embolism. Low blood pres-
sure and cardiac output will affect regional cerebral blood
flow particularly in areas of ischemia and in patients with
chronic hypertension, as discussed above. Correction of
hypovolemia by administering adequate amounts of nor-
mal saline is indicated in volume depletion, sepsis, and
acute extracranial hemorrhage.

Treatment of the underlying cause of low cardiac
output includes correction of cardiac arrhythmias,
and treatment of myocardial ischemia and pulmonary
embolism. Among the inotropic agents, dobutamine
in doses of 5-50 mg/hour (Toni et al., 2004) seems
to be suitable as it increases cardiac output without
substantially affecting heart rate or blood pressure.
Dopamine may be particularly useful in patients with
hypotension or renal insufficiency. Positioning of the
body in a horizontal or even in a head down (Trende-
lenburg) position may increase regional cerebral blood
flow in vasoactively impaired tissue (Novak et al.,
2003; Diserens et al., 2006) and may be useful during
periods of hypotension.

Drug-induced hypertension in patients with acute
stroke may be of particular value in the very acute
phase where the proportion of penumbra tissue is high-
est, and in patients with clinical worsening due to per-
sistent arterial occlusion or locally low flow. It may
however increase the risk of brain edema, hemorrhagic
transformation, cardiac ischemia or arrhythmias. The
intervention also requires quite intensive close moni-
toring. Drugs that have been used for this purpose
include intravenous phenylephrine, epinephrine, nore-
pinephrine, and oral midodrine (Rordorf et al., 2001;
Hillis et al., 2003; Marzan et al., 2004). These trials
have shown that this intervention is feasible and safe
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as long as hypertension remains moderate. In a rando-
mized pilot study, Hillis et al. (2003) found that drug-
induced hypertension can improve blood flow in
ischemic tissue and lessen the neurological conse-
quences of stroke. Before data from several larger,
randomized trials are available, drug treatment of
patients with low blood pressure in the acute stroke
phase has to be individualized.

56.11. Fluid and electrolyte management

56.11.1. Overview and pathophysiology

Both hyper- and hypovolemia have negative effects on
cerebral perfusion and homeostasis of other organs.
Therefore the main goal of fluid management in the
acute phase is to establish and to maintain normovole-
mia. A continuous intravenous infusion of isotonic
fluids without glucose is best suited for this purpose
(Brainin et al., 2004). Moderate or severe dehydration
on admission is not uncommon and may be related
to bad outcome (Bhalla et al., 2000). It can be due to
fever and infections, to prestroke use of diuretics or
late admission after stroke onset.

Hypervolemia is usually due to cardiac failure,
overtreatment with fluids or inappropriate antidiuretic
hormone secretion. A slightly negative fluid balance
is often desirable in patients at risk for cardiac failure
and mass effect from stroke. Major dehydration should
be avoided, however, as other measures to improve
cardiac output and to decrease intracranial pressure
are available.

Hypotonic solutions (NaCl 0.45% or glucose 5%)
are contraindicated due to the risk of brain edema
increase as consequence of reduced plasma osmolality
(Adams Jr et al., 2003; Toni et al., 2004). Moreover,
glucose solutions are not recommended due to the det-
rimental effects of hyperglycemia.

Severe electrolyte abnormalities are not frequent in
patients with ischemic stroke (Diringer, 1992). Still,
hyperosmolality in dehydrated patients, hyperkalemia
in acute renal failure, or hypokalemia in patients on
diuretics may be present. Hypo-osmolality due to the
syndrome of inappropriate antidiuretic hormone secre-
tion or to the cerebral salt wasting syndrome can occur
during the first days after stroke onset, especially in
patients with subarachnoid hemorrhage.

Trials using volume expansion or isovolemic hemo-
dilution by infusing crystalloids or colloid solutions
for acute ischemic stroke have been negative (Scandina-
vian Stroke Study Group, 1987; Italian Acute Stroke
Study Group, 1988). Because of the risk of myocardial
ischemia, congestive heart failure, pulmonary edema,
hypertensive encephalopathy, or increased brain edema,
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this approach would also require close cardiovascular
monitoring. At present, these strategies to improve
blood flow are not recommended for acute ischemic
stroke, even though isovolemic or hypervolemic hemo-
dilution have been used successfully to prevent ische-
mia secondary to vasospasm following subarachnoid
hemorrhage (Mayberg et al., 1994b).

56.11.2. Monitoring

In most patients, fluid balance does not need to be
measured, but hydration status can be estimated clini-
cally from vital signs, cardiorespiratory examination,
dryness of mucosae, and an estimation of urinary out-
put. In patients who have manifest volume deficiency
or overload or who are at risk for it (see above),
measuring input and output using a urinary catheter,
and measuring central venous pressure may be neces-
sary. The latter should be maintained at approximately
8—10 cm H,0. Monitoring of electrolytes should be
adapted to initial abnormalities, stroke severity, and
concomitant medical conditions. When major correc-
tions of fluids and electrolytes are required, continuous
clinical and ECG monitoring must be available.

56.11.3. Management

Peripheral venous access is sufficient for initial fluid
management in most patients. There is no consensus of
whether the access should preferably be on the paretic
or on the other side. A central venous catheter is indicated
in case of infusion of larger volumes of fluids, high
osmolality solutions or irritant substances, or in unstable
patients. It also allows measures of central venous pres-
sure (Toni et al., 2004). In a euvolemic patient with no
other specific conditions, initial intravenous isotonic sal-
ine or Ringer’s solution should be given at approximately
25 ml per kg per 24 hours. Reasons to increase or
decrease this rate are mentioned in the above paragraph.

The usual cause for hypovolemia with hyperosmolal-
ity is insufficient hydration of a patient with increased
demands, often pneumonia and fever. The free water
deficit can be calculated in this situation, and the patient
may transiently receive glucose-free hypotonic solu-
tion to correct it. Normo-osmolar hypovolemia due to
insufficient hydration or sepsis should be treated with
a high rate infusion or repeat boluses of isotonic fluids.
Hyperosmolar hypovolemia may be related to dehy-
dration. If cerebral salt wasting syndrome is the cause
of hypovolemia (which is usually hypo-osmolar),
increases in input volume and sodium loading are
required.

Hypervolemia from cardiac failure requires salt and
fluid restriction. Diuretics given as boluses or continuous
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intravenous infusion may be necessary in order to achieve
a negative fluid balance. And rate-controlling medica-
tion, positive inotropic medication, or reduction of after-
load will improve cardiac function. Hypervolemia due to
the syndrome of inappropriate antidiuretic hormone
secretion is managed by fluid restriction or administra-
tion of hypertonic saline.

Electrolyte abnormalities should be investigated and
corrected according to severity and suspected duration.
Precipitated increase of natremia may result in pontine
or extra-pontine myelinolysis. Potassium disturbances
increase cardiac arrhythmias. Severe hyperkalemia may
require transient intravenous glucose and insulin treat-
ment. Hypokalemia is corrected with oral or intravenous
potassium.

56.12. Blood glucose
56.12.1. Overview and pathophysiology

Hyperglycemia is defined as plasma glucose levels
above 6.7 mmol/l (120 mg/dl). Patients with hypergly-
cemia in the acute stage of stroke may be divided into
four groups: (1) patients with known diabetes, (2) with
undiagnosed newly discovered diabetes, (3) with
impaired fasting glucose, and (4) without any of these
underlying conditions (also called “pure stress hyper-
glycemia”). Between 5% and 28% of stroke patients
have previously undiagnosed diabetes (Gray et al.,
1987; Kiers et al., 1992).

Hyperglycemia is present on admission in about
two-thirds of diabetics and in about 40% of non-
diabetics, with an overall incidence for hyperglycemia
in about 50% of patients (Capes et al., 2001; Muir
et al., 2007). It affects all clinical subgroups of stroke,
including hemorrhagic and lacunar strokes (Scott
et al., 1999).

The pathogenesis of hyperglycemia in patients
without diabetes is incompletely understood. Based
on the correlation between the severity of stroke, gly-
cemic serum levels (Candelise et al., 1985; Jorgensen
et al., 1994) and the elevation of hormones such as
cortisol (Mitchell and Kirckpatrick, 1997), a stress
response is likely. The latter may be further enhanced
by concomitant cardiac disease, aspiration pneumonia,
or other infections. Most often these patients do actu-
ally have some degree of insulin resistance and
impaired insulin secretion, which explains why they
are not able to maintain normoglycemia during the
stress response. Moreover, it can be seen as a predia-
betic stage with an increased risk of overt diabetes in
the future. This risk can however be reduced effi-
ciently by medical and lifestyle interventions. Hypo-
glycemia may be caused by advanced liver disease,

insulin secretagogues, long-acting insulin preparations,
malnutrition, and more rarely by endocrine diseases
like adrenal insufficiency or insulinoma.

Hypoglycemia can rarely mimic an acute ischemic
infarction (Huff, 2002). Alterations in behavior, wor-
sening neurological deficits, and decreased levels of
consciousness may indicate hypoglycemia and is
usually rapidly detected and corrected in a monitored
stroke unit. Prolonged and profound hypoglycemia
may lead to irreversible brain damage in patients with-
out stroke. The influence of hypoglycemia on acutely
ischemic tissue is unknown in humans.

Stroke severity of diabetic and non-diabetic patients
is similar in most studies (Toni et al., 1992; Jorgensen
et al., 1994; Karapanayiotides et al., 2004). Hypergly-
cemia in non-diabetics during the acute phase of
ischemic stroke is an independent prognostic factor
for a poor outcome, regardless of age, severity of
stroke, or type of stroke (Candelise et al., 1985; Weir
et al., 1997; Bruno et al., 1999; Capes et al., 2001;
Muir et al., 2007). A negative influence on prognosis
is less clear for hemorrhagic stroke (Capes et al.,
2001). In diabetic patients, most studies show that
initial hyperglycemia and its severity do not influence
prognosis independently of other factors (Murros
et al.,, 1992; Capes et al., 2001; Karapanayiotides
et al., 2004). Still, in a few studies, early mortality
was higher in diabetic patients (Toni et al., 1992;
Jorgensen et al., 1994) and recovery was slower
(Jorgensen et al., 1994). Differences in patient popula-
tion, functional outcome scales used, and follow-up
duration may account for the contradictory results.

Several reasons why hyperglycemia leads to poorer
outcome in non-diabetics are cited: increasing tissue
acidosis secondary to anerobic glycolysis, increased
blood—brain barrier permeability (Adams Jr et al.,
2003), and decreased fibrinolysis. These and possibly
other mechansims (protein catabolism, oxidative
stress, endothelial dysfunction) lead to less penumbra
survival (Parsons et al., 2002) and to larger stroke
volumes (Candelise et al., 1985; Toni et al., 1994).
Furthermore, hyperglycemia decreases the efficacy
and increases the hemorrhage rate of thrombolysis
(Bruno et al., 1999; Kase et al., 2001).

Which level of hyperglycemia is harmful and the
degree to which blood sugar should be lowered
remains unknown. The meta-analysis by Capes et al.
(2001) has shown a correlation between even mildly
elevated glucose levels of 6.1-7 mmol/l on admission
and an increased risk of 30-day mortality and poor
functional recovery.

Data on the effect of treatment of acute hyperglyce-
mia are scarce. A pilot study on patients with mild to
moderate hyperglycemia randomized to saline or a
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10% glucose potassium insulin infusion, showed that
glucose—potassium—insulin infusion was safe, despite
a significant decrease in blood pressure (Scott et al.,
1999). Trials with strict control of blood sugar (aim:
4-6 mmol/l) in critically ill patients with diverse
pathologies have shown reduced morbidity (Van den
Berghe et al., 2001, 2006) and mortality (Van den
Berghe et al., 2001). Although there is general agree-
ment to recommend control of hyperglycemia follow-
ing stroke, currently recommended treatment
thresholds reflect this uncertainty. They vary between
8.3 mmol/l (150 mg/dl) (Diez-Tejedor and Fuentes,
2004), and 16.6 mmol/l (300 mg/dl) (Adams Jr et al.,
2003). Among several ongoing trials, the United King-
dom Glucose Insulin in Stroke Trial (GIST-UK) is the
first one to have reported results (Gray, 2007). A pro-
tocol of combined insulin—glucose—potassium infusion
did not change the mortality or other outcomes signif-
icantly. Reasons for the absence of an effect may have
been the relatively mild initial hyperglycemia, a signif-
icant blood pressure lowering effect of the treatment,
the relatively late onset of treatment (median of 13
hours) when penumbra had already disappeared, and
an insufficiently aggressive adoption of treatment.

56.12.2. Monitoring

Glycemia fluctuates during the acute phase of stroke
and detection of hyperglycemia increases with the fre-
quency of blood glucose measurements. After an
initial blood glucose measure in the prehospital phase,
monitoring of capillary serum glucose by venous
puncture or fingerstick with a bedside device (standar-
dized to plasma values) is recommended. If the initial
value is normal, measures may be repeated at 4—6 hour
intervals during the first 24 hours, then once to twice
daily. If they are elevated and treatment with intrave-
nous insulin is initiated, initial frequency of measures
should be hourly, then every 2—4 hours once glycemia
and infusion rate are stable. Devices that allow contin-
uous subcutaneous glucose measurements are now
being tested in the hospital setting.

56.12.3. Management of hyperglycemia

To prevent hyperglycemia, any use of solutions con-
taining glucose should be avoided. Infections and
fever should be treated promptly. Prehospital treatment
of hyperglycemia has not yet been tested and cannot
be recommended at this stage. Hyperglycemia upon
arrival in the hospital is best managed by continuous
intravenous insulin administration. This approach is
necessary to allow safe and rapid enough (within
hours) achievement of persistent normoglycemia.
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Intermittent subcutaneous treatment in contrast takes
usually several days to obtain glycemic control. As
discussed above, hyperglycemia should certainly be
treated above 10.0-16.6 mmol/l (180-300 mg/dl)
(Adams Jr et al., 2003; Toni et al., 2004). Different
schemes of intravenous insulin administration are pub-
lished and acceptable (Trence et al., 2003; Goldberg
et al., 2004). During continuous insulin infusion, hypo-
kalemia should be sought actively and treated. The
addition of glucose to the insulin infusion (Scott
et al., 1999) does not seem necessary (Trence et al.,
2003; Goldberg et al., 2004).

56.12.4. Management of hypoglycemia

Hypoglycemia should be treated promptly by an intra-
venous bolus of dextrose or infusion of 10-20% glu-
cose, independently of whether it is spontaneous or
caused by hypoglycemic treatment. Oral glucose or
dextrose are alternatives for awake patients without
major dysphagia. Fingerstick glucose measurements
should initially be repeated frequently after an episode
of hypoglycemia.

56.13. Body position and mobilization
56.13.1. Overview and pathophysiology

A benefit of early mobilization in bed (after the first few
hours) and out of bed (after the first few days) is likely
based on observational studies, showing that thrombo-
embolic complications, pneumonia, and pressure sores
can be reduced (Hacke et al., 2003). Inappropriate mobi-
lization and positioning during bed rest contribute to the
development of algoneurodystrophy (CRPS I, complex
regional pain syndrome of type I) (Braus et al., 1994),
contractures, orthopedic complications, and pressure pal-
sies. A theoretical concern of too-rapid verticalization of
the acute ischemic stroke patient is hypoperfusion in the
ischemic stroke tissue where autoregulation is abnormal,
leading to infarct growth. It seems that verticalization of
acute stroke patients does not lower systemic blood pres-
sure (Panayiotou et al., 1999), but decreases intracranial
blood flow (Wojner et al., 2002) months after the stroke
(Novak et al., 2003).

56.13.2. Monitoring

Although body position should be regularly monitored
by nurses and physicians, patients who are not compli-
ant with prescribed positions should not be restrained
or sedated. Surveillance of the skin helps prevent
development of pressure sores. Close clinical monitor-
ing by neurological nurses, physiotherapists, or doctors
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during the verticalization may permit the detection of
clinical worsening, indicating critical local hypoperfu-
sion. This observation should lead to a slower pace of
verticalization (see below).

56.13.3. Management

There are no randomized studies comparing early (for
example, 1-3 days) versus late (for example, 10 days)
mobilization on the outcome in stroke patients. Mobi-
lization and regular positioning (at least every 2—4
hours) while the patient is in bed is critical to reduce
the risk of pressure sores. Mobilization out of bed
within the first days after stroke is recommended
(Adams Jr et al., 2003; Toni et al., 2004), and a prac-
tical scheme based on pathophysiological considera-
tions has been published recently (Diserens et al.,
2006). It is recommended that patients with TIAs or
with intracerebral hematomas without mass effect be
mobilized immediately and according to their toler-
ance. Patients with acute ischemic stroke may be left
at 0° for the first 24 hours when sufficient local cere-
bral blood flow may be most likely to prevent transfor-
mation of penumbra into infarct. It is felt that this
potential salvage of tissue is more important than the
risk of bronchoaspiration during this phase. Thereafter
the patient can be verticalized progressively on day 2
and get out of bed on day 3 unless worsening occurs
on mobilization. If mass effect is present, a 30° posi-
tion is recommended until its resolution. Once out of
bed, measures to avoid falls are an important part of
mobilization (Tutuarima et al., 1997).

56.14. Dysphagia, bronchoaspiration,
and nutrition

56.14.1. Overview and pathophysiology

Malnutrition is present in up to 34% of stroke patients
on admission (Davalos et al., 1996; FOOD Trial
Collaboration, 2003), both in the form of obesity and
malnourishment. Although obesity and diabetes are
over-represented in stroke patients (Lees and Walters,
2005), malnourishment is of greater concern following
an acute stroke. Weight loss beyond 5-10% is frequent
in the first weeks after stroke (Finestone et al., 1995).
Malnutrition and in particular hypoalbuminemia
increases the risk of complications, independently of
the body mass index (BMI) (Gariballa et al., 1998;
FOOD Trial Collaboration, 2003).

Dysphagia occurs in about 50% of stroke patients in
the acute phase (Martino et al., 2005), and then
decreases at various rates. Its detection depends on
the type of evaluation and may often be clinically
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silent, even weeks after the stroke (Horner and Mas-
sey, 1988; Martino et al., 2005). Like malnutrition,
dysphagia is a predictor of complications, delayed
recovery, and poor outcome (Mann et al., 1999;
Sharma et al., 2001). Patients with brainstem stroke,
multiple or pre-existent lesions, and large hemispheric
lesions are at greatest risk for bronchoaspiration
(Smithard, 2002).

56.14.2. Monitoring

Decreased level of consciousness, a high NIHSS,
cognitive impairment and hemineglect, oral apraxia,
dysarthria, dysphonia, impaired voluntary cough, and
respiratory distress indicate a patient at high risk for
dysphagia. Signs of bronchoaspiration should be sought
daily including a cough or change of voice after
swallowing, new, recurrent or persistent fever, abnor-
mal percussion or auscultation of the chest, oxygen
desaturation, tachypnea, and tachycardia.

If the patient can swallow small amounts of water in
increasing volumes without coughing or changing of
the voice (DePippo et al., 1994), normal diet may be
attempted. If liquids cannot be swallowed safely, thick-
ened liquids may be tried. A preserved gag reflex does
not indicate safety from aspiration. Videofluoroscopic
swallowing evaluation with modified barium may be
indicated after evaluation by a swallowing specialist,
especially if there is persistent or unusual dysphagia.

Evaluation of the nutritional status on admission
includes calculation of the BMI, measurements of
blood cell count, albumin, creatinine, and vitamins in
selected patients. Thereafter, patients may be monitored
for insufficient nutrition by an estimation of daily
calorie intake, or by systematic calorie counts. Com-
bined with weekly weighing, this information can be
used to detect patients at risk for malnourishment, for
example by using the Kondrup score (Kondrup et al.,
2003). Other than dysphagia, patients with a low BMI
on admission, medical complications, poor appetite,
and cognitive dysfunction may be at particular risk for
malnutrition after stroke. When nutrition is reintro-
duced, blood sugar should be actively monitored and
hyperglycemia treated, especially in patients with
hyperglycemia on admission.

56.14.3. Management

After performing bedside evaluation for dysphagia
(see above), it can be determined whether the patient
can safely swallow any food (including liquids), thick-
ened food, or nothing at all. In the latter case, patients
should receive intravenous saline, and the bedside
water swallow test should be repeated daily. Patients
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with persistent dysphagia are not only at risk of aspir-
ating their own saliva and gastric juice, but also food
given by gastric tubes. The evaluation and swallowing
training by specialized nurses or logopedic ergotherapists
for patients with persistent dysphagia may contribute to
the management of dysphagia (Carnaby et al., 2006).

General measures in patients with dysphagia
include elevation of the head off the bed as soon as
possible (see section on mobilization, below) and for
most of the day and night. Mobilization out of bed,
avoidance of sedating medication, good oral hygiene,
adaptation of texture, temperature, and taste of food
may help with swallowing and its rehabilitation.
Hypersalivation, hiccup, and nausea should be treated
promptly.

Nutritional consultation should be obtained if
chronic or acute malnutrition is suspected (Kondrup
score) (Kondrup et al., 2003), if oral feeding is impos-
sible for a prolonged phase, or if poor eating habits are
considered an etiological factor in the current stroke.
In the largest randomized trial to date, routine nutri-
tional supplementation has not improved outcome
(Dennis et al., 2005b).

If major dysphagia persists, gastric or jejunal tube
feeding is started about day 5 or later depending on
the estimated risk of malnourishment. This approach
showed a trend of decreased mortality and poor out-
come (Dennis et al., 2005a; Nakajima et al., 2006).
Enteral nutrition is introduced progressively through
the tube, watching for regurgitation, diarrhea and
hyperglycemia. Tube feeding should probably be
halted for at least 4 hours during night hours when
the risk of gastric reflux is higher. This will also allow
physiological acidification of gastric juice. Feeding
through a small nasogastric or a percutaneous tube
does not prevent rehabilitation of dysphagia, and may
allow progressive transition of percutaneous to oral
feeding. Patients with potential or manifest mass effect
from the stroke should not be given enteral nutrition
until resolution of this threat.

If oral nutrition cannot be resumed within 24
weeks, percutaneous placement of an endogastric tube
(PEG) may prevent more denutrition than nasogastric
tube feeding in some studies (Norton et al., 1996),
but not in others (Dennis et al., 2005a). The decision
to place a PEG may be taken earlier if the likelihood
of persistent dysphagia and malnourishment is consid-
ered high after the first week or so. Placing the end of
the tube into the jejunum decreases the risk of aspira-
tion of gastric material in some preliminary studies
(Montejo et al., 2002), but cannot be recommended
routinely as yet. Patients with a tracheal cannula are
not protected from bronchoaspiration, even if a bal-
loon is inflated. Swallowing should be evaluated and
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managed as in any other patients, although it may be
more difficult (Murray and Brzozowski, 1998). Parent-
eral nutrition in patients with persistent dysphagia or
with malnutrition potentially carries more risks than
benefits and is very rare needed.

56.15. Brain edema, increased intracranial
pressure, and hemicraniectomy

56.15.1. Overview and pathophysiology

Edema of the ischemic brain is frequent and mainly of
the cytotoxic type. “Malignant” cerebral edema has
been defined as a clinico-radiological syndrome char-
acterized by a decrease of the level of consciousness
and oculocephalic deviation with progressive truncal
encephalic involvement. It usually occurs between
the third and fifth day after stroke onset, but occasionally
starts within the first 24 hours. It carries a dismal prog-
nosis, with more than half of the patients dying, usually
from brain herniation (Hacke et al., 1996). Risk factors
for malignant brain edema are, other than younger age,
multiple territory strokes (Kasner et al., 2001), a high
initial NIHSS (Krieger et al., 1999), severe hypertension
during the acute phase of stroke (Krieger et al., 1999), and
large hypodensity on CT scanner (Kasner et al., 2001).
Large DWI volumes and very low apparent diffusion
coefficient (ADC) values on MRI may also predict
edema (Oppenheim et al., 2000; Thomalla et al., 2003).
In cerebellar lesions, decreased level of consciousness
(Jauss et al., 1999), and radiological signs of mass effect
(Koh et al., 2000) may predict herniation.

56.15.2. Monitoring

As there are no reliable non-invasive measurements of
intracranial pressure to date, clinical monitoring
remains of great importance. Increased headaches,
yawning, decreased level of consciousness, ipsilateral
corticospinal signs from compression of the (mesence-
phalic) cerebral peduncles (“Kernohan’s notch”), and
(usually) contralateral mydriasis indicate progressive
and dangerous mass effect (Ropper and Shafran,
1984). Invasive measurement of intracranial pressure
has been found to be of modest value in predicting
complications and outcome (Schwab et al., 1996).
It may be indicated in patients who are difficult to
monitor clinically, or after craniectomy for mass
effect. Whenever there is a worsening of the neurolo-
gical status without an obvious cause, neuroimaging
should be performed urgently. The signs associated
with mass effect in the posterior fossa have been well
described by Koh et al. (2000).
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56.15.3. Management

An early decision about craniectomy can and should
be taken during the hyperacute (“honeymoon’) period
where even patients (with right hemispheric lesions)
may participate in the decision making. A joint discus-
sion of the stroke specialist, the neurosurgeon, and the
neurointensivist with the patient and the family will
help to take appropriate decisions. Good candidates
for decompressive craniectomy are younger patients
(especially below 50 years of age) (Gupta et al.,
2004; Uhl et al., 2004) with an intermediate level of
consciousness and no mydriasis at the time of inter-
vention. Contrary to common belief, the side of the
lesion does not seem to influence outcome in the long
term (Gupta et al., 2004; Uhl et al., 2004). Despite the
success of craniectomy in the combined analysis of
randomized controlled trials (Vahedi et al., 2007) in
terms of survival and handicap, it should be remem-
bered that these patients have severe strokes and that
they rarely return back to their usual activities in the
long term. The threshold for posterior craniectomy
which is usually combined with cerebellectomy should
be low for mass effect in the cerebellum (Krieger
et al., 1992).

General measures for patients with intracranial
hypertension include avoidance of fever, hyperhydra-
tion and hypotonic fluids, vasodilating medications,
elevation of bed at about 30°, and no enteral nutrition.
Severe hypertension should be treated carefully, as
cerebral perfusion pressure needs to be maintained.

It may be decided to withhold aspirin (but not the
prophylaxis against venous thrombosis) for a few days,
as craniectomies under aspirin probably have a higher
risk of bleeding complications. If craniectomy is per-
formed for the anterior circulation, a large (about
12 cm long) bone flap should be removed and the brain
covered with dura only. Ischemic tissue is usually not
removed in the anterior fossa. If hydrocephalus is pre-
sent, drainage of cerebrospinal fluid via an intraventri-
cular catheter can rapidly lower intracranial pressure.

If potentially life-threatening cerebral edema is
identified, medical measures to decrease intracranial
pressures should be considered. As most of these mea-
sures decrease pressure only transiently and may have
profound rebound effects, they should preferentially be
offered to patients awaiting urgent craniectomy.
Osmotic diuresis with mannitol can be effective (25—
50 g given intravenously every 3-5 hours), as can
furosemide. Glucocorticoids are not recommended as
they may be harmful. Tracheal intubation and mechani-
cal ventilation to achieve a partial pressure of carbon
dioxide around 30-35 mmHg may lower the intracranial
pressure. Hypothermia may be partially effective for
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reduction of mass effect (Schwab et al., 2001; Georgiadis
et al., 2002; De Georgia et al., 2004), but also show a
rebound effect when discontinued.

56.16. Hemorrhagic transformation

56.16.1. Overview and pathophysiology

Hemorrhagic infarct, that is, patchy and minor bleed-
ing into ischemic tissue, is fairly frequent, especially
if sought with gradient-echo MRI or on autopsy. Blunt
hematoma (also termed ‘“Parenchymal hemorrhage type
I, (Larrue et al., 2001) occurs rarely but is a catastrophic
event in a patient about to recover from a very recent
ischemic stroke. Risk factors for hemorrhagic transfor-
mation are strokes due to cardio-embolism, particularly
endocarditis. Early and excessive anticoagulation after
acute stroke (Gubitz et al., 2004; Paciaroni et al.,
2007) and of course intravenous thrombolysis (Hacke
et al., 2004) increase the risk of hemorrhagic transfor-
mation. Thrombolysis-related hemorrhage is discussed
in Chapter 57. Interestingly, series of patients with local
(intra-arterial) thrombolysis (PROACTII) (Furlan et al.,
1999) and even with pure mechanical recanalization
(Smith et al., 2005) have similar hemorrhage rates as
patients thrombolyzed intravenously. This suggests that
the breakdown of the ischemic endothelium and blood—
brain barrier may be particularly related to ischemia and
reperfusion with high blood pressure rather than to
thrombolysis itself (Khatri et al., 2007).

56.16.2. Hemorrhagic transformation—monitoring

Any worsening of the neurological status, especially
when accompanied by signs of intracranial hyperten-
sion (see above), may indicate hemorrhagic transfor-
mation. Repeat imaging by CT or gradient-echo MRI
usually differentiates between mass effect from
ischemic edema and from hematoma formation.

56.16.3. Management

If hemorrhagic transformation is symptomatic, antith-
rombotics are usually stopped for a few days or weeks.
Acute platelet and fresh frozen plasma transfusions are
of unproven value. They may be considered if an under-
lying coagulation abnormality is present (such as after
thrombolysis). Severity of bleeding, of the underlying
stroke, and age will dictate invasive measures such as
decompressive craniectomy or hematoma removal.
These interventions may be performed a few hours after
thrombolysis if coagulation parameters (including fibri-
nogen) and platelet counts remain within normal limits.
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56.17. Cardiac diseases and complications

56.17.1. Overview and pathophysiology

Myocardial ischemia, cardiac arrhythmias, and cardiac
failure may be the cause or consequence of acute
stroke. Sudden death, arrhythmias, heart failure, and
acute myocardial infarction (Broderick et al., 1992;
Vingerhoets et al., 1993) may be triggered by neuro-
genic (Oppenheimer, 2006), by endocrine mechanisms
(Kolin and Norris, 1984), or by medication withdra-
wal. Multiple ECG and cardiac enzyme abnormalities
have been described in relation to stroke, sometimes
reflecting cardiac disease, sometimes mimicking it
(Chalela et al., 2004; Jensen et al., 2007). An elevation
of troponin-T seems to be associated with an increased
mortality after stroke (James et al., 2000; Jensen et al.,
2007). While the ischemic-like changes and QT pro-
longation in patients with subarachnoid hemorrhage
are mainly a direct consequence of the neurological
disease, they seem more often related to pre-existing
coronary artery disease in patients with ischemic and
hemorrhagic stroke (Khechinashvili and Asplund,
2002). Lesions affecting the right or left insula and
the medulla oblongata (Oppenheimer, 2006) may carry
a higher risk for inducing cardiac complications due to
their importance in central autonomic control.

56.17.2. Monitoring

Patients are regularly assessed by physicians and nurses
for the presence of retrosternal pain, tachypnea, tachycar-
dia, jugular venous distension, peripheral edema, or a third
heart sound. Every stroke patient should have an initial
12-lead ECG and chest x-ray, followed by continuous
ECG monitoring for 24 hours (Toni et al., 2004), or longer
if at risk of cardiac complications. Threshold for serial tro-
ponine and creatinine-kinase MB in the serum should be
low. Echocardiography may be necessary on an urgent
basis in the case of cardiac decompensation, and coronary
angiography should be rapidly available for patients with a
high likelihood of unstable coronary disease.

56.17.3. Management

Restoration of normal rhythm by drugs, cardioversion or
pacemaker is mandatory if the patient is hemodynami-
cally unstable. In stable acute stroke patients with
arrhythmia, electrical cardioversion and full dose anti-
coagulation before cardioversion may not be safe in the
presence of large volume infarcts. Persistent tachycardia
should be slowed with medications even if asympto-
matic. Treatment of stroke-related ECG-phenomena with
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beta or alpha/beta blocking has been recommended when
not contraindicated (Toni et al., 2004).

Acute coronary syndromes usually require aggres-
sive intervention, including nitroglycerin, lowering of
high blood pressure, double or triple antiplatelet treat-
ment, intravenous heparin, beta-blocking agents, con-
verting enzyme inhibitors, statins, and acute coronary
stenting. Similarly, acute cardiac insufficiency usually
requires lowering of high blood pressure, nitroglycerin,
diuretics, beta-blocking agents, and continuous positive
airway pressure treatment. Potential unfavorable effects
of these treatments on the stroke have to be weighed
against their potential benefits for the individual patient.

56.18. Deep venous thrombosis (DVT) and
pulmonary embolism

56.18.1. Overview and pathophysiology

Despite progress in prevention and diagnosis, venous
thrombo-embolic complications remain a significant rea-
son for morbidity, prolonged hospitalization, and mortal-
ity in acute stroke patients. Although detection of a
pulmonary embolism around the time of an acute ischemic
stroke rises the possibility of a hypercoagulable state or a
paradoxical embolus through a patent foramen ovale,
immobilization-related thrombo-embolism is the much
more frequent relationship between the two diseases. In
acute stroke patients, advanced age, immobility, paralysis
of the lower extremity, severe paralysis, and atrial fibrilla-
tion are associated with a increased risk of DVT. Including
asymptomatic patients, up to half of moderately severely
affected stroke patients have proximal DVT (Adams Jr
et al., 2003).

56.18.2. Monitoring

Acute pulmonary embolism is suspected in patients with
dyspnea, tachycardia, or thoracic pain, and DVT in
patients with unilateral leg swelling. Clinical probability
of pulmonary embolism is estimated for pulmonary
embolism with the revised Geneva criteria (Le et al.,
2006), and for DVT with the Wells criteria (Wells et al.,
2000). D-dimers, multi-array CT of pulmonary arteries
(van et al., 2006), or pulmonary scintigraphy, and venous
duplex scanning of the legs are then performed in a step-
wise fashion according to the level of suspicion.

56.18.3. Management

Administration of low-dose subcutaneous heparin,
low-molecular-weight heparin, heparinoids (Gubitz
et al.,, 2004) and/or oral aspirin (PEP study group,
2000) is beneficial for the prophylaxis of DVT and
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pulmonary embolism in immobilized patients. Early
mobilization, pressure stockings and intermittent pneu-
matic compression (Kamran et al., 1998) are probably
also effective, and are the methods of choice for
patients with acute subarachnoid and intracerebral
hemorrhage (Lacut et al., 2005). For the latter condi-
tion, the subcutaneous administration of low-dose
anticoagulants is recommended after 24 hours in stable
patients (Steiner et al., 2000).

Treatment of uncomplicated cases consists of parent-
eral anticoagulation by intravenous heparin (or subcuta-
neous low-molecular-weight heparins) in therapeutic
doses, even in patients with a large volume stroke and
risk for hemorrhagic transformation. Patients can be
mobilized without delay and oral anticoagulation can
be started. Compression stockings and analgesics are
added for TVP.

56.19. Antithrombotics in acute stroke

56.19.1. Overview and pathophysiology

Patients not thrombolyzed benefit from early treatment
with aspirin (160-300 mg/day) (CAST Collaborative
Group, 1997; IST Collaborative Group, 1997) given
either orally or intravenously. Other oral antiplatelet regi-
mens have not been tested in the acute phase of stroke,
and two randomized trials of intravenous abciximab, an
anti-glycoprotein IIb-IIla antagonist, have not shown
any benefit. Aggressive oral antiplatelet treatment for a
limited time after TIA is undergoing clinical study.

Administration of low doses of subcutaneous heparin,
low-molecular-weight heparin, or heparinoids (Gubitz
et al., 2004) and/or oral aspirin (PEP study group, 2000)
may be beneficial for prophylaxis of venous thrombosis
and pulmonary embolism , but it is not for the stroke itself
nor for prevention of early recurrences. Early anticoagu-
lation after ischemic stroke from all causes or from atrial
fibrillation has not shown any benefit because it increases
the risk of hemorrhage (Paciaroni et al., 2007). It should
therefore be the exception. It may be considered empiri-
cally in patients who are perceived as having a low
risk of hemorrhagic transformation and a high risk of
early stroke recurrence, such as in the presence of
mechanical heart valves, intracardiac thrombi, severely
depressed ejection fraction, acute myocardial infarction,
antiphospholipid-antibody syndrome, extracranial or
intracranial stenosis with recurrent embolic ischemic
events, floating thrombi in the aortic arch or cervical
arteries, and symptomatic dissection of extracranial
arteries (Adams Jr, 2002). The larger the ischemic lesion,
the higher the risk of hemorrhagic transformation seems
to be and the more restrictive early anticoagulation
should be used.
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56.19.2. Monitoring

In the absence of clinically proven acute antiplatelet
therapy other than aspirin, and of an established test
to measure antiplatelet resistance, no specific blood
test is required. Heparin-induced thrombocytopenia
needs to be watched for in patients receiving this drug,
and probably also its analogs.

Over-anticoagulation and very high blood pressure
in anticoagulated patients increase the risk of hemor-
rhagic transformation. Therefore, these patients should
be carefully monitored with coagulation tests and
frequent BP monitoring.

56.19.3. Management

Unless the patients undergo intravenous thromboly-
sis, they should immediately receive aspirin in doses
of 160-325 mg once acute ischemic stroke is con-
firmed. Prophylactic doses of heparin or low-
molecular-weight heparin are also given. Patients
considered at high risk for craniectomy may not
receive aspirin for a few days to avoid bleeding com-
plications during the intervention.

For patients with a definite indication for short- or
long-term anticoagulation, there is no consensus about
the timing when it should be started (Brott and
Bogousslavsky, 2000; Paciaroni et al., 2007). Immedi-
ate treatment may be considered in patients without a
significant morphological lesion, such as in most TIA
patients. In patients with minor and large-size infarc-
tion, anticoagulation should probably be withheld for
3-5 and 7-10 days, respectively (Michel and Bogous-
slavsky, 2004b; Paciaroni et al., 2007).

If early anticoagulation is considered, a bolus is
avoided, except in patients with cerebral sinus vein
thrombosis. Intravenous heparin may be preferable
to subcutaneous low-molecular-weight heparins as
its action can be more rapidly reversed in the case of
hemorrhagic complications. In the subacute phase
of stroke, oral anticoagulation should be preceded by
parenteral treatment because of transient hypercoagul-
ability with vitamin K antagonists in some patients.

56.20. Early neurorehabiliation,
neurobehavioral aspects, pain, and sphincter
problems

56.20.1. Early neurorehabiliation

Early introduction of rehabilitation in acute stroke
patients improves functional prognosis (Stroke Unit Tri-
alists’ Collaboration, 2000) and is one of the main contri-
buting factors as to why patients treated in stroke units do
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better than others (Jorgensen et al., 1999). Old age alone
is no reason to exclude a patient from an effective rehabi-
litation program (Jorgensen et al., 2000). Such an early
rehabilitation should include strategies to detect and man-
age dysphagia and immobility (see above), risk of falls
(Tutuarima et al., 1997), injury to the skin, pain, shoulder
injury (Braus et al., 1994), and depression.

56.20.2. Acute neurobehavioral aspects

Agitation may interfere greatly with care and early reha-
bilitation. It is usually due to a confused state, which itself
may be related to the localization or type of stroke. Other
frequent causes are pre-existing cognitive problems,
retention of urine or stool, metabolic and infectious com-
plications, use of psychoactive drugs, and drug or alcohol
withdrawal. Underlying causes should be sought and
treated, and a calm, reassuring environment be provided.

If treatment of the underlying cause of agitation is
insufficient, a stepwise approach using increasing doses
of oral neuroleptics (probably of the atypical type in
patients with parkinsonism or gait problems), benzodia-
zepines (for withdrawal symptoms) or older-generation
antihistamines may be tried. Some of these drugs may
increase the risk of cardiovascular death and should be
used carefully (Schneider et al., 2005). Over-sedation
and drugs to increase sleep should be avoided in the acute
phase of stroke. They may increase the functional deficit,
mask neurological worsening, slow cognitive and neuro-
logical recovery, and increase medical complications.

Alcohol withdrawal should be treated with fluids,
frequent and sufficient use of benzodiazepines accord-
ing to the symptom severity, and vitamin supplements.
Acute nicotine withdrawal may be prevented with oral
or cutaneous nicotine preparations, and rarely with ben-
zodiazepines. These, professional counseling, and cer-
tain serotoninergic drugs, may be useful in promoting
long-term nicotine abstinence.

56.20.3. Pain

A careful history taking and clinical examination should
be performed if the patient complains of or behaves like
having pain. Headaches are related to mass effect,
cervical artery dissection, subarachnoid blood, meningi-
tis, arterial spasms, or vasculitis such as giant cell arteri-
tis. A painful hemisyndrome related to a lesion in the
central spinothalamic or lemniscal pathways may start
in the first days after stroke. The most frequent causes
of extremity pain in the subacute phase of stroke are
arthritis (degenerative, gout, or chondrocalcinosis),
fall-related fractures, paralysis-related distension of ten-
dons and articular capsules, subluxations, and complex
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regional pain syndrome. As all of these painful conditions
require specific treatments they are not described in detail
here.

56.20.4. Urinary problems

Urinary retention due to weakened detrusor reflex may
be triggered by bed rest and medications in patients
with pre-existing neurological and urological conditions
(Brittain et al., 1998). Urinary incontinence is usually
due to supraspinal loss of inhibition. Indwelling urinary
catheters should be avoided or withdrawn, except if the
patient has major problems with communication, cannot
be mobilized on a pan or toilet, has skin problems,
or needs measurement of urinary output. There is no
advantage of catheter clamping before withdrawal in
non-chronic situations. If several trials of removing the
catheter have been unsuccessful, an urology consult
should be obtained.

56.20.5. Gastrointestinal problems

Gastrointestinal hemorrhage is infrequent in acute
stroke patients, despite increased stroke-related stress
and use of antithrombotics. Routine use of drugs
that increase gastric pH is probably not beneficial in
nasogastric tube feeding.

Stool frequency is usually decreased in the first days
and weeks after stroke because of decreased nutrition,
bed rest, and medication. Diarrhea may develop from
tube feeding, and fecal incontinence may occur from
central loss of sphincter control. Constipation can be
prevented by early mobilization of the patient (see
above) and avoidance of dehydration. Daily oral laxa-
tives and high-fiber diet may be prescribed after 3 days
without bowel movement, or before if abdominal
discomfort develops. Rectal treatments may be added
on an as-needed basis. In cases of major abdominal pain
and ileus, laxatives should be suspended, and radio-
logical investigations for constipation, abdominal or
retroperitoneal pathology should be performed.

56.21. Conclusions

General measures during the acute phase of stroke
improve patient outcome, probably through neuroprotec-
tive effects. An effective prehospital detection and triage
system with immediate referral to a stroke center
increases the number of patients that can be treated. Opti-
mized management in the prehospital, ER, and early
treatment phases contributes to large time savings,
more accurate diagnosis, and more effective treatment.
Most complications from acute stroke and its treatment
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can now readily be detected, prevented, and treated,
especially if the patient is surveyed by and treated by
dedicated medical personnel that are well organized.
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57.1. Introduction

Stroke is the third leading cause of death after myo-
cardial infarction and cancer and the leading cause
of permanent disability in Western countries (WHO
Guidelines Subcommittee, 1999). Furthermore, it is
the leading cause of disability-adjusted loss of inde-
pendent life years. Aside from the tragic conse-
quences for the patients and their families, the
socio-economic impact of more or less disabled
stroke survivors is evident as stroke patients with
permanent deficits such as hemiparesis and aphasia
will frequently not be able to live independently or
pursue an occupation. The added indirect and direct
cost estimates for a survived stroke vary between
US$35,000 and US$50,000 per year. In the face of
our aging population and the skewed population pyr-
amid the incidence and prevalence of stroke is
expected to rise. Therefore, an effective treatment
for this devastating disease is desperately needed.
After introduction of thrombolytic therapy for the
treatment of acute myocardial infarction in the early
1990s (GUSTO Angiographic Investigators, 1993),
major trials for the evaluation of this new therapeutic
approach to ischemic stroke were initiated. Occlusion
of a brain vessel leads to a critical reduction in cerebral
perfusion and, within minutes, to ischemic infarction
with a central infarct core of irreversibly damaged brain
tissue and a more or less large area of hypoperfused but
still vital brain tissue (the ischemic penumbra), which
can be salvaged by rapid restoration of blood flow
(Astrup et al., 1981; Schellinger et al., 2001c). There-
fore, the underlying rationale for the introduction and
application of thrombolytic agents is the lysis of an oblit-

erating thrombus and subsequent re-establishment of
cerebral blood flow by cerebrovascular recanalization.

The characterization of potentially reversible versus
irreversible loss of function is based on the concept of
the ischemic penumbra (Ginsberg and Pulsinelli,
1994). Until recently only positron emission tomogra-
phy (PET) and single photon emission computed
tomography (SPECT) imaging could approximately
define ischemia and penumbra thresholds. This is how-
ever not feasible for emergency services for broad
populations, where imaging in an acute setting is con-
fined to computed tomography (CT) and also increas-
ingly magnetic resonance imaging (MRI). Only the
advent of new imaging techniques such as novel
sequences and continuing improvement of imaging
hardware allows the improvement of the diagnostic
yield. An adequate therapy demands an adequat