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Foreword

When MR imaging was added to the noninvasive diagnostic tools of radiology some 20 years
ago, CT did not immediately lose its significance as the method for obtaining structural
information on the brain in stroke. In fact, although MR imaging was soon found to have
superior contrast resolution and to be essentially free of artifacts below the tentorium, the
first large-scale treatment studies of acute stroke - in some of which Riidiger von Kummer,
one of the editors of this book, played a major role — were based on CT not MR. This was
largely because CT had already reached an advanced technical stage, while MR imaging
was more or less still in its infancy. With further improvement in hardware and software,
including the advent of clinical imagers with higher field strengths, MR imaging did gain
in importance, but its breakthrough in stroke imaging came only with the development of
functional methods that allowed the study of cerebral pathophysiology, including perfusion.
At the same time the technical evolution continued of several other non-structural MR meth-
ods considered in various ways useful in stroke: MR angiography, MR spectroscopy and
functional (BOLD) MR imaging. All of these methods were soon studied by researchers from
many countries as to their value for understanding, diagnosing, treating, and possibly pre-
venting stroke. One method in particular, diffusion-weighted MR imaging, became rapidly
accepted by (neuro)radiologists and neurologists alike, as it was soon recognized as being
highly sensitive in visualizing even tiny areas of severe ischemia almost immediately after
the offending event. Since then, the interest in fathoming the potential of functional MR
(imaging) methods in ischemic stroke in particular and in neurovascular diseases in general
has not waned.

Now, why this book? Because! Because it is not just a(nother) book on MR imaging in
stroke but a lucid as well as comprehensive treatise on a complicated topic that succeeds in
correlating major aspects of stroke - pathophysiology, clinical syndromes, structural and
functional diagnostic MR findings, treatment and monitoring of therapeutic effects. Both
editors have a long history of active, enthusiastic involvement in laboratory as well as clinical
research on stroke; both are neurologists by training, with many years of clinical experience;
and both have had additional training in neuroradiology, the field that one of them eventu-
ally chose for good.

The idea of “a book on stroke” was conceived at Heidelberg many years back. Fortunately,
this idea never led to anything: had the book been written then, it would have been obsolete
at the time of publication. The present book, which contains all the dramatic advances in
MR stroke imaging that have occurred in recent years plus pertinent information on spinal
stroke, is not likely to have this fate. Rather, it will soon be found on many desks and book-
shelves, because clinicians and scientists interested in stroke will quickly recognize its emi-
nent qualities: well designed, well written, and highly instructive.

Riidiger von Kummer and Tobias Back, together with their 23 expert co-authors, have
done a marvelous job in creating a timely book on stroke of great substance.

Heidelberg KrAus SARTOR



Preface

It is a part of the adventure of science

to try to find a limitation in all directions
and to stretch the human imagination

as far as possible everywhere.

Richard P. Feynman

Cerebrovascular diseases have an enormous and increasing impact on societies: they rank
among the leading causes of death, are often associated with chronic handicap, and cause
high costs for primary treatment, rehabilitation and chronic care. The advent of treatment
options such as reperfusion therapies and, to a lesser degree, neuroprotective strategies on
the one hand, and growing means to enhance rehabilitation and functional plasticity on the
other hand, urges physicians to diagnose stroke subtypes as early and precisely as possible.
The localization, extent and pathology of lesions should be recognized and followed up by
imaging methods in order to develop and direct therapeutic approaches, detect complica-
tions, and start prevention.

Modern MR imaging and spectroscopy has provided new insights into the pathophysi-
ology of stroke and offers a wide range of available technologies that have not by far been
explored to their limits. Animal experiments have contributed considerably to our current
understanding of the underlying mechanisms of cerebral ischemia. Diffusion-weighted MR
imaging provides the best sensitivity for detection of patterns of ischemic lesions in acute
stroke patients. Although it is still too early to assess the true potential of MR methods for
stroke, nevertheless an attempt has to be made to demonstrate the diagnostic and scientific
capabilities of MR imaging in ischemic stroke and related disorders. This is the purpose of
our book.

When starting this project, it became clear that close correlations should be drawn
between pathology, clinical picture and imaging findings. This book competes with a variety
of publications, but differs from all of them in that it brings together what modern medical
teaching offers to students: a comprehensive presentation of pathological features of cerebro-
vascular disease, an up-to-date clinical description of stroke syndromes, and the footprints
of clinically relevant stroke syndromes in MR imaging modalities. For example, the reader
who comes across a case of symptomatic carotid stenosis with ipsilateral MCA stroke can
choose to consult Chap. 15 on occlusive carotid disease, but alternatively may be interested
in reading about vascular pathology (Chap. 5) or disturbed brain perfusion (Chap. 6). Finally,
he/she may be inclined to find out more about the therapeutic impact of imaging findings
as presented in Chap. 3.

The dual concept of presenting MR imaging of stroke pathology and MR correlates of
stroke syndromes has led to the division of this volume into two parts (Parts 2 and 3), pre-
ceded by Part 1 with introductory chapters on clinically relevant syndromes and informa-
tion on the clinical and therapeutic efficacy of MR imaging. We hope that readers will find it
intriguing to use the book and will always feel free to inform us about ways to improve this
work

Dresden RUDIGER VON KUMMER
Mannheim ToBIAS BACK
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1.1
Introduction

The major focus of this book is the evolving new
technologies that help understand the underlying
pathophysiological mechanisms of cerebral ischemia.
Nevertheless, the anatomically based classification
of stroke syndromes originally elaborated by C.M.
FIsHER still has a huge impact on the care of stroke
patients. This chapter will give the reader a short
overview of the most important stroke syndromes in
the clinical setting. “Stroke” is defined as a sudden,
non-convulsive focal neurological deficit. The terms
apoplexy originating from the Greek “amomhelio”
and “insult” from the Latin “insultus” describe the
same phenomenon and can be used synonymously.
The term “neurovascular syndrome” may be a better
term since a stroke is not unusually a slow progressing
processrather thana “stroke” (KENNEDY and BUCHAN
2004). The neurological deficit reflects both the loca-

G. GAHN, MD
Department of Neurology, University of Technology Dresden,
Fetscherstrasse 74, 01307 Dresden, Germany

tion and size of the ischemia or the hemorrhage, but
may very well be due to an intracranial mass effect, a
residuum after an epileptic seizure, a migraine attack,
or an encephalitis. Combinations of neurological defi-
cits are numerous, both in the hemispheres and in the
brainstem (see as well chapter 14).

1.2
Mechanisms of Ischemia

Focal cerebral ischemia differs from global isch-
emia. In global ischemia irreversible neuronal
damage occurs after 4-8 min at normal body tem-
perature (HocHACHKA et al. 1996). In focal cerebral
ischemia collateral vessels almost always provide
some degree of residual blood flow, which may be in-
sufficient to preserve neuronal survival (CoyLE and
HEISTAD 1991). Location of arterial occlusion affects
the impairment of cerebral function: Obstruction
below the circle of Willis often permits collateral
flow through the anterior or the posterior commu-
nicating arteries. Vertebral artery obstruction can
be bypassed through small deep cervical arteries
which are residuals from the embryonic rete mirabi-
lis in the posterior circulation. In obstructions of the
cervical internal carotid artery, which derives from
a branchial arch and not from a rete mirabilis, lim-
ited collateral flow can be provided through exter-
nal carotid artery branches such as the periorbital
or the ethmoidal arteries. Collateral flow mainly
derives from the arteries of the circle of Willis.
Additional factors influence the extent of the
final infarction. The speed of obstruction may allow
collateral arteries to develop, if it occurs gradu-
ally (BuscH et al. 2003), whereas complete sudden
blockade of a major artery by an embolus leaves only
some minutes to activate sufficient collateral flow.
Hypoxia, hyperglycemia, acidosis, fever, hypoto-
nia, and normal or abnormal variants in vascular
anatomy my contribute to the resulting infarction
(HossMANN 1999). Basically, the loss of oxygen and



glucose supply results in the collapse of cellular
energy production with subsequent changes in cel-
lular metabolism, degradation of cell membranes,
and finally necrosis.

The margins of the infarction are usually hyper-
emic due to activated meningeal collaterals. The
ischemic tissue swells rapidly because of increased
intracellular and intercellular water content. During
ischemia, the arteries first dilate to increase blood
supply to the oligemic tissue, but will subsequently
constrict due to ischemic damage. Reperfusion may
then lead to hyperemia due to impaired autoregula-
tive capacity of the damaged arteries. In prolonged
ischemia sludging and endothelial damage will pre-
vent reperfusion (MARKUS 2004).

1.2.1
Territorial Infarcts

1.2.1.1
Large Vessel Occlusive Disease of the Anterior
Circulation

In 1951 C. Miller Fisher described the clinical find-
ings associated with occlusion of the internal carotid
artery (ICA) (F1sHER 1951). In his report he first
called attention to warning episodes preceding cere-
bral ischemia and called them “transient ischemic
attack” (TIA). The major cause for occlusive disease
of the ICA is atherosclerotic narrowing at the bifur-
cation of the common carotid artery (CCA) extend-
ing into the external and internal carotid arteries.
Often atherosclerotic disease of the ICA is accom-
panied by atherosclerotic disease of the coronary
and peripheral arteries (DE GROOT et al. 2004). Ath-
erosclerotic plaques gradually narrow the vascular
lumen. Ulceration of the plaque and hemorrhage
into the plaque cause clotting of thrombocytes to the
vessel wall and finally embolization to more distal
arteries in the brain (HENNERICI 2004). Progres-
sive narrowing of the arterial lumen may also cause
hemodynamic impairment of the cerebral territory
supplied by the diseased artery if collateral flow
through the arteries of the circle of Willis is not
sufficient.

An important warning sign for occlusive ICA dis-
ease is an episode of transient monocular visual dis-
turbance also called “amaurosis fugax” or “ocular
TIA” (WRAY 1993). Patients often describe this phe-
nomenon as a dimming, darkening, obscuration or a
curtain from above or from the side, which resolves
after seconds or a few minutes. These attacks are

G. Gahn

caused by a decrease in blood flow through the oph-
thalmic artery, distally to a hemodynamically rel-
evant ICA obstruction. Alternatively small emboli,
the so-called Hollenhorst plaques, may occlude reti-
nal branches (HOLLENHORST 1958).

Hemispheric TIAs display a variety of transient
focal neurological deficits (FERRO 2004). Stereo-
typed TIAs point either to a hemodynamic rather
than an embolic mechanism of cerebral ischemia
or to an imminent lacunar infarction, the so-called
capsular warning syndrome (see Sect. 1.2.2). Per-
manent ischemia with infarction within the MCA
territory usually leads to weakness of the contralat-
eral limbs more pronounced in the face and the arm
than in the leg (FERRO 2004). Concomitant or iso-
lated sensory symptoms are usually loss of position
and pinprick sense and stereoagnosis. Neglect of the
contralateral space and an attentional hemianopia
are often prominent in larger hemispheric strokes
which are then also accompanied by conjugate eye
deviation towards the side of the brain lesion. Weak-
ness mainly affecting the leg often occurs in ante-
rior cerebral artery (ACA) territory stroke because
of the representative area of the “homunculus” at
the vertex (BogoussLAvsKY and REGLI 1990). Left
sided lesions are often accompanied by an aphasia
(KERTESZ 1993). Depending on the lesion location a
more motor (frontal) or sensory (posterior) type of
aphasia will occur (PEDERSEN et al. 2004).

1.2.1.1.1
Middle Cerebral Artery Occlusion

In Caucasians, the vast majority of MCA occlu-
sions are of embolic origin with emboli arising
from a carotid stenosis, the aortic arch or the heart
(Heins1us et al. 1998) or from the venous side in case
of a patent foramen ovale. In black or Asian patients
a higher prevalence of intracranial occlusive disease
is found with subsequent thrombotic arterial occlu-
sion or stenosis (FELDMANN et al. 1990).

Acute occlusion of the upper MCA trunk may
lead to infarction in the frontal and superior pari-
etal lobes. Hemiplegia, more pronounced in the face
and arm, hemisensory loss, conjugate eye deviation
and neglect to the contralateral side of space, espe-
cially to visual stimuli, will be the symptoms (FERRO
2004). Right sided lesions usually cause more severe
visual neglect than left sided lesions (KARNATH et
al. 2002). Left sided lesions will also cause a motor
aphasia in right handed patients (KERTESZ 1993).
Right sided lesions will also cause anosognosia more
often than left sided lesions (BE1s et al. 2004).
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Ininferior MCA trunk occlusion infarctions of the
lateral surface of the temporal lobe and the inferior
parietal lobe may occur (OLSEN 1991; RINGELSTEIN
et al. 1992). Motor or sensory deficits may not be
severe, but visual field deficit and sensory aphasia
in left sided infarctions and constructional apraxia
in right sided lesions occur (GESCHWIND 1975;
SpiNAzzoLa et al. 2003). Right temporal lesions
cause agitation and confusion resembling an organic
psychosis (FERRO 2001).

Deep infarctions in the MCA territory result from
proximal MCA occlusion with blockage or hypoper-
fusion of the lenticulostriate arteries causing striato-
capsular infarcts (RussMANN et al. 2003). The basal
ganglia have poor collateral supply, but leptomenin-
geal collaterals may prevent extension of infarction
to the cortex (RINGELSTEIN et al. 1992). Striatocap-
sular infarcts cause dense hemiplegia and less pro-
nounced sensory deficits if the posterior capsule is
spared (DONNAN et al. 1991). Left sided infarcts may
cause a temporary mutism or dysarthria (URBAN
et al. 2001). Right sided lesions cause neglect to the
contralateral side (KARNATH et al. 2002).

Complete occlusion of the MCA trunk with infarc-
tion of the entire MCA territory is a potentially dev-
astating situation with severe paralysis, hemisensory
loss, attentional hemianopia, conjugate eye devia-
tion, and global aphasia in left sided lesions (HACKE
etal. 1996). Because of its high mortality this type of

ischemic stroke has been called “malignant” MCA
infarction (Fig. 1.1). The diagnosis of complete MCA
territory infarction based on clinical judgment is
unspecific and often requires neuroimaging studies
(BERROUSCHOT et al. 1998).

1.2.1.1.2
Anterior Cerebral Artery

The ACA supplies the head of the caudate nucleus,
the anterior part of the internal capsule, the anterior
perforated substance and the paramedian frontal
lobe above the corpus callosum through the recur-
rent artery of Heubner (GHIKA et al. 1990). Infarc-
tion of the paramedian frontal lobe causes weakness
of foot, leg and shoulder and represents a typical
pattern of neurological symptoms (BOGOUSSLAVSKY
and REGL1 1990). Also apraxia of the left arm (“ante-
rior disconnection syndrome”) may be a typical
sign (GESCHWIND 1965). Transcortical motor and
sensory aphasia, urinary incontinence in bilateral
lesions occur. Abulia is seen in both unilateral and
bilateral frontal lobe infarctions, sometimes of fluc-
tuating intensity. The “alien hand sign” is also found
in frontal lobe infarctions and may be another form
of disconnection syndrome (GESCHWIND et al. 1995).
Occasionally both ACA territories are supplied by
only one ACA in a unilateral hypoplastic or aplastic
Al segment. Infarction of both ACA territories will

Fig. 1.1. Upper row, computed tomography of a patient with malignant right middle cerebral artery infarction on day one after
onset of symptoms. Lower row, on day two massive edema with midline shift in spite of hemicraniectomy



cause a sudden onset of abulia, paraparesis, apathy,
and incontinence, which may be misinterpreted as
sudden onset of dementia (FERRO 2001). Infarction
of the head of the caudate and the anterior inter-
nal capsule by occlusion of the Heubner artery will
cause slight motor weakness, dysarthria, behavioral
changes such as abulia or restlessness and hyper-
activity. Cognitive and behavioral changes in these
patients resemble the clinical signs found in patients
with medial thalamic lesions (BOGOUSSLAVSKY
1994).

1.2.1.1.3
Anterior Choroidal Artery

Blockade of the anterior choroidal artery may cause
infarction of the lateral geniculate body causing
hemianopia with preserved central vision and a
prominent sensory loss with hemiparesis (BRUNO
et al. 1989).

1.2.1.2
Large Vessel Occlusive Disease of the Posterior
Circulation

1.2.1.2.1
Obstruction of the Subclavian Artery

In severe occlusive disease of the subclavian artery
(SCA) blood supply of the arm is mainly provided
by reversed flow through the vertebral artery (VA)
arising behind the obstruction. The so-called sub-
clavian-steal syndrome consists of ischemic symp-
toms in the arm, especially after exercise, such as
pain or numbness or coolness (REIVICH et al. 1961).
Consequently a diminished or delayed pulse in the
radial artery or decreased blood pressure on the
side of SCA stenosis can be palpated. Rarely neuro-
logical symptoms such as spells of dizziness may be
brought about by exercise of the arm. Even more rare
are ischemic brainstem strokes in subclavian-steal
syndrome (BORNSTEIN and NORRIs 1986).

1.2.1.2.2
Obstruction of the Vertebral Arteries

The origin of the VA at the SCA is the most common
location of atherosclerotic VA disease. Dizziness,
accompanied by other brainstem symptoms, such
as diplopia, dysarthria, motor or sensory symp-
toms, suggest embolism towards the brainstem.
Also hemianopia may occur due to VA embolism
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when the emboli travel through the basilar artery
into the posterior cerebral arteries (PCA). The
pathophysiology of proximal VA obstruction is not
well understood, since the VA is rarely operated
on and therefore specimens as in carotid endarter-
ectomy are rare (CAPLAN 1993). The mechanical
situation in VA is very different form the ICA since
it leaves the SCA at a 90° angle, whereas the ICA
takes off the CCA at an almost 180° angle (BRANDT
et al. 2000).

VA obstruction causes hemodynamic problems
in approximately one third of patients with pos-
terior circulation ischemia (CAPLAN et al. 2004).
Asymmetrical caliber of the two VAs is normal. In
the neck multiple nuchal and muscular branches
provide a network for potential collateral pathways,
that can be activated in VA obstruction.

Intracranial atherosclerotic VA obstruction is
mainly located at the origin of the posterior inferior
cerebellar artery (PICA) and less frequent at the site
of dura penetration. Consequently the most frequent
clinical syndrome in VA occlusive disease is the dor-
solateral medullary syndrome (“Wallenberg’s” syn-
drome) consisting of dizziness, retroorbital pain,
facial numbness, dissociated sensory deficit, weak-
ness, hoarseness, dysphagia and vomiting, nystag-
mus, Horner’s syndrome and failure of autonomic
respiration (VUILLEUMIER et al. 1995).

With involvement of the cerebellar hemisphere
supplied by the PICA, subsequent edema may cause
obstruction of the 4" ventricle, hydrocephalus or
compression of the medulla oblongata. Clinically,
involvement of the entire cerebellar hemisphere
can not be distinguished from partial cerebellar
infarction (AMARENCO and HAuw 1990). Therefore
patients with neurological symptoms suggesting
infarction within the PICA territory require neuro-
imaging studies and close clinical monitoring.

In blockade of the anterior spinal artery, isch-
emia of the medial medulla may occur with contra-
lateral hemiparesis, ipsilateral tongue weakness and
contralateral loss of posterior column sensation (Ho
and MEYER 1981).

Isolated cerebellarinfarctionwithoutinvolvement
of the medulla is often difficult to identify, since gait
ataxia, vomiting and dizziness may not be accompa-
nied by typical brainstem symptoms (BARTH et al.
1994). Cerebellar edema may compress the medulla
and the pons leading to conjugate eye deviation to
the side opposite the lesion without contralateral
hemiparesis. This sign is probably pathognomonic
for severe cerebellar mass effect and requires imme-
diate intervention.
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1.2.1.2.3
Basilar Artery Obstruction

Basilar artery (BA) occlusive disease is a highly life-
threatening condition first described by Kusix and
ApamMms (1946). Atherosclerotic changes are mostly
located at the origin of the BA, sometimes extend-
ing from the VAs. Often these patients experience
brainstem TIAs such as diplopia, dizziness, weak-
ness of both legs, or occipital headaches (von CAMPE
et al. 2003). Obstruction of the BA often interrupts
blood supply of the basis of the pons by the superior
cerebellar arteries (SCA). Pseudobulbar paralysis
by interruption of descending tracts to the bulbar
nuclei is often seen. The spinothalamic tract and
the cerebellar hemispheres are often spared from
infarction. Disturbance of eye movements occur
because of infarction of the lateral gaze centers in
the paramedian pontine tegmentum, e.g. the medial
longitudinal fasciculus (internuclear ophthalmople-
gia), the parapontine reticular formation (PPRF),
which generates lateral gazes, or the combination
of both, resulting in the so called “one and a half-
syndrome” (MEHLER 1989; VOETSCH et al. 2004).

Infarction of the medial pontine tegmentum will
cause coma and is a poor prognostic sign (FISHER
1977; KATAOKA et al. 1997).

In most patients with BA thrombosis, obstruc-
tion is limited to the mid portion of the basilar
artery (Fig.1.2) (VoeTscH et al. 2004). Embolic
occlusion rather than thrombotic occlusion mainly
blocks the distal part of the BA when it divides into
the PCAs. The distal BA supplies the midbrain and

the diencephalon by small perforating arteries.
Signs of dysfunction in the rostral brainstem are
a variety of pupillary abnormalities (e.g. anisoco-
ria, afferent pupillary deficit) (MARTIN et al. 1998;
MEHLER 1989). Vertical gaze palsy or skew devia-
tion also point to the midbrain causing the “Top
of the basilar” syndrome (CaPLAN 1980). Memory
loss may occur in thalamic infarction as well as
agitation, hallucinations mimicking frontal lobe
disorders (BILLER et al. 1985; GHIKA-SCHMID and
BoGoussLavsky 2000). The triad of hypersomnia,
supranuclear vertical-gaze defect, and amnesia (the
so-called “paramedian diencephalic syndrome”)
is typically due to bilateral paramedian thalamic
strokes in the territory of the anterior thalamic/sub-
thalamic (or thalamoperforating) arteries (“en ailes
de papillon”) (MEISSNER et al. 1987).

1.2.1.2.4
Posterior Cerebral Artery (PCA)

Historically, the French neurologist CHARLES Foix
in 1923 first described the syndrome of infarction in
the PCA territory as a thalamocapsular deficit (Forx
and MAssoN 1923). The PCAs arise from the BA, but
about 30% of patients have a hypo- or aplastic P1
segment with the PCA nourished by the ICA through
the posterior communicating artery (MARGOLIS et
al. 1971).

Headache in patients with PCA disease is often
retro-orbital or above the eye reflecting innerva-
tion of the upper surface of the tentorium by the
first division of the trigeminal nerve (BRANDT et

Fig. 1.2. Digital subtraction angiography of a patient with basilar artery thrombosis before (left) and after (right) thrombolytic

therapy. (Courtesy of Prof. voN KUMMER)



al. 2000; FERRO et al. 1995). Infarction in the PCA
territory usually causes visual symptoms such as
homonymous hemianopia or quadrantanopia and
sensory deficits but seldom paralysis. Patients with
hemianopia due to infarction of the striate cortex
are fully aware of their deficit. In contrast patients
with infarction in the parietal lobe within the MCA
territory have visual neglect and are unaware of
their deficit (FERBER and KARNATH 2001). Proxi-
mal PCA-occlusion may simulate MCA-infarction
because of thalamic involvement (CHAMBERS et al.
1991). Optokinetic nystagmus is normal in patients
with hemianopia but reduced towards the side of the
visual defect in those with visual neglect (MoRROW
and SHARPE 1993).

Some neuropsychological syndromes can be pres-
ent in PCA infarction (FERRO 2001):

Alexia without agraphia in left occipital lobe
infarction and the splenium of the corpus callo-
sum. Transfer of read words from the functional
right visual cortex to the left sided language center
is impossible due to interruption of the splenium.
Transfer of primary language information for writ-
ing or speech is not impaired.

Transcortical sensory aphasia appears in patients
with left PCA infarctions and displays difficulties in
naming objectsbutno problemsin repeating without
understanding. Gerstmann’s syndrome with infarc-
tion of the angular gyrus consists of inability for
right-left differentiation, finger anomia, construc-
tional apraxia, agraphia and acalculia. In associa-
tive visual agnosia after left PCA infarctions visual
but not tactile recognition of objects is impaired.
Prosopagnosia is a problem with recognizing faces
and occurs in right PCA infarctions. Cortical blind-
ness occurs in bilateral PCA infarctions; however,
pupillary reflexes are preserved (also see Chap. 14).

1.2.2
Lacunar Infarction

Cerebral microangiopathy accounts for 20%-30 %
of all ischemic strokes and is mainly due to long
lasting arterial hypertension. Narrowing of arteri-
oles is caused by so called lipohyalinosis, a process
collecting hyaline substances in the media of the
small cerebral arteries (FISHER 1965c¢). These small
arteries typically supply exclusively small territories
of less than 1 or 2 cm in diameter. With progres-
sion of arterial narrowing blood flow towards the
nourished territory diminishes until oligemia or
ischemia occur. Eventually thrombotic mechanisms
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may contribute to the blockade of the artery at this
point. Finally a small infarction, called a “lacune”,
will occur. Especially in the basilar artery atheroma-
tous changes in the arterial wall may occlude the ori-
gins of the small penetrating arteries or be the origin
of an expanding thrombosis adherent to the arterial
wall (“microatheroma”) (FisHER and CAPLAN 1971).
Usually this will cause blockade of several perfo-
rating arteries and subsequent small deep infarcts
in contrast to lacunar infarcts which result from
single perforating artery disease. An animal model
to study cerebral microangiopathyin a standardized
matter is presently not available (CapLAN 1993).
Conversely we rely on clinical and imaging data in
humans to understand this disease.

Lacunar infarcts are typically located in the basal
ganglia, the deep white matter and in the brainstem
(F1sHER 1965a, 1998). Depending on their location
and their size circumscribed neurological symp-
toms will occur. C. MILLER FIsHER described the
four classical lacunar syndromes:

e Pure motor stroke (FisHER and CURRY 1964)
e Pure sensory stroke (FISHER 1965b)
e Ataxic hemiparesis (FISHER 1978)
¢ Dysarthria-clumsy-hand-syndrome
(F1sHER 1967; FisHER and CURRY 1964)

All these syndromes are a consequence of small
lacunes interrupting pathways in the white matter.
Lacunar strokes almost never cause cortical symp-
toms such as aphasia or apraxia. Depending again
on the location of the infarctions, patients may
present with combined symptoms sometimes with
preceding stereotyped TIAs. Lacunes within the
internal capsule may cause dense hemiplegia, but
never combined with impaired consciousness or
conjugate eye deviation as in territorial infarcts
with mass effect. At presentation, symptoms may be
subtle or mild and may fluctuate or progress. This is
probably related to the hemodynamic aspect in the
pathogenesis of the disease. Many patients experi-
ence progression of the neurological deficits during
the first 24 h after onset of ischemic symptoms, the
so-called capsular warning syndrome (DONNAN
et al. 1993; STAAF et al. 2004). Often these patients
wake up in the morning with neurological deficits
which occurred sometimes during sleep and with
comparatively low blood pressure (CHATURVEDI et
al. 1999). In contrast embolic strokes tend to occur
after getting up, when activation of the cardiovascu-
lar system provokes plaque disruption or increased
cardiac contractility. Notably, recent MRI studies
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showed no differences in stroke subtypes between
waking strokes and strokes occurring during sleep
(DoNNAN et al. 1993; FINK et al. 2002). Lacunar
syndromes do not specifically help to localize the
infarct to a certain territory in the brain and are
not highly specific for the diagnosis of a “lacune”
(BAUMGARTNER et al. 2003; GAN et al. 1997).

1.2.3
Borderzone Infarction

Borderzone infarcts develop at the junction between
different arterial territories (ApaMs et al. 1966).
Pathophysiologically two different classes of border-
zone infarcts can be identified: infarction between
two arterial territories with a connecting arterio-
lar collateral network, so-called watershed infarcts,
and infarcts between two arterial territories without
arteriolar collaterals, so-called end-zone infarcts
(BogoussLAvskY and MouLIN 1995). This classifi-
cation is based on the anatomic distribution of the
cerebral vascular supply consisting of two main sys-
tems: first, superficial arteries surround the brain
parenchyma with an anastomotic network and send
off perforating centripetal branches that donotanas-
tomose (MooDy et al. 1990). Second, deep branches
originating from the major arterial branches pen-
etrating the brain without anastomoses. Clinically
relevant borderzones are the anterior borderzone
between the MCA and the ACA and the posterior
borderzone between the MCA and the PCA. They
represent watershed areas and cause mainly cortical
infarction. The subcortical borderzones between the
deep and the superficial perforators represent end-
zone areas and cause subcortical infarctions (READ
et al. 1998). In the posterior circulation both water-
shed and end-zone areas exist between the PICA
and the SCA territories. The penetrating branches of
the basilar artery are a potential source of end-zone
infarctions comparable to the lenticulostriate arter-
ies (BoGoussLAVSKY and MoULIN 1995).

The underlying mechanism of borderzone
infarcts is the low flow situation (RINGELSTEIN et
al. 1983) in the most distal fields supplied by the
cerebral circulation (“last meadows™) (also see
Chap. 15). Hemodynamic impairment will conse-
quently first cause ischemia in these areas. Typical
clinical situations are a prolonged drop in systemic
blood pressure, e.g. during cardiac surgery causing
bilateral borderzone infarcts or severe occlusive
disease of the internal carotid artery (BLADIN and
CHAMBERS 1994). This may only lead to unilateral

borderzone infarction in the case of poor collateral
supply through the circle of Willis (PowERs 1991).

Clinically stereotyped TIAs or the opticocerebral
symptom with simultaneous amaurosis and contra-
lateral hemiparesis due to critically low blood supply
through an occluded or almost occluded ICA herald
a pending borderzone ischemia (TSISKARIDZE et al.
2001). Rarely so-called limb shaking TIAs may point
to ahemodynamicischemia in ICA occlusive disease
(BAaqQuis et al. 1985).

1.3
Particular Etiological Stroke Syndromes

1.3.1
Cardioembolic Stroke

Thromboembolicstroke mainly derives from cardiac
thrombus formation (SCHNEIDER et al. 2004). Less
frequently the sourceisintra-arterial, from the distal
end of a thrombus within the lumen of an obstructed
carotid or vertebral artery or from an atheromatous
plaque in the cervical arteries or in the aortic arch.
The cardiac embolus usually arises in the anterior
circulation through the internal carotid artery up
into the middle cerebral artery. At a site of sudden
lumen reduction either at the origin of the middle
cerebral artery or more distally at the bifurcation
into the middle cerebral artery branches, it gets
stuck and blocks the lumen of the artery (CAPLAN
1993). Embolic infarction often turns into hemor-
rhagic transformation. Most often the middle cere-
bral artery, especially its inferior branch, is the site
of embolic obstruction (BoGouUsSLAVSKY etal. 1989).
The embolic material may remain arrested and plug
the artery solidly. It also may break into fragments
and spread into smaller branches more peripherally.
The phenomenon of a clot first lodging in the inter-
nal carotid artery, producing profound symptoms of
hemispheric ischemia, and then migrating distally
to a MCA pial branch has been called the “spectacu-
lar shrinking deficit” (MINEMATSU et al. 1992). The
dramatic initial deficit diminishes to a minor deficit
corresponding to the terminal branch artery.

At total of 75% of cardiac emboli reach the
brain. Non-valvular atrial fibrillation with throm-
bus formation within the left atrial appendix or
the left atrium is the most common reason for car-
diac emboli (FERRO 2003). Cardio-embolic infarcts
within the MCA territory carry a high risk for hem-
orrhagic transformation after reperfusion. Hemor-
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rhagic transformation is a natural consequence of
cerebral infarction, occurringin up to 65% of stroke
patients and in up to 90% of patients with cardio-
embolic stroke within the first week after symptom
onset (MOLINA et al. 2001). Hemorrhagic transfor-
mation does not impair neurological outcome after
embolic stroke (FIORELLI et al. 1999). It may even
suggest favorable outcome indicating early reperfu-
sion of the blocked MCA (MoLINA et al. 2002).
Paradoxical embolism can occur in a patent fora-
men ovale with a right to left shunt. Embolic material
arising from the pelvic or leg veins or elsewhere in
the venous system may bypass the pulmonary system
and reach the cerebral arteries (BRAUN et al. 2004).

1.3.2
Dissection

Spontaneous dissection of the internal carotid or
the vertebral artery is an important cause of isch-
emic stroke in young adults (Fig.1.3). In the late
1970s FisHER et al. (1978) and MoxkRrI et al. (1979)
described dissections of carotid and vertebral arteries
as detected by modern diagnostic techniques rather
than by post-mortem examination. This may occur
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after both major or trivial traumatic head or neck
injury (SCHIEVINK 2001). Many patients have preced-
ingwarning symptoms: the typical patient with carotid
artery dissection presents with pain on one side of the
head, face, or neck accompanied by a partial Horner’s
syndrome and followed hours or days later by cerebral
or retinal ischemia (ScHIEVINK 2001). Final infarction
may arise mostly due to embolic and seldom due to
hemodynamic mechanism (BENNINGER et al. 2004).
In carotid artery dissection, Horner’s syndrome
develops in less than half of patients as well as vagal,
hypoglossal or accessorial nerve palsy. The underly-
ing mechanism could be nerve compression, stretch-
ing or occlusion of small nourishing branches within
an arterial wall by the intramural hematoma (MOKRI
et al. 1996). The pathogenesis of dissection remains
obscure except in patients with obvious collagen tissue
disease such as fibromuscular dysplasia. Other types
of connective tissue alterations may also be associated
with cervical artery dissections (HAUSSER et al. 2004).
The site of dissection in adults is mainly the internal
carotid artery at its distal extracranial course above
the carotid bulb. In children the site of dissection is
predominately intracranially (FULLERTON et al. 2001).
The risk for recurrent dissections is very low (Touze
et al. 2003).

Fig. 1.3. Computed tomography (left), digital subtraction angiography (DSA, middle) and MRI (right) of a patient with internal
carotid artery dissection. Note diffuse swelling of the frontal-parietal cortex on CT on day three after onset of symptoms. At this
time point the patient suffered from a severe left hemiparesis. DSA shows classical “string sign” of cervical artery dissection
with continuous narrowing of arterial lumen. MRI: ADC map (upper images) on day three after onset of symptoms shows small
area of ischemia (dark). Time-to-peak parameter image (lower images) shows delayed contrast inflow to the entire right MCA
territory. The patient underwent stent protected dilatation of the arterial stenosis 6 days after symptom onset and recovered
almost completely from the severe hemiparesis. (Courtesy of Prof. voN KUMMER)
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1.3.3
Cerebral Venous Thrombosis

Thrombosis of the cerebral veins or sinuses may
develop secondary to infections of the ear or the
paranasal sinuses, to coagulation disorders or spon-
taneously (BOUSSER et al. 1985) (also see Chap. 18).
Occlusion of the cerebral venous system may cause
venous infarction stroke. The clinical signs are often
unspecific and may be mainly caused by an obscure
increase in intracranial pressure (HIiGGINs et al.
2004). Fluctuating or permanent focal neurologi-
cal deficits combined with headache and confusion
may lead to the correct diagnosis. Chemosis and
proptosis with cranial nerve III, IV and VI, and the
ophthalmic division of 5" cranial nerve palsy are
characteristic signs for thrombosis of the anterior
cavernous sinus. Seizures and hemiparesis, pre-
dominantly of the leg, are suggestive of the sagittal
sinus (Fig. 1.4). Involvement of the caudal cranial
nerves indicate thrombosis of the posterior part of
the cavernous sinus or the inferior petrous sinus.
Bilateral thalamic infarction should raise the ques-
tion of straight sinus thrombosis (HERRMANN et
al. 2004).

1.3.4
Migraine

Classical migraine with typical visual symptoms
preceding unilateral headache are seldom a dif-
ferential diagnosis with ischemic stroke. Increased
awareness of patients of ischemic symptoms and
rapid presentation to emergency rooms with imme-
diate initiation of thrombolytic therapy may chal-
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lenge the physician to identify an ongoing migraine
attack with spreading depression mimicking cere-
bral ischemia. Accompanying vegetative symptoms
are unspecific. Familiar hemiplegic migraine is a
rare and even more challenging disorder due to its
dramatic course in young patients (Ducros et al.
2001). The association between migraine and stroke
is a dilemma for neurologists. Migraine is associated
with an increased stroke risk and it is considered
an independent risk factor for ischemic stroke in
a particular subgroup of patients. The pathogen-
esis is not known, but several studies report some
common biochemical mechanisms between the two
diseases. A classification of migraine-related stroke
that encompasses the full spectrum of the possible
relationship between migraine and stroke has been
proposed. It includes three main entities: coexisting
stroke and migraine, stroke with clinical features of
migraine, and migraine-induced stroke. The concept
of migraine-induced stroke is well represented by
migrainous infarction; it is described in the revised
classification of the International Headache Society
(IHS), and it represents the strongest demonstra-
tion of the relationship between ischemic stroke and
migraine (Fig. 1.5). An interesting common condi-
tion in stroke and migraine is a patent foramen
ovale which could play a pathogenetic role in both
disorders. The association between migraine and
cervical artery dissection is reported in recent stud-
ies. Migraine is more frequent in patients with cer-
vical artery dissection (TzouRrIo et al. 2002). This
supports the hypothesis that an underlying arterial
wall disease could be a predisposing condition for
migraine.

Basilar artery or vertebrobasilar migraine is not
an uncommon type of migraine. Often young woman

Fig. 1.4. Patient with cerebral venous thrombosis. Venous MRA demonstrates occlusion of the sagittal sinus. MRI shows an
intracranial hemorrhage, the typical complication of cerebral venous thrombosis. (Courtesy of Prof. voN KUMMER)



12

G. Gahn

Fig. 1.5. Patient with hemiplegic migraine. Left, diffusion weighted MRI during migraine attack with severe right hemiparesis.
Note the slight diffusion changes in the left temporal cortex suggesting ischemia. Middle and right, follow-up MRI (proton-
density- and T2-weighted) 1 year after migraine attack show no structural changes in the left temporal cortex. Clinically the
patient recovered completely. (Courtesy of Prof. voN KUMMER)

experience visual disturbance similar to those in typ-
ical migraine but involving both visual fields. These
symptoms may be accompanied by vertigo, ataxia,
dysarthria, and sensory disturbances in both arms
or legs bilaterally (Evans and LINDER 2002).

1.3.5
Coma

In animals, destruction of the ascending reticular
activating system (ARAS) induces a state of coma
(Moruzzi and MAGOUN 1949). In men the ARAS is
located in the paramedian tegmentum of the dorsal
pons and the midbrain extending as a complex poly-
synaptic system from the upper half of the pons
through the midbrain to the dorsal part of the hypo-
thalamus and to the thalamic reticular formation
(VINCENT 2000).

In close vicinity of the ARAS the medial longi-
tudinal fasciculus (MLF) and the oculomotor and
trochlear nuclei are situated. Combined coma and
oculomotor disturbances points to a brainstem
lesion (PArvVIizI and Damasio 2003). Other clinical
symptoms like respiratory pattern, pupillary reflex,
and position or movement patterns of the limbs may
help localize the site of the lesion.

Abnormal respiratory breathing patterns are of
limited practical value, since a comatose patient due
to cerebrovascular disease often requires immedi-
ate airway protection and mechanical ventilation.
Urgent diagnostic imaging will provide the appro-

priate diagnostic information (Brazis et al. 1990).
“Cheyne-Stokes respiration” consists of brief peri-
ods of hyperventilation regularly combined with
short episodes of apnea. During hyperventilation
periods the patients may become more alert. The
cause of Cheyne-Stokes respiration can be a large
bilateral cortical lesion, bilateral thalamic lesions,
as well as metabolic disturbances in uremia, anoxia,
heart failure (CHERNIACK and LONGOBARDO 1973).
“Hyperventilation” may occur in midbrain or pon-
tinelesions andis often accompanied by severe respi-
ratory distress. It can also be found in brainstem
tumors leading to local pH lowering because of their
high metabolism and thereby providing a breathing
stimulus to the medullary respiratory center (PLum
1972). A lesion in the lateral tegmentum of the lower
pons may cause a “apneustic breathing” with long
inspiratory pauses (PLuM and ALVORD 1964). Low
pontine and medullary lesions may cause “clus-
ter breathing” with irregular breathing sequences.
“Ataxic breathing” displays completely irregu-
lar breathing patterns, often seen in terminally ill
patients with impairment of the dorsomedial respi-
ratory centers (BRAZIS et al. 1990).

The pupillary light reflex may help differentiating
metabolic cause from structural brainstem lesion in
comatose patients (TokuDA et al. 2003). The light
reflex is very resistant to metabolic dysfunction. An
abnormal light reflex, especially when unilateral,
points to a midbrain lesion. Bilateral diencephalic
lesions or metabolic coma may cause bilateral small
pupils well reacting to light (“diencephalic pupils”).
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Midbrain lesions abolish the light reflex when
located in the tectum or the pretectum and thereby
disrupting the posterior commissure. Hippus and
the ciliospinal reflex may be preserved. Tegmental
lesions damaging the oculomotor nuclei may cause
an irregular shape of the pupils, anisocoria and loss
of light reflex. Tegmental lesions in the pons cause
miosis by disruption of the descending sympathetic
fibers (pinpoint pupils, minimally reacting to light).
Lateral pontine or medullary lesions cause Horner’s
syndrome (Brazis et al. 1990).

1.3.6
Eye Movement Abnormalities

In comatose patients evaluation of the oculomotor
system relies on evaluation and observation of invol-
untary eye movements. The oculocephalic and the
oculovestibular reflexes disappear in deep coma.

“Periodic alternating gaze” (Ping-Pong gaze)
with alternating eye movements from one extreme
of horizontal gaze to the other lasting from 2 to 5 s
indicate bilateral cerebral damage with preserved
brainstem but may also occur in brainstem hemor-
rhage (Masucct et al. 1981).

“Repetitive divergence” consists of slow diver-
gence of the eyes followed by rapid return to mid
position. This rare phenomenon may be observed in
metabolic coma (Nopa et al. 1987).

Nystagmoid jerking of one eye may occur in mid-
to lower pontine lesions (PLum and PosNER 1980).
Ocular bobbing consists of sudden bilateral down-
ward movement of both eyes followed by slow return
to mid position. Pontine and cerebellar lesions as
well as metabolic and encephalitic disorders may
cause ocular bobbing. Inverse ocular bobbing
(“ocular dipping”) may occur in hypoxic encepha-
lopathy (STARK et al. 1984).

Conjugate gaze palsy or forced eye deviation may
point to hemispheric lesions when looking towards
the side of the lesion (T1ysSEN et al. 1991) and will
point to a brainstem lesion when looking away from
the side of lesion. Damage to the MLF will cause dis-
conjugated gazes, e.g. failure of adduction of the eye
on the side of lesion or, as in damage of the PPRF
and the MLF preservation of only abduction of the
contralateral eye (WALL and WRraAY 1983).

Abnormalities of vertical gazes may occur in both
unilateral and bilateral midbrain and diencephalic
lesions and can be evaluated by the doll’s eye maneu-
ver or alternatively by irrigation of warm water in
both ears causing upward deviation or bilateral cold

13

water causingdownward deviation (BOGOUSSLAVSKY
et al. 1994; HomMEL and BoGoussLAVSKY 1991).

“Skew deviation” may be seen by various brain-
stem lesions and in increased intracranial pres-
sure as well as in hepatic coma. Skew deviations are
ipsiversive (ipsilateral eye undermost) with caudal
pontomedullary lesions and contraversive (contra-
lateral eye lowermost) with rostral pontomesence-
phalic lesions. They are associated with concomi-
tant ocular torsion and tilts of the subjective visual
vertical toward the undermost eye (BRANDT and
DIETERICH 1993).

“Decorticate rigidity” may occur unilaterally
with hemispheric and diencephalic lesions contra-
lateral to the lesion. It consists of adduction of the
arm, flexion in the elbow, and pronation and flexion
of the wrist. “Decerebrate rigidity” displays exten-
sion and pronation of the arms and forced plantar
flexion of the feet. It occurs in upper pontine and
midbrain destruction. Extension of the arms and
weak flexion of the legs suggest tegmental pontine
damage (BOGOUSSLAVSKY et al. 1994; BRAZIS et al.
1990).

1.4
Summary

We gave a short overview of the most important
stroke syndromes in the clinical setting. Knowledge
of these syndromes helps to understand the complex
pathophysiology of cerebral ischemia. Combination
of clinical findings with the data from the new and
evolving imaging techniques certainly facilitates
and improves care for stroke patients.
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2.1
Introduction

It is well established that computed tomography
(CT) identifies patients with acute cerebral ischemia
among stroke syndrome patients and thus enables
effective thrombolytic therapy (THE ATLAN-
TIS, ECASS, AND NINDS rt-PA StupYy GROUP
INVESTIGATORS 2004). It is a matter of debate,
however, whether information provided by imag-
ing other than the exclusion of hemorrhage, e.g. the
assessment of ischemic edema, arterial pathology,
or perfusion deficit, can really improve the clinical
outcome of acute ischemic stroke patients and can
thus reduce health costs (POwERs 2000; POWERS and
ZI1VIN 1998; HACKE and WARACH 2000) Moreover,
new imaging technology like magnetic resonance
imaging (MRI) offers new insights into acute stroke
pathology that may result in improved treatment for
more patients. This book will provide arguments for
the question of whether MRI should be implemented
in acute stroke management or not. This chapter
will outline the theoretical background needed to
understand under which conditions vascular and

R. voN KUMMER, MD
Department of Neuroradiology, University of Technology
Dresden, Fetscherstrasse 74, 01307 Dresden, Germany

brain pathology depicted by MRI will be clinically
effective. Subsequent chapters will describe the
stroke pathology depicted by MRI in more detail
and discuss its impact on stroke treatment and clini-
cal outcome.

2.2
Hierarchy of Efficacy Levels for
Diagnostic Imaging

In theory, MRI can be clinically effective in acute
stroke patients on six different levels (FRYBACK and
THORNBURY 1991; KENTand LARSON 1992; SUNSHINE
and APPLEGATE2004) (Table 2.1): (1) MRIwillreduce
health care costs, if it enables treatment that pre-
vents disability and death in stroke victims. (2) MRI
will improve the clinical outcome of stroke patients
if it can identify patients who will benefit from an
effective treatment, e.g. thrombolysis, and exclude
others who will not benefit. (3) To identify patients
who will benefit from a specific treatment, MRI
must provide relevant information for the choice of
treatment not available from other sources. (4) This
could include MRI sequences that make it possible
to exclude brain hemorrhage and other diseases that
mimic ischemic stroke, and assess ischemic edema,
perfusion disturbance, mass effect, arterial wall
pathology, and obstruction. (5) The MRI sequence
should be sensitive and specific for stroke pathology
early after symptom onset. (6) This requires that
the MRI sequence is technically capable of reliably
detecting the relevant stroke pathology and can be
feasibly performed in acute stroke patients.

It is important to bear in mind that diagnostic
imaging is only clinically effective if an effective
treatment is available, and the information provided
by imaging identifies conditions where such treat-
ment is beneficial. The clinical efficacy at any level
in this hierarchy is a precondition for the efficacy
of a higher level, but is not sufficient to guarantee
improved clinical outcome. For example, the capac-
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Table 2.1. Hierarchy of clinical efficacy for MRI in acute stroke

R. von Kummer

Level

Measures to quantify clinical efficacy

1. Societal value

adjusted life years
2. Clinical outcome Mortality and disability
3. Impact on treatment
4. Diagnostic impact

5. Diagnostic accuracy

Cost per hospital stay, proportion of patients going back to work, cost per gained quality-

Increase in the proportion of patients identified by MRI that benefit from treatment
Increase in the proportion of patients with a specific stroke pathology identified by MRI
Sensitivity, specificity, and prospective values of MRI for a specific stroke pathology

compared to a reference standard, assessment of validity

6. Technical capacity, feasibility

Interobserver agreement in assessing a specific stroke pathology on MRI, proportion of

patients who can tolerate examination with MRI

ity of T2*-weighted (T2*w) sequences in detecting
hemosiderin deposits within brain parenchyma may
identify patients with amyloid angiopathy, but does
notmean that stroke treatment can be improved with
the knowledge of this finding. This finding would
have an impact on treatment only if it can be shown
that patients with such hemosiderin deposits may be
harmed by thrombolysis. Moreover, it is impossible
to assess the clinical efficacy of MRI for ischemic
stroke patients in general. The different levels of
clinical efficacy can be determined only with regard
to specific brain pathology as depicted by MRI like
arterial disease, perfusion deficit, vascular contrast
enhancement, disturbed water diffusion, increase in
brain tissue water content, and brain hemorrhage.

2.21
Feasibility and Technical Capacity of Stroke MRI

Feasibility and technical capacity of MRI represent
the basic condition for its clinical effectiveness in
acute stroke. MRI is suitable as a first line investiga-
tion for all acute stroke patients in clinical routine
if it can be applied in all patients with suspected
stroke, with only a few exceptions.

The availability of scanning equipment and
trained personal, specific contraindications, patient
claustrophobia, and the safety of the sometimes very
ill or uncooperative stroke patients limit the feasibil-
ity of stroke MRI during the scan. To determine the
true feasibility of MRI requires a prospective study
in all patients presenting with suspected stroke.
SINGER et al. (2004) found that only 80% of 144 stroke
patients recruited “at the hospital door” could be
examined with MRI. Others reported even smaller
numbers between 54% and 62% of the patients in
whom MRI was feasible (BARBER et al. 2005; HAND
et al. 2005; SCHRAMM et al. 2004). According to
BARBER et al. (2005) and HAND et al. (2005), feasi-

bility was impaired by contraindications in about
10% of patients and medical instability in 23%
and 28% of patients, respectively. In both studies,
the MRI scanner was unavailable for about 20% of
patients. Moreover, HAND et al.(2005) reported that
11 of 61 patients (18%) scanned became hypoxic
in the MRI scanner and 20% were non-compliant
during the scan. Even if 100% availability of MRI
is assumed for stroke centers in the near future, it
would appear that 20%-30% of acute stroke patients
cannot tolerate this examination or take risks when
being scanned. This numbers may be reduced with
new scanner technology with larger bores or smaller
magnets allowing better control of patients. Never-
theless, at the moment patient safety should be seri-
ously taken into account, and oxygen saturation
should be monitored in severely ill patients during
MRI. For patients with severe stroke, CT should be
considered as a useful alternative.

Technical capacity of stroke MRI is its capabil-
ity to reproducibly display recognizable images that
demonstrate specific stroke pathology with good
intra- and interobserver reliability (POwERs 2000).
It is conventionally measured by the agreement
among observers after definition of the pathology
that is sought. Cohen’s kappa is widely accepted as a
measure of chance adjusted agreement that is some-
times difficult to interpret, however (FEINSTEIN and
CICCHETTI 1990).

What is the specific stroke pathology that should
be recognized as increasing the chances of stroke
treatment being beneficial? So far, reperfusion strat-
egies have only been shown to be beneficial in acute
stroke (HACKE et al. 1995, 2005; THE NATIONAL
INSTITUTE OF NEUROLOGICAL DISORDERS AND
STROKE rt-PA STROKE STUDY GROUP 1995; FURLAN
et al. 1999), whereas neuroprotective drugs failed
to show any effect. The rationale of a reperfusion
strategy like thrombolysis is the recanalization
of an occluded brain-supplying artery in order to
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restore blood flow into ischemic brain tissue that is
not yet irreversibly injured and can regain function.
Consequently, imaging modalities that can reliably
exclude brain hemorrhage or assess arterial occlu-
sion, cerebral perfusion deficit, or ischemic tissue
damage may identify patients who will benefit from
thrombolysis.

KipwEeLL et al. (2004) have shown that MRI can
detect primary brain hemorrhage as reliably as
CT in acute stroke patients, but that it is superior
to CT in detecting old hemorrhages within brain
parenchyma (see Chap. 10). The reliability of MRI
in detecting arterial disease and cerebral perfusion
deficits is discussed in Chaps. 5 and 6 in detail. The
detection of ischemic damage early after arterial
occlusion is difficult even under experimental con-
ditions with the possibility to study ischemic brain
tissue under the microscope (GARcIA et al. 1995).
Severely ischemic brain tissue with blood flow
below the threshold of structural integrity takes up
water, however, immediately after arterial occlusion
(ScHUIER and HossMANN 1980; Topp et al. 1986).
CT can detect and measure the change in brain
tissue water content and thus identify the volume
of irreversibly injured brain tissue (DZIALOWSKI
et al. 2004; voN KuMMER et al. 2001). The signal
of spin echo MRI sequences is relatively insensi-
tive for brain tissue water content and cannot be
used to define ischemic damage early on. As dis-
cussed by Back and Neumann-Haefelin in Chaps. 3
and 7, diffusion weighted imaging (DWTI) also does
not directly show the volume of brain tissue that
cannot recover from ischemia. The apparent dif-
fusion coefficient (ADC) declines at cerebral blood
flow (CBF) values of 0.35-0.45 ml/g/min in animal
studies and at 0.15-0.24 ml/g/min in humans, at the
CBF threshold where the extracellular fluid space
shrinks due to ischemic cell swelling (KoHNO et
al. 1995; LIN et al. 2003; THE NATIONAL INSTITUTE
OF NEUROLOGICAL DISORDERS AND STROKE rt-PA
STROKE STUDY GROUP et al. 1995; SCHUIER and
HossMANN 1980; WANG et al. 2000). That means
that brain tissue volume with increased signal on
DWI and associated decreased ADC may include
both brain tissue that is irreversibly injured and
tissue that can recover if CBF is restored. It appears
as if MRI has the technical capacity to exclude
brain hemorrhage and to assess arterial pathology
and perfusion deficits, but cannot reliably define
ischemic brain damage within the first hours after
stroke onset. Prediction of ischemic damage may be
possible by combining the information of DWI and
PI in a multimodal approach (Chap. 8).
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2.2.2
Diagnostic Accuracy

In-vivo neuroimaging bears an inherent problem:
The assessment of validity and diagnostic accuracy
requires a reference that is accepted as gold stan-
dard, but is hardly achievable. Digital subtracted
angiography is the accepted gold standard for MR
angiography (MRA) in assessing arterial obstruc-
tions (Chap. 5), but is inferior to MRI in detecting
arterial wall pathology like mural hematoma. Posi-
tron emission tomography was used to validate MR
perfusion imaging (PI) (Chap. 6). However, for the
most important findings in acute stroke, intracra-
nial hemorrhage and ischemic edema, a reference
standard is not available in most cases. When study-
ing the sensitivity of MRI for intracranial hemor-
rhage, MRI can be compared with CT (KIpwELL etal.
2004), the number of true positive patients remains
unclear, however, because CT may miss the same
bleedings as MRI, and surgery or autopsy is fortu-
nately not performed in most of these patients. The
same is true for acute ischemic edema: The sensitiv-
ity and specificity of brain imaging can be evaluated
under experimental conditions only (DzZIALOWSKI
et al. 2004). If one accepts that ischemic necrosis is
represented by a well demarcated, hypoattenuating
arterial territory on CT or a brain tissue volume with
increased signal on T2w sequences on follow-up
images, one could use this as a reference and assess
the positive and negative predictive values of acute
CT or MRI findings for the development of brain
infarction. Again, this approach suffers from the
same methodical problem: The sensitivity and spec-
ificity of CT and MRI findings for subacute or old
brain infarctions are not yet assessed. It is evident
that MRI shows more than CT does (Chaps. 7-10); it
is not clear, however, what MRI fails to detect.

2.2.3
Diagnostic Impact

The diagnostic impact of stroke MRI can be mea-
sured by the percentage of patients in whom the
diagnosis made without MRI is altered when the
information from MRI is received (ALBERS et al.
2000). In acute hemorrhagic stroke, MRI does
not increase the frequency of this diagnosis, if all
patients were examined with CT, but MRI may clar-
ify the cause of brain hemorrhage if gradient echo
sequences are applied and detect, for example, signs
of amyloid angiopathy or cavernous hemangioma.
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MR angiography and PI do not add much to the
diagnostic information that can be provided by CT
angiography and CT PI. DWI is highly sensitive for
ischemic brain tissue even above the CBF level of
the penumbra and indicates brain tissue at high risk
if not already irreversibly injured, whereas hypoat-
tenuation on CT depicts ischemic edema and tissue
damage with high specificity within the first 6 h of
stroke onset (voN KUMMER et al. 2001). The pattern
of areas with high signal on DWI may thus enable
assessment of the affected brain territory and the
cause of stroke early on (Chaps. 13-16).

2.2.4
Therapeutic Impact

The therapeutic impact of stroke MRI is measured
by the percentage of patients in whom MRI changes
treatment planned without MRI. Asshownin Chap. 3,
the MRI finding of extended brain perfusion defi-
cit, but relatively small tissue volume with impaired
water diffusion (perfusion-diffusion mismatch) may
allow the treatment beyond currently accepted time
windows. PArRsoNs et al. (2002) showed a beneficial
outcome after thrombolysis in patients with perfu-
sion-diffusion mismatch within 6 h of stroke onset,
but did not compare the effect of recombinant tissue
plasminogen activator (rt-PA) with placebo treat-
ment. It is evident - though without scientific proof
- that reperfusion strategies are clinically effective
only if a perfusion deficit is present. It was shown
with CT-PI, that stroke patients without cerebral
perfusion disturbance did not develop brain infarc-
tions (SCHRAMM et al. 2004). It is debatable whether
PI is required in all stroke patients or whether the
image of arterial obstruction or the clinical syn-
drome is sufficient to justify reperfusion strategies
after brain hemorrhage and other stroke mimics
have been excluded. With a view to the high sen-
sitivity of DWI for even relatively mild degrees of
brain ischemia, the risk of ischemic damage appears
minimal in patients with small “DWT lesions”. It is
still unclear, however, which extent of “DWI lesion”
is associated with a reduced chance to benefit from
thrombolysis.

2.2.5
Impact on Patients’ Clinical Outcome

The Desmoteplase in Acute Ischemic Stroke Trial
(DIAS) was based on MRI and included patients
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with perfusion-diffusion mismatch up to 9 h after
symptom onset (HACKE et al. 2005). Part 1 of this
study was terminated prematurely because of high
rates of symptomatic brain hemorrhages in patients
treated with desmoteplase. The upper limit of the
“DWTI lesion” at baseline was reduced from two
thirds to one third of the middle cerebral artery
territory. This adjustment of the protocol did not
reduce the incidence of brain hemorrhages. The
rate of symptomatic hemorrhages was considerably
reduced after lowering the dose of desmoteplase
in 57 patients (part 2). Part 2 of this study showed
a beneficial effect of desmoteplase on reperfusion
and on clinical outcome. Patients without perfu-
sion-diffusion mismatch were not studied. Conse-
quently, the impact of MRI findings on patients’
clinical outcome remains unclear. The study shows,
however, that beneficial treatment can be achieved
based on MRI imaging alone.

2.2.6
Impact on Health Care Costs

Although MRI is promising in that it provides spe-
cific information which could improve treatment
in ischemic stroke, there is no scientific proof that
it actually does improve patients’ clinical outcome.
Consequently, based on current knowledge, the
recommendation to base acute stroke management
solely on MRI means a big investment without a
guaranteed return in the form of reduced health
care costs.

2.3
Summary

MRI has the specific capability to detect brain areas
with ischemic cell swelling and to identify deposits
of hemoglobin degradation products within brain
parenchyma. It can easily be combined with angi-
ography and PI and thus assess important aspects
of acute stroke pathology. MRI has the disadvan-
tage that not all patients with suspected stroke can
tolerate the examination. It will be discussed in the
following chapters whether the diagnostic informa-
tion provided by MRI has an impact on acute stroke
treatment and can improve patients’ clinical out-
come compared to patients being examined with
CT.
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A decade ago, WARACH et al. (1995) suggested that
echoplanar MR techniques forimaging of acute stroke
patients would come to be viewed as analogous to the
introduction of electrocardiography for the diagno-
sis of myocardial infarction, in that it would become
an essential emergency diagnostic test for guiding
the development and application of acute therapeu-
tic intervention (WARACH et al. 1995). Currently,
echoplanar MRI is being used to guide acute stroke
therapy in many centres throughout the world, and
most stroke physicians now regard echoplanar MRI
as having supplanted non-contrast CT scanning as
the emergency imaging ‘workhorse’ for acute stroke
(Hacke and WARACH 2000). With a number of trials
now in progress using MRI to guide and assess acute
treatments for stroke, Warach’s prediction may yet
come to fruition (WARACH et al. 1995) (Table 3.1).
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The central premise of acute stroke therapy is
to salvage hypoperfused but still viable tissue (the
ischaemic penumbra) from progressing to infarc-
tion. When a major cerebral arteryis occluded, there
is a core of brain tissue in the centre of the vessel’s
territory that dies rapidly. Surrounding this infarct
core is a larger area of brain that is hypoperfused
but does not rapidly infarct due to collateral blood
flow (the ischaemic penumbra) (AsTRUP et al. 1981;
GINSBERG and PULSINELLI 1994; HOSSMANN et al.
1977). The hypoperfused region may also contain
tissue with milder reductions in blood flow that
is at lesser risk of infarction (benign oligaemia)
(AsTrUP et al. 1981; GINSBERG and PULSINELLI
1994; HossMANN et al. 1977). The fate of penumbral
tissue is dependent upon reperfusion of the ischae-
mic region. If the artery remains occluded, most
of the ischaemic penumbra progressively becomes
incorporated into the infarct core. Early reperfusion
(spontaneous or thrombolytic-assisted) can salvage
the ischaemic penumbra from progression to infarc-
tion. Additionally, effective neuroprotective treat-
ments, including drug therapy and manipulation of
physiologic variables, may preserve the penumbra
until reperfusion occurs (Davis and DONNAN 2002;
FisHER and BroTT 2003).

The positive National Institute of Neurologi-
cal Disorders and Stroke trial of tissue plasmino-
gen activator (tPA) for stroke in 1995 heralded the
start of the thrombolytic era for stroke (NATIONAL
INSTITUTE OF NEUROLOGICAL DISORDERS AND
STROKE RT-PA STROKE STUDY GROUP 1995). This
trial showed that tPA, if given within 3 h of stroke
onset, increased independent survival by 30%, with
a 12% absolute increase in the number of patients
with no, or minimal disability. Other large trials
testing thrombolysis within 6 h of stroke onset have
been less positive (HACKE et al. 1995, 1998). Asa con-
sequence thrombolysis is not a universally accepted
routine treatment for stroke and remains the subject
of intense debate and research. Despite this, stroke
thrombolysis has the potential to dramatically
improve the outcome of many patients with severe
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Table 3.1. Stroke trials underway using MRI

M. W. Parsons and S. M. Davis

Trial name

Use of MRI as a
Surrogate Outcome/

Use of MRI as
Selection tool

Validation of
perfusion-diffusion

mismatch Proof of concept

Thrombolytic trials

Echoplanar Imaging Thrombolysis Evaluation Trial (EPITHET)  Yes No Yes

DWI evolution for understanding stroke aetiology Yes No No
(DEFUSE)

Stroke evaluation for late endovascular cerebral thrombolysis No Yes Yes
with MR (SELECT MR)

Desmoteplase in acute stroke (DIAS/DEDAS) No Yes Yes

MR and recanalization of stroke clots using embolectomy Yes Yes Yes
(MR RESCUE)

Combination approach to lysis using eptifibatide and rt-PA No No Yes
(CLEAR)

Neuroprotective trials

Glucose Reduction and Cerebral Events (GRACE) No No Yes

AMPA receptor antagonist treatment in ischaemic stroke No No Yes
(Artist-MRI)

Magnetic Resonance Intravenous Magnesium Efficacy in Stroke ~ No No Yes

(MR IMAGES)

stroke. Furthermore, the available data suggest that
treatment is promising for a far greater range of
patients than the current restricted approvals, par-
ticularly those 3-6 h after stroke onset (DONNAN et
al. 2003; WARDLAW 2001).

Current thrombolysis guidelines are based on a
rigid time clock (< 3 h) without any imaging of the
ischaemic penumbra. This time window is quite
restrictive and very few stroke patients receive
thrombolytic treatment worldwide. Extension of
the therapeutic window beyond 3 h could substan-
tially increase the number of patients able to receive
thrombolysis. However, for this to occur with
improved outcomes better selection criteria based
on identification of the ischaemic penumbra using
rapid and accessible neuroimaging techniques are
required (BARON et al. 1995; Davis and DONNAN
2004). Although there are many definitions of the
ischaemic penumbra, the most practical for stroke
clinicians is tissue that is at risk of infarction but
still salvageable and that is the target of acute
stroke therapy (AsTRUP et al. 1981; GINSBERG and
PULSINELLI 1994; HossMANN 1994). Therefore, to
select patients for acute stroke treatment, neuroim-
aging must distinguish penumbral tissue from the
ischaemic core and benign oligaemic tissue.

The presenceand extent of theischaemic penumbra
is time-dependent. However, stroke is a heterogene-
ous disorder, and survival of the penumbra can vary
from less than 3 h to well beyond 48 h from patient to
patient (DARBY et al. 1999; READ et al. 2000). Penum-
bral survival is dependent upon many factors, such as
location of vessel occlusion, state of collateral blood

supply, extent of grey versus white matter ischaemia,
and physiologic variables such as blood glucose, body
temperature and blood pressure (Davis and DONNAN
2004). Approximately 90%-100% of patients with
supratentorial large artery occlusion have penumbral
tissue at 3 h after stroke onset (which likely explains
the strongly positive sub-3 h tPA data) (DARBY et al.
1999; READ et al. 2000). By 6 h, 75%-80% of patients
still have penumbral tissue (DARBY et al. 1999; READ
et al. 2000). This is a substantial number, although
a significant minority of patients in the 3- to 6-h
window are unlikely to benefit from thrombolysis
if the standard clinical and non-contrast CT criteria
are applied (and may explain the less convincing 3-
to 6-h tPA trial results to date) (HACKE et al. 1995,
1998). Indeed, it was recently demonstrated that the
size of the infarct core varied dramatically between
patients in the first 6 h after middle cerebral artery
(MCA) occlusion, and was the strongest predictor of
outcome (JoviN et al. 2003).

Thus, a ‘tissue clock’ where the extent of both
irreversible (core) and reversible ischaemia (penum-
bra) is determined, rather than a rigid time window,
would seem the ideal guide to patient selection for
thrombolysis. A practical and accessible method
of imaging the penumbra could also have a major
impact on the institution of other new acute stroke
therapies (Davis and DoNNAN 2002). Neuroprotec-
tive drugs have shown great promiseinanimal stroke
models, but have failed many times to translate into
positive human studies. These negative results may
at least partly relate to the fact that no method of
penumbral imaging has been used to select patients
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for treatment, despite the penumbra being the target
for these drugs (Davis and DONNAN 2002).

Combining diffusion-weighted and perfusion
MRI with MR angiography (MRA) (multimodal
echoplanar MRI) has revolutionised the evaluation
of patients with acute stroke and appears as the best
technique currently available to guide acute therapy.
Diffusion-weighted MRI (DWI) delineates ischemic
brain tissue within minutes, and perfusion MRI (PI)
defines the area of cerebral hypoperfusion. PI and
DWT have higher sensitivities for ischaemic change in
the crucial first hours following symptom onset than
conventional MRI or CT. This is the window when
acute stroke therapies are likely to be of most ben-
efit. Furthermore, the loci and patterns of Pl and DWI
lesions enable inferences to be made about stroke
pathophysiology, and likely lesion evolution and out-
come at times when conventional imaging is normal
or any ischaemic changes are subtle. In particular,
the difference in volume between a larger PI lesion
compared to the DWI lesion may outline the extent
of ischaemic tissue at risk of infarction. Such ‘per-
fusion-diffusion mismatch’ is a simple and practical
approach to define the ischaemic penumbra (Fig. 3.1).
Other, more complicated (and perhaps less widely
applicable) MRI models of the ischaemic penumbra
have also been proposed (KIDWELL et al. 2003).

Acute

Diffusion lesion = core

Perfusion lesion = extent

of hypoperfusion

mismaltch = penumbra

sion-diffusion
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3.1

MR Perfusion-Diffusion Mismatch:
An Approach to Identifying the
Ischaemic Penumbra

There is now a significant body of clinical data
indicating that early DWI lesion volumes not only
correlate well with final infarct size, but also with
clinical outcome (BAIRD et al. 1997, 2000; BARBER
et al. 1998a; LovBLAD et al. 1997; SAUNDERS et al.
1995; ToNG et al. 1998; WARACH et al. 1996). Serial
diffusion-weighted imaging has revealed progres-
sive enlargement of the DWI lesion if the acute PI
lesion is greater than the acute DWI lesion with a
reduction of a perfusion-diffusion mismatch over
time. Others have observed a rather constant extent
of these lesions (FIEHLER 2004). The eventual DWI
lesion volume correlates closely with final T2-
weighted lesion volume and neurologic outcome
(BAIRD et al. 1997; BARBER et al. 1998a; ToNG et al.
1998; WARACH et al. 1996).

Perfusion imaging (PI) is complementary to DWI
in acute stroke assessment. In animal models, PI
lesions are visible immediately after vessel occlusion
and resolve rapidly after successful thrombolysis or
reperfusion (MULLER et al. 1995; YENARI et al. 1997).
In stroke patients, serial PI studies can document

r

Perfusion-diffusion
mismatch

Fig.3.1a,b. a The ischaemic penumbra. The perfusion (PI) lesion delineates the extent of hypoperfusion and the diffusion
(DWI) lesion outlines the infarct core. The difference between the two lesions (perfusion-diffusion mismatch) represents the
ischaemic penumbra, tissue at risk of progression to infarction. b Patient imaged at 3 h after onset of left hemiparesis and
neglect with large PI (time to peak - TTP) lesion and smaller DWT lesion. At day 3 reperfusion has not occurred and the infarct
core (diffusion lesion) has expanded greatly into the region of acute perfusion-diffusion mismatch. This is consistent with the
perfusion-diffusion mismatch area representing the ischaemic penumbra
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the evolution of perfusion lesions and clarify when
reperfusion occurs. Earlier reperfusion correlates
strongly with improved stroke outcome (BARBER et
al. 1998b). Most patients who do not receive throm-
bolytics have persisting perfusion deficits for > 24 h,
whereas early reversal of PI lesions may be seen fol-
lowing thrombolysis (KIDWELL et al. 2000; MARKS
et al. 1999).

Early PI lesions are typically larger than early DWI
lesions (perfusion-diffusion mismatch) (BARBER
et al. 1998a; WARACH et al. 1996). In acute stroke
patients, the volume of the early PI lesion correlates
more closely with the acute neurological deficit,
suggesting that the acute PI lesion provides a more
accurate estimate of the amount of brain tissue with
impaired function (BAIRD et al. 1997; BARBER et
al. 1998a). However, if early reperfusion does not
occur, the DWI lesion will expand to fill most of the
volume of the acute PI lesion (BARBER et al. 1998a).
This expanded DW1lesion volume correlates closely

M. W. Parsons and S. M. Davis

with the patient’s final neurological deficit and final
infarct volume on T2-weighted imaging (BARBER
et al. 1998a). Thus, there is substantial evidence to
indicate that perfusion-diffusion mismatch tissue is
‘at risk’ of progressing to infarction if rapid reper-
fusion does not occur (BAIRD et al. 1997; BARBER
et al. 1998a; BEAULIEU et al. 1999; SCHLAUG et al.
1999; WARACH et al. 1996). These observations pro-
vide compelling support for the mismatch model of
the ischaemic penumbra as the natural history of
early DWT lesions in untreated patients is to grow
over time into the area of the initial PI lesion as the
penumbra progressively fails and becomes recruited
into the infarct (Fig. 3.2).

Some patients may undergo rapid irreversible
injury to larger regions of brain, presumably due
to poor collateral circulation. These patients may
present with large acute DW1lesions that are of simi-
lar size to the acute PIlesion (non-mismatch pattern,
see Fig. 3.3). It has been suggested that this group of

T2-WI

il i

Fig. 3.2. Acute PI (TTP) and DWI scans demonstrate perfusion-diffusion mismatch. Follow-up T2-weighted imaging at 1 month
documents major expansion of the infarct core into the original mismatch region

T2-WI1

Fig. 3.3. There is no significant difference in size between the acute perfusion (TTP) and diffusion (DWI) lesion scans, non-
mismatch. On follow-up T2-weighted imaging there has been no expansion of the infarct core
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patients are unlikely to benefit from thrombolysis as
there is little or no tissue at risk (BAIRD et al. 1997;
DARBY et al. 1999; FIsHER 1997). Another PI/DWI
pattern seen in stroke is where the acute DWI lesion
is substantially larger than the PI lesion (BAIRD et al.
1997; BARBER et al. 1998a). These patients may have
experienced partial or complete reperfusion, imply-
ing that thrombolytic therapy will not be of benefit
(CAPLAN et al. 1997).

Further natural history studies supported the
mismatch model of the penumbra by demon-
strating that if early reperfusion of the PI lesion
occurs, growth of the acute DWI lesion is inhibited.
Thus, there is salvage of the mismatch region and
these patients may experience substantial clinical
improvement (BARBER et al. 1998b).

Of great relevance to the potential use of mul-
timodal MRI in extending the time window for
thrombolysis have been the observations that per-
fusion-diffusion mismatch was present for up to
24 h after symptom onset (Table 3.2). Whilst the
presence and volume of mismatch decreases over
time, at least 50% of patients still have significant
tissue at risk 24 h after stroke onset (Fig. 3.4). This
correlates well with positron emission tomography
studies that show penumbral tissue persists up to
48 h after symptom onset, and that spontaneous
survival of this tissue results in clinical improve-
ment (MARKUS et al. 2003; READ et al. 2000). There
is mounting evidence that the time window for sal-
vage of the penumbra is well beyond 3 h and multi-
modal MRI can identify such patients.

The evolution of the mismatch model of the
penumbra has led to a number of studies examin-
ing the response of acute DWI/PI patterns to throm-
bolytic therapy, particularly with respect to treat-
ment beyond 3 h after stroke onset (JANSEN et al.
1999; KipwELL et al. 2000; PARSONS et al. 2002a;
SCHELLINGER et al. 2000). These studies supported
the mismatch-penumbra hypothesis by demon-
strating that thrombolysis rescues mismatch tissue
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from infarction. Furthermore, some reports have
provided evidence that the natural history of tissue
at risk can be altered by thrombolysis, and, that
this may translate into improved clinical outcome
(HACKE 2004; PARSONS et al. 2002a).

Our group compared patients with and without
perfusion-diffusion mismatch treated with intrave-
nous tPA within 6 h to a group of matched controls
(ParsoNs et al. 2002a). Mismatch patients treated
with tPA had greater vessel recanalisation, enhanced
reperfusion, greater penumbral salvage, and less
infarct expansion than controls (Fig. 3.5). The posi-
tive effects of thrombolysis on lesion growth were
reflected in mismatch patients treated with tPA having
improved measures of clinical outcome. Of note,
the MR endpoints of enhanced reperfusion, greater
penumbral salvage, and reduced infarct expansion
all correlated with a greater chance of clinically
meaningful improvement. A particularly provoca-
tive finding was that the improvement in clinical out-
come seen in the mismatch patients treated with tPA
compared to controls was completely negated when
non-mismatch patients were included in the analysis
(ParsoNs et al. 2002a). This implies that patients with
perfusion-diffusion mismatch have the most to gain
from thrombolytic therapy.

1007

75+
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o

0 6 12 18 24
Time (hours)

Fig. 3.4. Graph showing the proportion of patients with per-
fusion-diffusion mismatch at various time points after stroke
onset. Although the proportion of patients with mismatch
declines with time, 50% of patients still have at-risk tissue 24 h
after symptom onset (DARBY et al. 1999)

Table 3.2. Studies demonstrating the persistence of perfusion-diffusion mismatch

Author Time Percentage with perfusion-  Type of PI map used to assess hypoperfusion
window  diffusion mismatch
BAIRD et al. (1997) 24h 70% First moment time
DARBY et al. (1999) 24h 80% at 6 hours First moment time
65% at 12 hours
50% at 24 hours
NEUMANN-HAEFELIN et al. (1999) 24h 80% Time to peak
BEAULIEU et al. (1999) 7h 50% Time to peak
SORENSON et al. (1999) 12h 65% Mean transit time and cerebral blood flow
SCHELLINGER et al. (2000) 6h 80% Time to peak
Parsons et al. (2001) 6h 75% Mean transit time and cerebral blood flow
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Acute MTT  Acute DWI Acute MRA

Day 3 MTT Day 90 T2-WI Day3 MRA
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DWI

Day 3 MTT

Fig.3.5a,b. a Patient imaged at 3 h after stroke onset. There is a large perfusion lesion and extensive perfusion-diffusion mis-
match. The PI map is a contrast mean transit time (MTT), green tissue is moderate contrast delay (4-6s) and red is severe
delay (> 6 s). The patient did not receive tPA, and at day 3 had persisting vessel occlusion on MRA (arrow) and large perfusion
lesion. Consequently, there was major infarct expansion. b Patient treated with t-PA 5 h after symptom onset following MRI.
Pre-therapy there is an occluded proximal M1 segment. Following tPA there is recanalization and reperfusion. In contrast to
(a), there is salvage of a large amount of acute perfusion-diffusion mismatch tissue from infarction. Of interest, there is minor

reduction in the DWI lesion after thrombolysis

A phase II study of a new thrombolytic agent,
desmoteplase, has also recently been completed
(HACKE 2004). A total of 104 patients were ran-
domised to desmoteplase or placebo in a dose esca-
lation study. Perfusion-diffusion mismatch was
used as an inclusion criteria for the study. Patients
who received desmoteplase had significantly higher
reperfusion and reduced DWI lesion growth. A
phase III study using perfusion-diffusion mismatch
and perfusion CT to select patients is planned.

3.2
Refining the Mismatch Model
of the Penumbra

In our view, the MRI patterns for identifying the
ideal candidate for thrombolysis are straightfor-
ward. This particularly applies to treatment beyond
the 3-h window. A small infarct core identified by
DWI and a large perfusion deficit on PI indicate
the potential for a major benefit from thrombolysis.
This simple, practical mismatch model has, how-
ever, been challenged by partial normalisation of

the DWI lesion, and because PI can exaggerate the
area of truly ischaemic tissue (Fig. 3.6) (KIDWELL et
al. 2003; PARsONS et al. 2001).

3.2.1
Perfusion Thresholds

PI may not necessarily differentiate between true
penumbra and benign oligaemic tissue. The original
experimental work by ASTRUP et al. (1981) identified
three thresholds of hypoperfused tissue based on cer-
ebral blood flow (CBF): core (CBF < 6-10 ml/100 g/
min), penumbra (CBF < 10-20 ml/100 g/min), and
oligaemic tissue (CBF below normal range but not at
risk of infarction). It is clear that the commonly used
PI contrast transit maps, time to peak (TTP) and
mean transit time (MTT) include some benign oligae-
mic tissue at the border of the PI lesion (BARBER et al.
1998a; NEUMANN-HAEFELIN et al. 1999; PARSONS et
al. 2001). Our group, and others, have demonstrated
that the natural history of acute DWI lesion is to
grow into the mismatch region, and that this growth
encompasses a large proportion of the visible acute
MTT or TTP lesion (BARBER et al. 1998a; NEUMANN-
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Benign Oligaemia
Perfusion lesion
Diffusion lesion

Core

m Penumbra

Fig. 3.6. The potential flaws in the mismatch hypothesis. The
perfusion lesion probably overestimates truly hypoperfused
tissue and includes some benign oligaemic tissue. The DWI
lesion may overestimate the infarct core and be partially
reversible

HAEFELIN et al. 1999; PARSONS et al. 2001). However,
these PI maps significantly overestimate final infarct
size (Fig. 3.7) (PARSONS et al. 2001).

How to best distinguish between penumbra and
benign oligaemia at the border of the perfusion
lesion has been the subject of intense research
and debate. A range of perfusion (and apparent
diffusion coefficient) thresholds have been iden-
tified that distinguish between penumbra and
benign oligaemia with varying degrees of accuracy
(Fig. 3.7) (DEsSMOND et al. 2001; GRANDIN et al. 2002;
NEUMANN-HAEFELIN et al. 1999; PARSONS et al.
2001; THIys et al. 2001). However, there is a number

MTT

1 b,
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of difficulties with the predictive value of isolated
ADC and perfusion thresholds. One major problem
is that absolute quantification of cerebral perfusion
with PI is not really possible, hence correlation with
Astrup’s experimental thresholds are impossible
(CALAMANTE et al. 1999, 2002). Simplistically, this
relates to the fact that there is a non-linear relation-
ship between contrast concentration and signal
intensity with gadolinium-based PI (CALAMANTE et
al. 1999, 2002). Another major issue with perfusion
thresholds is that they change with time. This has
been demonstrated both experimentally, and in
human stroke with PI (BuTCHER et al. 2003; HE1ss
1983; HossMANN 1994; HosSMANN et al. 1977). In
research performed by our group, penumbral tissue
with a contrast transit delay of up to 15s was sal-
vaged from infarction at 2 h after stroke onset, but at
6 h the threshold for salvage was less than 6 s delay
in contrast transit (Fig. 3.8) (BUTCHER et al. 2003).

3.2.2
DWI Reversal

Much debate exists over the accuracy of the acute
DWI lesion identifying the ischaemic core, that is,
tissue that is irreversibly damaged. There is no doubt
that diffusion lesions may be partially reversed with
early reperfusion. This has been demonstrated in
both animal and human stroke (CHALELA et al. 2003;
KipwEeLL et al. 2000; L1 et al. 1999, 2000). However, in
humans these lesion reversals in most instances are
only minor or partial, and are quite often not perma-
nent. Indeed, in our thrombolytic series, less than 5%
of patients had what would be considered any signifi-
cant reduction in ischaemic lesion volume between
the pre-treatment DWI and outcome T2-weighted

Day 90 T2WI

Fig. 3.7. Acute DWI and colour PI maps compared to outcome infarct size. Note that the acute CBF lesion is closest to final inf-
arct size and the MTT lesion overestimates final infarct size, suggesting that the MTT map is demonstrating benign oligaemia

as well as ‘true penumbra’
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Fig. 3.8. Graph demonstrating that the perfusion threshold for
mismatch tissue to be salvaged from infarction declines with
time. These patients all had major reperfusion on follow-up
imaging and tissue with severe hypoperfusion (mean transit
time 15-s delay) was able to be salvaged from infarction within
3 h, but at 6 h, the threshold for salvage declined to only 3 s
delay in mean transit time (BUTCHER et al. 2003)

scan (PARSONS et al. 2002a). Most of these patients
also had a large volume of acute perfusion-diffusion
mismatch tissue salvaged from infarction. In fact, the
reduction in volumes from the acute DWI lesion to
outcome T2-weighted infarct were very small com-
pared to the amount of mismatch tissue that was
salvaged from infarction (Fig. 3.5b). Only one patient
with non-mismatch was an exception to this rule
(Fig. 3.9). We believe that acute perfusion-diffusion
mismatch identifies the great majority of tissue at risk
of infarction. The acute DWI lesion does not neces-
sarily represent infarcted tissue. However, it is a very
useful predictor of the minimum extent of tissue that
eventually infarcts.

It has been proposed that the phenomenon of
DWI lesion reversal means that patients without
perfusion-diffusion mismatch may still benefit
from thrombolytic therapy (KIDWELL et al. 2000).
However, others consider more research is needed
before adopting such an approach into clinical prac-
tice (SCHELLINGER et al. 2003). We have not found
that non-mismatch patients benefited from throm-
bolysis compared to historical controls (PARSONS
et al. 2002a). The ongoing Australasian Echoplanar
Imaging Thrombolysis Evaluation Trial (EPITHET)
has been designed, in part, to answer the question
of whether non-mismatch patients benefit from
thrombolysis (PARSONS et al. 2002a).

In an attempt to address the issues regarding PI
overestimating at risk tissue and DWI overestimat-
ing the ischaemic core, multivariate models using
different perfusion and ADC measures have been
developed by several groups (KIDWELL et al. 2003;
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DWI and

Fig.3.9. Patient without acute perfusion-diffusion mismatch
and significant DWI reversal following intravenous tPA

WAaARACH 2001). KipwELL et al. (2003) have shown
that such a model using ADC and TTP values pre-
dicted infarction and salvage with 81% accuracy
compared to 53% with the simple mismatch model.
Although combined tissue viability models may
be more accurate at predicting tissue fate than the
mismatch model, their generalisability is yet to be
proven. It is uncertain whether the improved pre-
cision is of clinical significance for patient selec-
tion. For example, one visualises an extensive area
of acute perfusion-diffusion mismatch using PI and
DWI maps at the MR console, how often would the
availability of a co-registered quantitative tissue
outcome map (appropriately) change the decision
to treat with thrombolysis? This question can only
be answered with further research. It is also impor-
tant to recognise that perfusion-diffusion mismatch
provides a good, rapidly available estimation of the
penumbra and a practical means of selecting candi-
dates for acute stroke therapy.

3.23
What Does MRA Add to PI/DWI/?

A previous study concluded that PI/DWI tissue at
risk was always associated with a proximal vessel
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occlusion on MRA (SCHELLINGER et al. 2001). How-
ever, as our group has previously reported, about
25% of patients with perfusion-diffusion mismatch
do not have an observable lesion on MRA (BARBER
et al. 1999b). These patients have PI lesions indi-
cating probable branch MCA occlusion below the
resolution of the MRA sequence. In our experience
with acute stroke patients, the time invested in using
longer MRA sequences (>4 min) which may have
greater resolution beyond the MCA division, is not
productive. In our thrombolytic series, consider-
able at risk tissue was still present in the mismatch
patients without visible MR A lesions (PARSONS et al.
2002a). Indeed, this group of patients seems to have
the most dramatic response to tPA, often with major
reperfusion, complete penumbral salvage, and no
infarct expansion (Fig. 3.10). Therefore, thromboly-
sis should still be considered for patients without a
visible MRA lesion, provided that perfusion-diffu-
sion mismatch is present.

Furthermore, a number of groups have now dem-
onstrated that patients with distal vessel occlusion
(including those without visible MRA lesions) have
more complete reperfusion in response to tPA com-
pared to those with proximal occlusion (LINFANTE et
al. 2002; NEUMANN-HAEFELIN et al. 2004; PARSONS
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Fig. 3.10. Patient received intravenous tPA following MRI. PI
map is a colour coded MTT map where mildly hypoperfused
tissue is light blue, moderate hypoperfusion is green, and
severe is red. Despite no visible vessel occlusion on acute MRA,
there is still significant tissue at risk. Following thrombolysis,
there is complete reperfusion and all mismatch tissue is sal-
vaged from infarction on follow-up imaging
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et al. 2002a). This is consistent with conventional
angiographic data (FURLAN etal. 1999). These results
emphasise that thrombolysis should not be withheld
from patients with distal arterial occlusion (if per-
fusion-diffusion mismatch is present), but also that
alternative treatment approaches might need to be
considered for patients with ICA or proximal MCA
occlusion. These might include intra-arterial (IA)
thrombolysis and combined IV/IA thrombolysis.
Such approaches might increase the risk of haemor-
rhagic transformation, however it is clear that the
natural history of untreated distal ICA or proximal
M1 MCA occlusion is very poor (BAIRD et al. 1997;
BARBER et al. 1999b; DARBY et al. 1999; LINFANTE et
al. 2002). Thus, MRA is complementary to DWI/PI
in acute stroke. It is particularly useful in determin-
ing whether more aggressive reperfusion strategies
are appropriate. However, it does not provide the
valuable pathophysiologic information about cere-
bral perfusion in acute stroke that PI can.

3.2.4
Clinical Diffusion Mismatch?

The relationship of sub-6h PI and DWI lesion
volumes with acute and outcome National Insti-
tutes of Health Stroke Scale (NIHSS) has been a
source of recent controversy (SCHELLINGER et al.
2001). Most reports, however, show a strong cor-
relation between acute PI lesions and baseline
clinical scores (BARBER et al. 1998a; ToNG et al.
1998; WARACH et al. 1996, 1999). This has led to
the suggestion that the discrepancy between stroke
severity, assessed with the NIHSS, and the volume
of the DWI lesion (‘clinical-diffusion mismatch’)
could be used as a surrogate for perfusion-dif-
fusion mismatch. Our group has examined this
hypothesis and have found that an NIHSS > 7 and
DWI lesion volume < 25 cm? predicts the presence
of perfusion-diffusion mismatch with > 90% spe-
cificity, but low sensitivity. If PI had been omitted,
more than 60% of patients with perfusion-diffu-
sion mismatch would have been misdiagnosed
as not having tissue at risk (PROSSER et al. 2004).
Indeed, other groups have demonstrated that up to
25% of patients with hyperacute stroke would have
been incorrectly categorised as not having tissue
at risk if PI was disregarded and DWTI information
alone was used (SUNSHINE et al. 2001). Therefore,
combining PI with DWI dramatically increases the
number of patients potentially eligible for acute
stroke therapy.
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3.2.5
False-Negative DWI

The other circumstance where PI is invaluable in
acute stroke patients is where DWI is false-nega-
tive (SUNSHINE et al. 2001). This is a more common
occurrence in hyperacute stroke, where decision
making for therapy is critical (SUNSHINE et al. 2001).
Overall, the sensitivity and specificity of DWI for
ischemic lesions in acute stroke (< 24 hours) is very
high, although false-negative DWI is more common
in the posterior fossa (AY et al. 1999; LOvBLAD et al.
1998; OPPENHEIM et al. 2000). In hyperacute stroke,
the false-negative DWI rate may be above 10%, even
in the anterior circulation (SUNSHINE et al. 2001). In
this time window, combining PI with DWI provides
essential diagnostic and therapy-guiding informa-
tion that DWI alone does not.

3.3
Vertebrobasilar Stroke

The great majority of hyperacute stroke MRI stud-
ies have been limited to patients with supratentorial
ischaemia. While much less frequent, vertebrobasi-
lar infarction has a high mortality, up to 70%-80%.
Both IA and IV thrombolysis in small, uncon-
trolled series have dramatically improved outcomes
(BRANDT et al. 1996; GROND et al. 1998; HACKE et
al. 1988). Sensitivity of DWI, and especially PI, at
the base of the skull is probably lower due to sus-
ceptibility artefacts. Recently of note, substantial
regions of perfusion-diffusion mismatch have been
demonstrated in the posterior fossa, with salvage
of these regions after thrombolysis (OSTREM et al.
2004). Many stroke centres throughout the world use
multimodal stroke MRI to confirm vertebrobasilar
occlusion and exclude major brainstem and/or tha-
lamic and occipital infarction before proceeding to
thrombolytic therapy (SCHELLINGER et al. 2003).

3.3.1
Prediction of Haemorrhagic Transformation
with MRI

It is controversial whether ischaemic changes on CT
involving > 33% of the MCA territory increases the
risk of haemorrhagic transformation (HT) associ-
ated with tPA (PATEL et al. 2001; voN KUMMER et
al. 1997). This may partially reflect the insensitivity

M. W. Parsons and S. M. Davis

of CT for brain ischemia above 10 ml per 100 g/min.
DWI more clearly identifies acute ischaemia below
30 ml per 100 g/min and thus may be a more reli-
able predictor of risk of thrombolysis-related HT
(BARBER et al. 1999a). A number of studies have
now suggested that DWI findings can help to identify
patients at increased risk for HT (SEL1M et al. 2002;
ToNG etal. 2001). In general, they have found that the
number of voxels with an ADC < 550 X 10~° mm?/s
is the best predictor. However, this is essentially
a marker of overall DWI lesion volume (SELIM et
al. 2002). The problem with these predictors is that
there is no absolute cut-off DWI/ADC lesion volume,
and the overlap between patients with and without
HT is significant. In our experience, an acute DWI
lesion volume > 100 cm?® (or qualitatively greater
than 50% of the MCA territory) particularly if it
is associated with no perfusion-diffusion mismatch
(and regardless of vessel status on MRA), should
probably be a contraindication to thrombolysis
(Fig. 3.11). This requires further study,and EPITHET
may provide more definitive answers to the ques-
tion of HT prediction. The presence of prior microb-
leeds on T2*-weighted MRI may also be a risk factor
for thrombolysis-related HT (KIDWELL et al. 2002;
NIGHOGHOSSIAN et al. 2002). This is a relatively
infrequent finding (less than 10% of patients), and
the association is not yet firmly established.

Acute MTT Acute DWI Acute MRA

Day 3 MTT

Day 3 DWI Day 3 MRA

Fig. 3.11. Patient who received t-PA following MRI. PI, = quan-
titative MTT map. There is a distal M1 occlusion on MRA, but
no obvious tissue at risk (no perfusion-diffusion mismatch).
The baseline DWI lesion is quite large. Thrombolysis success-
fully achieves recanalization and reperfusion, but there is also
haemorrhagic transformation apparent on day 3 imaging
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3.4
Detection of ICH with MRI

Emerging data suggests that MRI may be able to
detect hyperacute intra-parenchymal haemor-
rhage at least as accurately as CT (FIEBACH et al.
2004; LINFANTE et al. 1999). So-called susceptibil-
ity-weighted T2* (gradient echo) sequences detect
haemorrhage due to a profound signal loss caused
by the paramagnetic effects of deoxyhaemoglobin,
even when present in trace amounts (LINFANTE et
al. 1999). In practice, the unprocessed gradient echo
(T2*) images performed for PI, or the b = 0 images
obtained from DWI echoplanar sequences can be
used to sensitively detect ICH without adding any
extra time to the stroke MRI protocol (LIN et al.
2001; PERL et al. 1999). Thus, stroke MRI probably
obviates the need for a screening CT before throm-
bolysis.

3.4.1
Uncertain Stroke Onset

A not uncommon scenario is the acute stroke patient
who has woken from sleep with a neurologic deficit,
or is aphasic/obtunded and there is no corrobora-
tive history. Traditionally, such patients have been
excluded from acute therapies, as the exact time
of stroke onset is unclear. However, a significant
proportion of these patients have perfusion-diffu-
sion mismatch, suggesting recent stroke onset, and
potential benefit from thrombolysis (FINKk et al.
2002). As we are advocating that selection of patients
for acute stroke therapy should be based on cerebral
pathophysiology rather than a rigid time window it
may well be that such patients will be treated in the
future. However, at this point further evidence from
randomised trials such as EPITHET and DIAS will
be required to make such a major practice change.

3.4.2
Hyperacute Stroke MRI as a Practical Tool

Whilst the practicality of MRI as a neuroimaging
tool for hyperacute stroke has been questioned in
the past, there is now substantial data demonstrat-
ing its feasibility and practicality (POowERs 2000;
PowEeRrs and Z1viN 1998). Current stroke MRI pro-
tocols take 15-20 min to perform (total ‘table’ time)
and are part of the routine stroke workup in many
academic centres (KIDWELL et al. 2000; PARSONS
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et al. 2001; SCHELLINGER et al. 2003; SUNSHINE et
al. 1999; WaracH 2001). Although protocols vary
somewhat, a streamlined hyperacute stroke MRI
protocol need only include a T1 sagittal localising
sequence, DWI, PI, T2* gradient echo, and MRA
(usually time of flight). This allows determination of
the presence of perfusion-diffusion mismatch, site
of vessel occlusion, and exclusion of ICH.

3.4.21
Echoplanar MRI Thrombolysis Evaluation Trial

Although the mismatch hypothesis is a compel-
ling one, randomised, prospective blinded trials
are required as definitive evidence. The Royal
Melbourne Hospital MRI Stroke Study group has
designed the echoplanar imaging thrombolysis
evaluation trial (EPITHET). This is a multicentre
double blind, randomized, placebo controlled trial
of tPA versus placebo in 100 eligible patients with
hemispheric infarction 3-6h after stroke onset
(Davis and DoNNAN 2004). The trial is an example
of a ‘proof of concept’ study discussed below, using
(now established) biologically meaningful MR sur-
rogate outcomes. The major hypothesis underlying
EPITHET is thatin patients treated with tPA between
3 and 6 h after stroke onset, the presence and extent
of perfusion-diffusion mismatch will predict a ther-
apeutic response. This response will be defined by
the major MR outcome: reduced expansion of the
ischaemic core between the acute DWI and outcome
T2-weighted studies. Extent of reperfusion and
penumbral salvage will also be used as MR out-
come measures. In addition, an important second-
ary hypothesis being tested is that larger acute inf-
arct cores (as represented by the DWI lesion) will be
associated with an increased risk of haemorrhagic
transformation in tPA treated patients. Twelve cen-
tres are currently involved (ten in Australia and two
in New Zealand), it is anticipated that recruitment
will be completed by the end of 2005.

It is important to note that this trial is not using
perfusion-diffusion mismatch to select patients, but
as a surrogate outcome measure. The rationale for
this is that the mismatch hypothesis, whilst strongly
supported by much data, remains unproven. Simi-
larly, it is not yet established that patients with non-
mismatch do not respond to thrombolysis (as there
is at least a theoretical possibility of partial DWI
reversal). Should either the mismatch hypothesis
and/or the hypothesis that a large acute DWI lesion
predicts ICH be proven in this trial, a logical next
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step would be to use PI/DWI to select patients for
tPA in the 3- to 6-h window in a phase III placebo-
controlled RCT with primary clinical endpoints.

3.4.2.2
Future Stroke Patient Management:
A Potential Thrombolysis Algorithm

Although ongoing trials may modify the following
treatment algorithm, a possible role of combined PI
and DWI as part of a multimodal MRI protocol in
the near future for the selection of acute ischaemic
stroke patient for thrombolysis is presented below.
Indeed, many centres do use stroke MRI to select
patients for thrombolysis beyond 3 h (SCHELLINGER
et al. 2003). At present, as the evidence is not con-
clusive, we prefer to randomise post-3-h patients to
thrombolytic trials.

The thrombolysis algorithm is based on the
assumption that the hypotheses discussed above are
proven to be correct. That is, primarily: (1) the pres-
ence of significant perfusion-diffusion mismatch
(qualitatively +/- quantitatively assessed) predicts
treatment response, and (2) a ‘large’ DWI lesion
(qualitatively > %2 MCA territory, and/or quantita-
tively > 100 cm®) predicts haemorrhagic transforma-
tion. Patients excluded from thrombolysis because of
extensive DWTI lesions with or without perfusion-dif-
fusion mismatch may be considered for more aggres-
sive measures such as hypothermia or decompressive
hemicraniectomy (SCHwAB et al. 1998, 2001).

A further possible scenario (particularly when
thrombolysis later than 3 h after symptom onset is
being considered) is that PI/DWI and MRA might
be used to decide on the dose of tPA. This postulate
is based on the early dose-finding tPA studies that
smaller doses of tPA appeared to have significant effi-
cacy, and possibly also a lesser risk of haemorrhage
(BroTT et al. 1992; HALEY et al. 1992). Furthermore,
our work, and angiographic studies, demonstrate
that more proximal sites of occlusion are less likely
to recanalize with thrombolysis (ALExANDROV et al.
2001; FurLAN etal. 1999; PARsONS etal. 2002a). There-
fore, a smaller dose of tPA might be as efficacious for
distal vessel occlusions, and for more proximal occlu-
sions (ICA, MCA stem) a higher dose of IV tPA, or
(where available) a combined IV/IA approach might
be used (ERNST et al. 2000). The risk of a higher dose
of IV tPA (1.1 mg/kg as used in ECASS I) could be
justified on two counts, patients with large baseline
DWI lesions would be excluded, and the natural his-
tory of untreated proximal vessel occlusion is very
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poor (HACKE et al. 1995). New thrombolytic agents,
or combined lower dose tPA and a platelet glyco-
protein IIb/IIIa inhibitor (e.g., abciximab) might be
alternative treatment arms (ABCIXIMAB IN ISCHEMIC
STROKE INVESTIGATORS 2000).

It is predicted that EPITHET will provide more
information regarding the site of vessel occlusion
and response to tPA. Should this trial confirm a
lower rate of major reperfusion (and correspondingly
greater infarct expansion and lower penumbral sal-
vage) with intravenous tPA for proximal occlusions,
then trials of more aggressive reperfusion strategies
would be indicated. A safety proof of concept study
using PI/DWI (and MRA) both to select patients and
for surrogate measures of outcome, would beideal for
this purpose. In such a study, patients without large
pre-treatment DWI lesions and perfusion-diffusion
mismatch might, for example, be randomised to
0.9 mg/kg or 1.1 mg/kg IV tPA in a blinded manner.
Rates of recanalization, major reperfusion, and ICH
would be important outcome measures.

Pending safety confirmation of the higher tPA
dose, the following thrombolysis algorithm could
be also be tested in a randomised controlled trial,
again using MRI surrogate outcomes, in the 3- to 6-h
window (see below). The control group would prob-
ably receive standard dose tPA. It is envisaged that the
following treatment algorithm might equally apply
to ischaemic stroke patients presenting within 3 h
of symptom onset. However, some might argue that

Large DWI lesion (>1/2 MCA territory)

No
No . oo . .
No tPA Perfusion-Diffusion mismatch
Yes

Site of MRA vessel occlusion

ICA/proximal M1 Distal M1/M2 No visible occlusion
1.1 mg/kg IV 0.9 mg/kg IV 0.6 mg/kg IV
or 0.6 mg/kg
followed by IA

Potential future thrombolysis treatment algorithm using PI/
DWI and MRA



Therapeutic Impact of MRI in Acute Stroke

clinically eligible patients presenting within 3 hdo not
need MRIto make a decision regarding thrombolysis.
At the other end of the spectrum, if patients present-
ing after 6 h still have significant perfusion-diffusion
mismatch without a large DW1 lesion, it might also be
reasonable to treat these patients as below. After all,
the rationale for PI/DWI in acute stroke is to image
ischaemic pathophysiology. Thus, treatment should
be based on a ‘tissue clock’ rather than a time clock
(KipwELL et al. 2000) (see Fig. 3.3).

Potential future thrombolysis treatment algorithm
using PI/DWI and MRA for patients with unknown
time of stroke onset or being admitted after 3 h.

3.4.2.3
Improving Acute Stroke Trial Design Using MRI

3.4.2.3.1
Patient Selection Using MRI

In the last few years, many unsuccessful acute stroke
trials have been reported. Trials of intravenous tPA
initiated up to 6 h from symptom onset have failed
to demonstrate efficacy in patients without imaging
confirmation of the diagnosis or pathophysiologic
features most amenable to treatment (ALBERS and
CLARK 1999; HACKE et al. 1995, 1998). To demon-
strate efficacy in stroke trials with a treatment time
window greater than 3 h (including neuroprotective
agents), trial design needs to be improved (Davis
and DoNNAN 2002).

A number of factors may predict tissue response
and clinical efficacy in stroke trials. Clearly, time is
an important factor (MARLER et al. 2000). However,
the amount of ischaemic tissue at risk of infarction
that is still potentially salvageable (the ischaemic
penumbra) is another factor that is highly likely
to predict clinical response. Much of the data pre-
sented above: (1) demonstrates that PI/DWI can
identify such tissue at-risk, and (2) establishes that
the ischaemic penumbra is a prime locus of ischae-
mic injury and a key target for acute stroke thera-
pies. For example, we have shown that patients with
significant perfusion-diffusion mismatch treated
with thrombolysis have a significant degree of
reperfusion and tissue salvage compared to similar
controls (PArRsoNs et al. 2002a). This also trans-
lated into a statistically significant clinical response
(PArsoNs et al. 2002a). The sample size of this study
(albeit not a randomised, placebo-controlled trial)
was markedly smaller than that needed to show
clinical benefit in the NINDS trial, which did not
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Fig. 3.12. Patient (top) with acute perfusion-diffusion mismatch
and an acute blood glucose level of 12.3 mmol/l. Despite major
reperfusion, much of the at-risk mismatch tissue progressed to
infarction. In contrast, the bottom patient with an acute blood
glucose of 5.3 mmol/l and a large area of mismatch, had major
penumbral (mismatch) salvage on follow-up imaging

select an homogenous sample of patients based on
imaging of pathology (THE NATIONAL INSTITUTE
OF NEUROLOGICAL DISORDERS AND STROKE RT-PA
STROKE STUDY GROUP 1995).

It is important to note that MRI selection of
patients does not just apply to thrombolytic trials. In
fact, selecting patients with an ischaemic penumbra
may be critically important for trials of neuropro-
tective drugs, and other therapies such as manip-



36

ulation of physiologic variables (blood glucose,
hypothermia) and decompressive hemicraniectomy
(F1sHER and BroTT 2003). For example, our group
has found that the adverse effect of acute hypergly-
caemia on stroke outcome was seen predominantly
in patients with an MR-defined ischaemic penum-
bra (Fig.3.12). Acute hyperglycaemia in patients
with perfusion-diffusion mismatch increased the
progression of this at-risk tissue to infarction and
was associated with worse clinical outcome, com-
pared to normoglycaemic patients with mismatch
(ParsoNs et al. 2002b). These results suggest that
a trial of acute, aggressive glycaemic control in
stroke might be optimised by using PI/DWI to select
patients with salvageable at-risk tissue (BAIRD et al.
2003; PARSONS et al. 2002b).

In a similar vein, decompressive hemicrani-
ectomy has been shown to reduce mortality after
malignant MCA infarction (SCHwAB et al. 1998).
It appears the earlier the surgery is performed, the
better the outcome. MRI is promising in predict-
ing the likelihood of this complication within 6 h
of stroke onset (THOMALLA et al. 2003). An exten-
sive DWI lesion predicts malignant MCA infarct
very accurately, allowing ultra-early decompressive
surgery. As suggested in the above thrombolysis
treatment algorithm, patients with extensive acute
DWI lesions would be excluded from thrombolytic
treatment. However, such patients may still have
perfusion-diffusion mismatch and other aggressive
experimental treatments such as early decompres-
sion or hypothermia may salvage remaining at risk
tissue (SCHWAB et al. 1998, 2001). This area deserves
further study.

There seems little doubt that trials of neuropro-
tective drugs, of which there have been many nega-
tive results to date, might be more likely to succeed if
patients with an ischaemic penumbra were selected
using perfusion-diffusion mismatch (LEEs et al.
2000; Muir and LEES 1995; YAMAGUCHI et al. 1998).
This has a rational basis, as neuroprotective drugs
are targeted at ‘preserving’ the penumbra (DAvis
and DONNAN 2002; FisHER and BroTT 2003).

3.4.2.3.2
PI/DWI as Surrogate Markers of Treatment Response
- ‘Proof of Concept’

As well as using PI/DWTI to select an ‘ideal’ patient
population to optimise the chances of efficacy of a
therapeutic agent, PI/DWI may also have a role in
the monitoring of ischaemic lesion evolution and
therapeutic response in acute stroke trials. Reducing
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the functional disability associated with cerebral
infarction is the clinical goal of acute stroke therapy.
Therefore, reduction of infarct volume is the biologi-
cal objective. A relative reduction in infarct volume
in animal models is required to advance a drug
into clinical trials. Replicating these observations
in a clinical sample is the next logical step. How-
ever, this has often been bypassed in favour of very
expensive, large clinical endpoint trials that have
failed for treatments given beyond the 3-h window.
Pilot ‘proof-of-concept’ studies using a biologically
meaningful outcome variable, similar to EPITHET,
may provide an important bridge between animal
studies and the large phase III trials (BARBER et al.
2004; Davis and DONNAN 2002).

Although it seems intuitive, the surrogate out-
come measures used in such proof-of-concept trials
must have a tight correlation with clinical outcome.
The first randomised-controlled trial of PI/DWI for
outcome assessment did not definitively demon-
strate efficacy of the experimental agent, but it did
show a clear association between infarct expansion
and poorer clinical outcome (WARACH et al. 1999).
The results of our case-control tPA series strengthen
the case for using PI/DWI as biologically meaning-
ful outcome measures (PARSONS et al. 2002a). In
the comparison between tPA treated patients and
untreated controls; baseline to outcome infarct
expansion, reperfusion, and penumbral salvage all
had strong correlations with clinically meaningful
improvement. These correlations were independent
of treatment group, although a higher proportion
of tPA treated patients had better MRI and clinical
outcomes.

Other studies have also demonstrated the poten-
tial value of using PI/DWTI in proof concept studies.
Our group has shown, based on statistical model-
ling from a natural history stroke cohort with serial
PI/DWI, that a therapy postulated to reduce infarct
expansion by 50% would need 100 patients in each
group to show a significant difference between treat-
ment and placebo groups (BARBER et al. 2004). Simi-
larly, a therapy postulated to increase the chances
of major reperfusion from acute to subacute PI by
50% would only need 50 patients in each group to
demonstrate a significant difference between active
treatment and placebo (BARBER et al. 2004). Others
have shown that the presence of recanalization (on
MRA) or reperfusion (on PI) after thrombolysis
are powerful predictors of eventual clinical out-
come (CHALELA et al. 2003, 2004; SCHELLINGER et
al. 2000). In fact, extent of reperfusion from pre- to
post thrombolysis PI was a more sensitive predictor
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of excellent outcome than MRA recanalization, and
appears to be the ideal surrogate outcome for testing
new reperfusion therapies (CHALELA et al. 2004).

3.5
Conclusions

MRI is being increasingly used as a selection tool
and an outcome measure in stroke trials, reflecting
the growing evidence that direct pathophysiologic
imaging may provide a more rational approach to
acute stroke therapy than clinical diagnosis (and
non-contrast CT scanning) alone. Stroke MRI is
practical and feasible. Perfusion-diffusion mismatch
provides a reliable estimation of the ischaemic pen-
umbra. The future holds great promise. It is only
a matter of time before MRI routinely assists the
stroke clinician in making individual therapeutic
decisions, and guides stroke researchers in identi-
fying effective therapies that can be delivered well
beyond the current 3-h window.
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4.2.2.2

4.1
Basic Pathophysiology

Our insight into the development, evolution and
the mechanisms of damage in cerebral ischemia
is mainly based on animal studies. A large variety
of experimental models have been developed that
imitate conditions of stroke and cardiac arrest
(HossMANN 1991). In the past, experiments had to be
terminated at certain timepoints to obtain invasive
measurements of lesion size, blood flow, metabolism
or other markers of injury. Therefore, longitudinal
observations required large animal numbers and the
inter-individual differences complicated the analysis
of results. The advent of MR techniques of imaging
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(MRI) and spectroscopy (MRS) has enabled us to
perform longitudinal studies that document intra-
individual disease progression and provide excellent
contrast between normal and injured tissue, even
in small animals such as rodents (HOEHN-BERLAGE
1995; LE BIHAN et al. 1986; MOSELEY et al. 1990).

Especially the development of diffusion-weighted
MR imaging (DWI) has triggered many investigations
of cerebrovascular disease because ischemic lesions
could be clearly delineated already in the hyperacute
phase of ischemia (MOSELEY etal. 1990) when conven-
tional staining methods are unable to display clear-
cut tissue changes (GARcCIA et al. 1993). It is, there-
fore, conceivable that MRI has been widely applied
to diagnose and study brain ischemia not only in
animal experiments, but also in the clinical environ-
ment (MOSELEY et al. 1995; WARACH et al. 1992, 1995)
where it is now going to replace conventional CT scan-
ning in many instances. The fact that ischemic brain
lesions can be measured repeatedly by non-invasive
MR techniques can be used not only to observe the
natural course of stroke (BAIRD et al. 1997) or anoxic
ischemia after cardiac arrest (ARBELAEZ et al. 1999),
but also to detect treatment effects, e.g., by recanaliz-
ing interventions like thrombolytic therapy in stroke
patients (PARSONS et al. 2002). In the future, possi-
bly only one complex MR investigation may provide
information on all of the following: the morphology,
perfusion state and metabolic condition of ischemic
tissue as well as the functional status of perilesional
brain. It may also enable us to distinguish old from
new lesions, estimate the age of the latter and provide
information on the prognosis of different tissue com-
partments in terms of viability. But this knowledge is
largely, not exclusively, based on experimental stud-
ies that will be reviewed in this chapter.

411
Dimensions of Injury

It has been believed that ischemic lesions are basi-
cally static in nature unless reperfusion is rapidly
initiated, and that it would be difficult to treat them



42

because the process of irreversible tissue damage
evolves within several minutes. We know today
that brain ischemia behaves differently in a very
dynamic manner with regard to its spatial and tem-
poral patterns of evolution. This notion is particu-
larly true for territorial infarcts, i.e., ischemia occur-
ring in the territory of a major cerebral artery that
is obstructed by a thrombus or embolus. However,
our current knowledge is limited for other types of
focal ischemia such as lacunar infarcts or hemody-
namic infarction in which other patterns of lesion
evolution might be seen. Repeated DWI combined
with metabolic and blood flow imaging could show
that territorial infarcts expand early over the initial
6-8h (GYNGELL et al. 1995; Kouno et al. 1995b).
Similar observations were made in a cat model of
middle cerebral artery (MCA) occlusion (HE1ss et al.
1994) and patients with hemispheric stroke (HE1ss
et al. 1992) by using sequential multitracer positron
emission tomography (PET).

Based on thoseand other investigationsithasbeen
suggested that primary ischemic damage (occurring
within 8-12 h after onset of ischemia) should be dif-
ferentiated from secondary damage that appears
at later stages of infarct maturation. The search
for mechanisms of damage has revealed that early
injury is probably in large parts due to excitotoxic
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processes related to excessive glutamate release and
calcium overload of cells whereas molecular and
cellular responses like inflammation and the occur-
rence of pro-apoptotic gene products typically occur
atlater stages of the disease process. The obstruction
of a major cerebral vessel causes a blood flow gradi-
ent that declines towards the center of the territory
affected. The high vulnerability of neurons, that
also shows a topical preference, leads to a similar
gradient of neuronal loss: whereas in the periphery
of ischemic regions neurons are selectively injured
with normal appearing neuropil and astroglia (so-
called scattered neuronal injury), the regions with
dense ischemia suffer cell loss of all brain structures
including neurons, glial cells and blood vessels also
named pan-necrosis. Figure4.l shows frequency
maps of complete and incomplete (scattered neuro-
nal) infarction in a rat model of MCA occlusion to
illustrate the spatial heterogeneity of tissue changes
that may also change over time resulting in a small
rim of selective neuronal damage that in the suba-
cute phase may account for about 15% of the total
lesion (BAck et al. 1996). Figure 4.2 demonstrates
histological sections that were obtained 6h post
embolic MCA occlusion in a rat: the clot obstruction
of the MCA is visualized as well as the selective neu-
ronal cell loss occurring in the infarct borderzone.

Frequency maps of ischemic damage

Complete infarction

Scattered neuronal injury

#ofrats

9.00

Fig.4.1. Frequency maps of two types of ischemic damage: complete infarction (left) and scattered neuronal injury (right). His-
tology was obtained 24 h after left MCA occlusion in rats. Total number of animals was 9. Pseudocolor representation denotes
the number of animals that showed the respective type of injury at this pixel. Note the widespread distribution of incomplete
infarction over the affected left hemisphere. [Adapted from ALEXIS et al. (1996)]
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Fig.4.2a-d. Histological staining with cresyl violet 6 h after embolic stroke in rats. Coronal section of the right temporobasal
region (affected side, a) shows a fibrin-rich thrombus in the middle cerebral artery, MCA (b). Within the infarct borderzone of
the same animal, selective neuronal loss is seen (condensed dark neurons with surrounding vacuoles) in the presence of pre-
served neurons and intact neuropil (c, higher magnification in d). This histological picture is typical for the ischemic penumbra
of brain infarcts

Especially in models of transient cerebral
ischemia, apoptotic cell death has been observed
after 3-7 days post insult in selected brain regions
in which basal energy metabolism has been pre-
served (CHEN et al. 1997; Du et al. 1996). In the
meantime, molecular “switches” have been iden-
tified that gate different populations of neurons
with regard to the type of cell death they eventually
undergo (NICOTERA 2003). However, there is little
doubt that in animal stroke the vast majority of cells
would die from necrosis or, alternatively, secondary
energy failure even in the presence of a pro-apop-
totic genetic balance. The concept of thresholds of
cerebral blood flow (CBF) for various functions of
brain parenchyma (see below) explains why the inf-
arct core suffers from pan-necrosis whereas the peri-
infarct border in which function is suppressed, but
structure initially preserved (the so-called ischemic
penumbra), may show apoptotic cell death or a com-
bination of both.

4.1.2
Infarct Maturation

In focal brain ischemia, the evolution of lesions has
been investigated by using histopathological meth-
ods (DERESKI et al. 1993; GARCIA et al. 1993). These
studies were able to demonstrate the phenomenon
of infarct maturation, i.e., that there is time needed
for the macroscopic and microscopic changes to
appear on histological sections of the brain. At least
2-3 h following ischemia are necessary for cells to
show distinct ischemic changes such as generalized
swelling, shrinkage and scalloping of neurons and
the formation of vacuoles in dendrites (GARCIA et
al. 1993). During the initial hours of ischemia, it
is difficult to assess the lesion size by using his-
tological means because the ischemic changes are
sparse and — in the more peripheral regions — not
well demarcated. Initial evidence of cell loss can
be obtained as early as 1h post occlusion (stria-
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tum) and at 3 h post insult in the cortex. However,
even in the center of the affected cortical regions,
the majority of cells appears to be intact through
the initial 6 h (BARTUS et al. 1995). About 8-12h
after onset of ischemia, typical features appear that
indicate irreversible tissue damage such as axonal
swelling, eosinophilic, so-called red neurons, and
the occurrence of neuronal and astrocytic ‘ghost
cells’ (Fig. 4.3). Based on those and similar find-
ings (see above) early lesion growth may differ from
late growth (>12h post occlusion). This concept
assumes that at later stages of the disease process
morphologic alterations become irreversible, while
very early changes such as astrocytic swelling with
otherwise normal appearing neuropil and preserved
neurons are considered as potentially reversible.

4.1.3
Thresholds of Cerebral Blood Flow

The working brain consumes about one-third of its
energy for maintenance of synaptic transmission,
one-third for transport of sodium and potassium,
and one-third for preserving its structural integrity.
In pathophysiological conditions, such as hypoxia
or ischemia, the hierarchy of energy-dependent
cell functions results in a characteristic sequence
of events. The gradual decline of oxygen delivery
induced functional deficits when cerebrovenous
pO, fell below 60% of control in a model of hypoxic
brain injury. With a further reduction below 50%
of control structural damage occurred if this condi-
tion was prolonged (Op1TZ and SCHNEIDER 1950). In
1977, AsTRUP and colleagues extended the thresh-
old concept of critical levels of hypoxia to cerebral
ischemia (AsTRUP et al. 1977). They established pre-
cisely defined thresholds of CBF that are needed
to support synaptic transmission in the upper flow
range (electrical function) and ion homeostasis
in the lower (structural integrity). Ischemic brain
regions with flow rates that ranged between those
two thresholds have been termed “ischemic penum-
bra” in analogy to the half-shaded zone around sun-
spots. The penumbra was characterized as a condi-
tion which causes functional suppression without
structural damage (ASTRUP et al. 1981) and repre-
sents tissue in a state at-risk which bears the poten-
tial of complete recovery in terms of function and
morphology. Alternatively, ongoing ischemia and/or
the occurrence of further events in the pathophysi-
ological cascade may eventually turn the ischemic
penumbra into necrotic tissue.
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The concept of critical flow thresholds provides
therational basis for attempts to salvage theischemic
penumbra. In the clinical environment, the success-
ful application of thrombolysis in stroke patients
(NINDS Stupy Group 1995) could be shown to be
related to this issue: fair clinical outcome correlated
positively with early recanalization (voN KUMMER
et al. 1995) and even small improvements of local
CBF in the 10% range predicted the reversibility of
ischemic tissue changes (BUTCHER et al. 2003).

Following the occlusion of a major cerebral
artery, the topographic features of the consecutive
ischemic injury depend in the first instance on the
extent, severity and duration of the perfusion defi-
cit. The extent of ischemia is critically determined
by the distribution of collateral blood vessels (vary-
ing greatly among human individuals and animal
species and strains). In an MCA occlusion study,
spontaneous single-cell activity and local CBF were
measured to establish a discriminant curve relating
severity and duration of ischemia to the resulting
pathological outcome (HEeiss and ROSNER 1983).
Neurons exposed to CBF < 0.14 ml/g/min for more
than 45 min recovered poorly. By contrast, even
extreme degrees of ischemia - if followed by recir-
culation within 20 min - permitted recovery. It is,
however, well accepted that brain tissue suffering
from high-grade ischemia for sufficient lengths of
time (> 60 min) will not survive.

Studies in primates employing MCA occlu-
sion have established that local CBF values below
0.10-0.12 ml/g/min lasting 2h or longer are asso-
ciated with consistent infarction, whereas higher
flows avert irreversible injury (JoNEs et al. 1981;
MORAWETZ et al. 1978). In brain ischemia of cats,
damage occurs below a flow rate of 0.15 ml/g/min
(STRONG et al. 1983). In the rat, flow rates below
0.25 ml/g/min produced well demarcated infarcts
(Tyson et al. 1984) — a threshold value higher than
the one defined in larger species, very likely related
to the higher neuronal density of rat brain. Inter-
estingly, spontaneously hypertensive rats are more
susceptible to an ischemic insult than normoten-
sive ones. In a hypertensive strain, overt infarction
occurred below a CBF threshold of 0.50 ml/g/min
probably due to inadequate collateral circulation
(Jacewicz et al. 1992).

Of greater therapeutic relevance is the zone lying
peripheral to the region of dense ischemia and per-
fused at somewhat higher CBF levels: the ischemic
penumbra. In baboons subjected to MCA occlu-
sion, CBF was measured along with the extracellular
potassium concentration and sensory evoked poten-
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Infarct maturation
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24h
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Fig.4.3a-f. The phenomenon of infarct maturation is shown as macroscopic appearance on hematoxylin-eosin stained coronal
brain sections. Right permanent middle cerebral artery occlusion was performed in rats and histology obtained between 3 h and
7 days. Note the sparse changes at 3 h and lesion shrinkage at 7 days. [Reproduced with permission from GARcia et al. (1993)]

tials (AsTRUP et al. 1977). In the borderzone around
the densely ischemic core, the evoked potentials were
affected when local CBF decreased below 0.20 ml/g/
min (the upper threshold). A blood flow reduction
below 0.15ml/g/min induced complete electrical
failure, but membrane function was still preserved
as evidenced by near-to-normal extracellular potas-
sium concentrations. The lower threshold (0.06 ml/g/
min) was characterized as the CBF value below which
massive release of potassium occurred that indicated

irreversible loss of membrane function and subse-
quent cell death. The absolute CBF values defining
the upper and lower thresholds of transmission or
membrane failure, respectively, show a considerable
variation depending on the method of flow meas-
urement, the animal species, the ischemia model
and the type of anesthesia used (AsTRUP et al. 1977;
BRANSTON et al. 1977, 1979, 1984; Heiss and ROSNER
1983; HossMANN and SCHUIER 1980; MORAWETZ et
al. 1978; STRONG et al. 1983; TAMURA et al. 1981).
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Therefore, the CBF thresholds should be expressed
in percent of control for better comparison: the
upper one being about 40%, the lower one 12%-15%
of control, respectively. Of note, the concept of
flow thresholds could be successfully extended to
a variety of physiological functions as presented in
Figure 4.4 (HossMANN 1994), including pH regula-
tion and tissue water diffusion. The simultaneous
measurements of CBF, local ATP (adenosine triphos-
phate) content, pH and DWI in acute MCA infarcts
revealed that tissue diffusion was disturbed below a
CBF threshold of 0.34 ml/g/min (30 min post occlu-
sion) and 0.41 ml/g/min (2 h post occlusion) which
was distinctly higher than the threshold values for
ATP depletion (0.13 ml/g/min after 30 min, and
0.19 ml/g/min after 2 h) (Konno et al. 1995b). Most
of the CBF thresholds, e.g., for overt infarction, ATP
homeostasis or glutamate release, are also a func-
tion of time and rise with increasing durations of
ischemia (KouNo et al. 1995b). This means that, for
example, rodent brain with a CBF of 0.20 ml/g/min
may escape infarction at 2 h post insult, but gets inf-
arcted 1 h later if blood flow is not improved by then
(HossMANN 1994). However, there are exceptions
to this rule: the flow threshold for maintenance of
protein synthesis does not change with ongoing
ischemia (HossMANN 1994).

4.1.4
Cerebrovascular Reactivity and Functional
Activation

The cerebral circulation is characterized by two phe-
nomena that play a critical role in the presence of
ischemic insults: (i) the ability of vessels to react to a
variety of stimuli (the prototype of which is CO,) by
vasodilation or vasoconstriction, termed vasoreac-
tivity, and (ii) the ability of the cerebral circulation to
keep cerebral perfusion pressure constant within a
wide range of the systemic arterial pressures, named
autoregulation of CBF (reviewed in HoOsSSMANN
1987). Intact cerebral autoregulation and vasoreac-
tivity is the basis for more complex responses that
participate in the functional activation of distinct
cortical regions triggered for example by sensory or
motor functions. The development of blood oxygen-
ation level-dependent (BOLD) imaging is based on
the robust local blood flow increase that is triggered
bylocal electrical activity. The BOLD effect allows us
to visualize cortical representation fields in humans
(BELLIVEAU et al. 1991) and animals (HYDER et al.
1994). The coupling mechanism involves the inter-
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Fig. 4.4. Bar graph of viability thresholds of cerebral blood flow
for a variety of functions and metabolites. Note that selective
neuronal loss occurs at consistently higher flow values than
overt infarction. CMRG, cerebral metabolic rate of glucose;
PCr, phosphocreatine; ATP, adenosine triphosphate. [Adapted
and reproduced with permission from HossMANN (1994)]

action of a complex system of biochemical and neu-
rogenic mediators that are subject to pathological
interference. Therefore, pathological processes may
modulate both, the effect of functional activation on
metabolism and the response of blood flow to the
change in local metabolic activity.

Blood flow regulation systems are disturbed
in acute focal brain ischemia when an increase in
blood pressure, but not of arterial PaCO,, causes a
rise of CBF (SHIMA et al. 1983). Disturbances of flow
regulation are not confined to the ischemic focus
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but may affect other parts of the hemisphere. The
area with impaired autoregulation is larger than
that of reduced CO, reactivity (RUSSELL et al. 1970).
The relationship between CBF and arterial blood
pressure in focally ischemic brain areas is highly
dependent on the severity of ischemia: autoregula-
tion is lost in a gradual manner until CBF falls below
30% of normal (DIRNAGL and PULSINELLI 1990).
After experimental MCA occlusion, CO, reactivity
partially recovered after 5 to 12 days (WaLTz 1970).
In another animal model, a complete recovery was
already observed within 2 days (DIJKHUIZEN et al.
2001), but at this timepoint functional activation
was still suppressed in the perilesional regions. At
2 weeks after the insult, signs of forelimb activa-
tion (that had recovered at this time) were evident
in the infarct borderzone, both in and adjacent to
the sensorimotor cortex. This finding may indicate
the extension of forelimb representation fields into
adjacent cortical areas during restoration of senso-
rimotor function (DIJKHUIZEN et al. 2001). We have,
therefore, to take into account that functional plas-
ticity of the cortex may interact with recovery pat-
terns of vascular regulation.

In global cerebral ischemia different pathophysi-
ological observations were made. Short periods of
global ischemia cause extracellular acidosis that - as
a potent vasodilator - induces a hyperemic phase in
which autoregulation and CO, reactivity are both
severely disturbed (WALTz and SUNDT 1968). Fre-
quently, briefhyperemiaisrelieved by alasting phase
of hypoperfusion (down to 50% of control) when
autoregulation recovers, but vasoreactivity remains
diminished (HossMANN 1997). Postischemic
hypoperfusion that is characterized by an increased
vascular tone, is not coupled any longer to metabo-
lism and leads to the dissociation between oxygen
supply and consumption, thereby inducing a grad-
ual increase in oxygen extraction. Normal oxygen
extraction fraction amounts to about 35% and may
rise up to 80% which in turn stimulates anaerobic
glycolysis. As a result, secondary lactacidosis and
energy depletion may occur. Causal factors include
the expression of adhesion molecules and the gen-
eration of free radicals, possibly also the down-reg-
ulation of endothelial nitric oxide (NO) synthase. It
is conceivable that under those conditions, the cou-
pling between blood flow and metabolism can be
disturbed on two sides: functional activation may
not trigger any longer a sufficient increase in local
metabolism and/or metabolic activation may not
be coupled to a sufficient increase in local CBF any
more. These considerations are of particular impor-
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tance for studies that utilize BOLD imaging to study
perilesional brain areas.

4.1.5
Mechanisms of Injury

It is beyond the scope of this chapter to review
the current knowledge of potential mechanisms
of ischemic injury. However, we wish to point to
key processes that can be also addressed by experi-
mental studies applying MR methods. Here, our
interest will be focussed on the pathophysiology of
focal ischemia. Brain ischemia results in a cascade
of events that affect the brain in a certain hierar-
chy of physiological functions (e.g., based on flow
thresholds) and in a certain time sequence of proc-
esses resulting in very peculiar patterns of lesion
evolution. As reviewed by DIRNAGL et al. (1999),
mechanisms of injury may be roughly divided
into the following categories: (1) rapid excitotoxic
mechanisms including the occurrence of spreading
depression-like phenomena in the infarct border,
(2) slower inflammatory responses triggered by
the generation of oxygen free radicals, and (3) pro-
apoptotic processes that may lead to a very delayed
type of cell death, closely related to mitochondrial
dysfunction (Fig. 4.5). Other potential causes for
lesion evolution (studied mainly in focal cerebral
ischemia) include the time-dependent increases in
microcirculatory flow disturbances (HAkIM et al.
1992; KoHNo et al. 1995b), the glucose utilization/
blood flow uncoupling in the infarct border (Back
et al. 1995; NEDERGAARD et al. 1986) and the occur-
rence of severe lactacidosis in the infarct core (BAck
et al. 1994a, 2000b; KOBATAKE et al. 1984). It has
to be mentioned that a vast variety of molecular
responses to ischemia are under investigation the
pathophysiological significance and role of which
are only partially understood. For instance, serine
proteases like tissue plasminogen activator, plas-
min, and thrombin may play a role through activa-
tion of protease-activated receptor 1 (PAR-1) (JUNGE
et al. 2003). Other interesting molecular targets are
calcineurin, cytokines, apoptosis-inducing factor,
nitric oxide, matrix metalloproteinases, and acid-
sensing calcium permeable ion channels.
Inexperimental stroke, the zone of denseischemia
leads to the rapid exhaustion of substrates, par-
ticularly oxygen and glucose. The impaired energy
yield cannot maintain the ion pumps so that cells
loose their membrane potential (anoxic depolariza-
tion of glia and neurons). As a consequence, volt-
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Mechanisms of ischemic injury
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age-dependent calcium channels are activated and
excitatory amino acids are released into the extra-
cellular space where the presynaptic reuptake is
disturbed. What follows is the activation of NMDA
receptors and other types of glutamate receptors
that contribute to the accumulation of intracellular
calcium and the influx of Na* and CI~ via receptor-
associated ion channels. A water hydrops of neurons
can be observed that is associated with a dramatic
(about 50%) decrease of the extracellular space. This
early water shift from the extra- to the intracellular
compartment is believed to be the basis of disturbed
water diffusion imaged by DWI. This very early
form of cell edema has also be termed cytotoxic
edema and is not coupled to major changes of the
blood-brain barrier permeability nor to a large net
increase in brain water. The latter does occur with
very low flow rates less than 0.10 ml/g/min when
brain water content increases steeply along with the
increase in the tissue ratio of sodium/potassium
(HossMANN 1987). This type of more delayed edema
development is accompanied by a break-down of the
blood-brain barrier and termed vasogenic edema
(for details see Chap. 8). However, it has to be stated
thatischemic brain edema is a complex combination
of cytotoxic and vasogenic elements depending on
the type of ischemia, the timepoint of observation
and the severity of the ischemic impact.

We have seen that sodium enters the cells, but
potassium is set free into the extracellular space
where it induces irregular depolarizations, particu-
larly in the surroundings of an ischemic focus. Such
transient depolarizations travel over the cortex like
classical waves of spreading depression of electrical
activity (Back etal. 1994b; LEAO 1944; NEDERGAARD
and AsTRUP 1986). The number of such peri-infarct
depolarizations (PIDs) correlated well with final

-
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Fig.4.5. Timecourse and impact of mecha-
nisms that contribute to ischemic damage.
Note that inflammatory responses and
programmed cell death are processes of
the subacute and chronic phase. PIDs, peri-
infarct depolarizations. [Adapted from
DIRNAGL et al. (1999)]

(days)
infarct size (BAcK et al. 1996; Migs et al. 1993) and
could be effectively blocked by glutamate antago-
nistsorinitiation of recanalization thatboth reduced
infarct volumes (GILL et al. 1992; I1jimMA et al. 1992;
SCHULER et al. 2001). By using repetitive DWI, the
propagation and enlargement of the ischemic lesion,
which is dependent on the occurrence of PIDs, has
been demonstrated in a rat model of stroke (Buscu
et al. 1996; TAKANO et al. 1996). A recent attempt
to measure similar changes in ADC (apparent diffu-
sion coefficient of water) that would resemble PIDs
in acute human stroke, was unsuccessful (BAck et al.
2000a). Nevertheless, spreading depression has been
irrefutably demonstrated in patients suffering from
acute traumatic brain lesions (STRONG et al. 2002).
PIDs are closely related to cellular injury through
mechanisms of excitotoxicity (MARRANNES et al.
1988). The high number of glutamate receptors on
the surface of cortical neurons but also in other parts
of the brain explain that excessive glutamate release
may over stimulate those neurons due to impaired
clearance mechanisms for excitotoxic transmitters
(CHO1 1992).

Other factors that contribute to lesion growth are
related to the progressive impairment of CBF and
the associated derangement of glucose and energy
metabolism (BAck et al. 1998). A striking uncou-
pling between near-to-normal glucose utilization in
the presence of compromised flow has been demon-
strated in animal models of stroke (BAck et al. 1995;
NEDERGAARD et al. 1986). It seems unlikely that any
brain tissue could survive this mismatch between
energy demand and blood supply on longer terms.
The high dependence of brain tissue on oxidative
phosphorylation explains why primary or secondary
energy failure is impending over flow-compromised
areas. Another important pathophysiological factor
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is the excess generation of lactate due to the initia-
tion of anaerobic metabolism. We have seen above
that the increase in oxygen extraction above 50% is
astrong trigger of anaerobic metabolism. As aresult,
lactate is excessively produced and may spread by
diffusion over adjacent parts of the affected hemi-
sphere. Together with hydrogen ions that stem from
ATP hydrolysis, lactate contributes to the severe
acidosis that may further damage neurons (BAck et
al. 1994a, 2000b). Apart from these acute metabolic
changes, a large variety of molecular responses like
the upregulation of immediate-early genes, the for-
mation of stress proteins, the upregulation of pro-
apoptotic proteins and inflammatory changes occur
that may modify the final extent of damage in the
subacute phase. However, we may assume that this
modification does not account for changes in lesion
volume exceeding the 5%-10% range in human
stroke (HEiss et al. 1999).

4.2
Evolution of Ischemic Lesions

The insight into the dynamic nature of ischemic
brain lesions has raised growing attention over the
past few years. Distinct temporal and spatial pat-
terns of lesion evolution have been described for
two types of cerebral ischemia that differ in many
pathophysiological aspects: namely conditions of
focal and global cerebral ischemia.

i) Territorial brain infarcts, the prototype of focal
cerebral ischemia, tend to enlarge in size during
an ongoing period of hypoperfusion. This has
been shown in animal models of stroke (DERESKI
et al. 1993; GArcia and KaMijyo 1974; GARCIA et
al. 1993; GYNGELL et al. 1995; Kouno et al. 1995b)
and in clinical human studies using MRI (BAIRD
et al. 1997; BARBER et al. 1998; KARONEN et al.
1999; NEUMANN-HAEFELIN et al. 1999; PARSONS
et al. 2002). Almost half of the patients who pre-
sented with acute hemispheric stroke showed an
increase in lesion size by >20% occurring over
the initial 7 days post stroke (BAIRD et al. 1997).
The lesion growth is clinically important and is
associated with poor outcome. A better under-
standing of the underlying pathophysiological
changes involved may guide future therapeutic
interventions as reviewed in Chap. 3.

ii) In conditions of global cerebral ischemia, how-
ever, the changes are more complex. As shown
in animal models, periods of global ischemia can
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either lead to the recovery or, alternatively, to sec-
ondary deterioration of the tissue status accom-
panied by a global reduction of energy metabo-
lism (HossSMANN et al. 1994; PASCHEN et al. 1983).
The time course of changes in the brain paren-
chyma of patients with ischemic-anoxic brain
damage after cardiac arrest is not well studied
so far (ARBELAEZ et al. 1999; SCHAAFSMA et al.
2003; WiypIcKs et al. 2001). Repeated MRI stud-
ies may disclose parenchymal changes in those
patients that are subtle and patchy in nature tar-
geting selectively vulnerable neurons as reviewed
in detail in Chap. 16.

4.2.1
Global Ischemia

Global brain ischemia results from transient low
CBF below 0.5ml/100g/min or severe hypoxia to
the entire brain (HossMANN 1987; S1Esj6 1988). The
causes are mostly cardiac arrest, near drowning and
hypotension as is often seen as a consequence of
surgical procedures. After a few minutes of cardiac
arrest, hypoxic encephalopathy becomes irrevers-
ible. The precise duration of global ischemia neces-
sary for irreversible neuronal damage in humans is
unknown (He1ss 1983; Z1vin 1997), but for the most
vulnerable areas it is about 5min. Many animal
models have confirmed cellular death within a few
minutes after global ischemia onset (S1Esj6 1978).
On the other hand, HossMANN et al. demonstrated
that global cessation of CBF in animals of upto 1 h
can be followed by recovery of electrophysiological
function and, in a few animals, recovery of neuro-
logical function (HossMANN et al. 1987; HOSSMANN
and ZIMMERMANN 1974). It remains unclear how
neurons can respond so differently after an ischemic
insult.

Besides the variable functional outcome after
ischemia in animal models, it is well established that
specific neuronal populations within an individual
vary substantially in ischemic tolerance. Neurons in
the CAl region of the hippocampus and other dis-
tinct cellular populations of the caudate, thalamus,
neocortex and cerebellum are selectively vulnerable
to relatively brief periods of ischemia (KiriNo and
SANO 1984; S1Esj6 1988). The reasons for this phe-
nomenon are not fully elucidated, but for example
in cerebellar Purkinje cells it could be shown that
a reduced level of aldolase may trigger energy fail-
ure after brief periods of anoxia (WELSH et al. 2002).
Changes in microcirculation, as seen in focal stroke,
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do not occur in global ischemia. This may alter the
dynamics, especially in the reperfusion phase after
transientischemia, and explain why models of global
ischemia cannot fully represent stroke pathophysi-
ology (HossMANN 1987; KirINO and SANO 1984;
SMITH et al. 1984).

Studies by HossMANN et al. have shown that
prolonged global ischemia may result in secondary
deterioration during the reperfusion phase followed
by depletion of energy metabolites, acidosis and a
dramatic increase in lactate content (HOSSMANN et
al. 1994). However, in some animals recovery can
be observed that is dependent on successful reper-
fusion. This pathologic condition that imitates
cardiac arrest in man, results in a rapid (< 10 min)
and marked (68% of control) decrease in the ADC
when measured by repeated MR diffusion imaging
(HossMANN et al. 1994) (Fig. 4.6).

If we apply the lesion assessment as used in focal
ischemia, one would estimate a nearly 100% lesion
spread after 1 h of global ischemia (visible after the
initial 10 min) that may or may not resolve during
a 180-min reperfusion period. Short-lasting periods
of global ischemia, e.g., the four-vessel occlusion
model in rats (SCHMIDT-KASTNER et al. 1989), pro-
voke a circumscribed damage to the CA1 sector of
thehippocampal formation thatappearsafter 3 days.
The number of dead CA1 neurons has been shown to
increase from 3 to 7 days post insult (BOTTIGER et al.
1998). Other selectively vulnerable regions in global
ischemia are the thalamus, the basal ganglia and
the cortical layers 3-5. Due to the subtlety of his-
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topathologic changes that consist mainly of selective
neuronal injury of the delayed type, it is difficult to
assess lesion size in quantitative terms. Therefore, in
the literature no solid numbers for affected volumes
of this process are reported.

In global ischemia, cell death occurs due to apop-
tosis, and not necrosis as seen in focal ischemia
(BOTTIGER et al. 1998; Ouvang et al. 1999). The
morphological and imaging data on cardiac arrest
patients are scarce (ARBELAEZ et al. 1999; BEREK et
al. 1995; GRUBB et al. 2000; SCHAAFSMA et al. 2003;
WiypICKS et al. 2001) (see also Chap. 16). ARBAELEZ
et al. (1999) published MR findings in a series of
patientswithglobalcerebralhypoperfusionfollowing
cardiac arrest. The anoxic-ischemic tissue changes
were depicted in the acute and early subacute phase
(up to 14 days post insult) on DWI. The same altera-
tions were not visible on T1- or T2-weighted images
or seen at a later stage of the disease (ARBELAEZ et
al. 1999). To date, systematic longitudinal studies
available to answer the questions of timepoint and
localization of brain lesion appearance following
human cardiac arrest are nearly lacking. However,
there is clinical evidence that longer durations of
global circulatory arrest exceeding the resuscitation
time of ~ 10 min, almost uniformly result in fatal
outcome with generalized brain edema, obscura-
tion of grey-white matter junctions and widespread
laminar necrosis of the cortex. In a series of ten
patients who suffered from anoxic-ischemic coma,
most individuals showed diffuse signal abnormali-
ties in DWI and fluid-attenuated inversion recovery

Recirculation
60 min

180 min

Fig. 4.6. Quantitative maps of the appar-
ent diffusion coefficient (ADC) in cats
subjected to 1-h complete cerebrocir-
culatory arrest followed by 180 min of
recirculation. Each row represents one
animal. The pre-ischemic condition is
shown by the first left column. Images
show a central coronal slice that was
measured at six time points per animal.
Note the early decline of ADC after onset
of ischemia and the rapid post-ischemic
normalization in the lower three rows
indicating recovery in those animals.
The upper two rows depict animals that
did not recover during the reperfusion
phase. [Reproduced with permission
from HOoSSMANN et al. (1994)]
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(FLAIR) images that affected most severely areas of
high vulnerability (cerebellum, hippocampus, tha-
lamus, frontal and parietal cortices) (SINGHAL et al.
2002). Especially alterations in DWI seemed to cor-
relate well with the distinct neuropathological fea-
tures of anoxic-ischemic encephalopathy.

Another study used PET to measure perfusion and
glucosemetabolismafter cardiacarrest (SCHAAESMA
etal. 2003). It revealed a nearly 50% decrease of glu-
cose consumption, but was unable to detect patterns
of metabolic or perfusion changes that would pre-
dict clinical outcome or imaging abnormalities. See
Chap. 16 for detailed information on this matter.

4.2.2
Focal Ischemia

4.2.21
Comparison of Diffusion Imaging with Changes in
Relaxation Times

In states of focal cerebral ischemia, repetitive MRI
has elucidated the natural course of brain lesions
which - as a regular phenomenon - show consider-
able lesion enlargement over time. This observation
was madebyusing DWIinanimal models with occlu-
sion of the middle cerebral artery. To date, we have
little information on the natural course of ischemic
lesions that are of hemodynamic origin or the result
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of small vessel disease. After the first publications
on diffusion MRI of tissue water (LE BIHAN et al.
1986), MoseLEY and coworkers (1990) could dem-
onstrate that DWI offers a high contrast between
normal and ischemic tissue, and that this contrast
could be observed already several minutes after
arterial obstruction (MOSELEY et al. 1990; SEVICK
et al. 1990). It became obvious that signal changes
in DWI clearly preceded changes in T2-weighted
images (Fig.4.7). With a multi-slice approach it
could be shown that over the initial 6 h both the
signal intensity and the lesion volume increased
over time (GYNGELL et al. 1995; HossMANN and
HoOEHN-BERLAGE 1995). The increasing hyperin-
tensity on DWI reflects the gradual decline of the
apparent diffusion coefficient (ADC) that drops rap-
idly during the initial 30 min, thereafter decreasing
more slowly along with an initial phase of rapid
and afterwards slow lesion growth (ROUSSEL et al.
1994). Figure 4.8 presents such an example in which
the increase in affected tissue is visible on repeated
DWI, but also the increase in signal intensity over
time. The changes of ischemic lesion volume could
be confirmed in a model of clot embolism of the
MCA in rats by using repeated DWI. Compared to
the lesion volume at 30 min, final lesion size at 8 h
post occlusion had increased by ~ 70% (BRINKER
et al. 1999).

The quantitative measurement of the ADC has
advantages over mere diffusion-weighting because

Fig.4.7. Coronal measurements of diffu-
sion, proton density (RHO), T1 and T2
relaxation times 30 min after occlusion
of the middle cerebral artery in a rat.
Note the clear-cut striatal signal increase
in the diffusion-weighted image (DWI)
compared to nearly unchanged images
of the other MR modalities
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Fig.4.8. Lesion development in permanent middle cerebral artery (MCA) occlusion in a rat measured by repeated MR diffu-
sion-weighted imaging (DWI). Left column: Control condition pre-occlusion in coronal slices from posterior (fop) to anterior
(bottom). The arrow marks the timepoint of occlusion. Images shown in columns 2 to 7 are DWI (subtraction images) measured
30 to 330 min post-occlusion. Note the lesion growth and the increase in signal intensity within the lesion. (Courtesy Dr. M.

HokenN, Cologne)

influences of other MR parameters are eliminated.
It requires the measurement of a whole set of images
with increasing diffusion weighting (minimum:
two) expressed by variable b-factors. Increased T2,
for example, can be mistaken as a reduction of tissue
diffusion. On the contrary, ischemia-induced T1
increases tend to diminish the contrastin DWI (with
short recovery times). A disadvantage of ADC maps
is that ischemic lesions present as “darker” brain
regions that are not as easily depicted as hyperin-
tense lesions in DWI. From experimental data there
is good evidence that ADC values do not fall below

50% of control and that densely ischemic brain
regions exhibit ADC values in the range of 60%-80%
(for review see HOEHN-BERLAGE 1995). ADC above
80% is typically seen in the first hours of occlusion
and/or in more peripheral borderzone regions of
brain infarction (BAck et al. 1994a; JIANG et al. 1993;
MINTOROVITCH et al. 1991). Volume evaluations
have to take into account that ADC values depend
on the direction of the diffusion encoding gradi-
ent that is of particular importance for the study of
white matter changes, but also affects grey matter
(HoeHN-BERLAGE et al. 1995a). This effect has been
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termed anisotropy of tissue diffusion. Strategies of
diffusion tensor imaging have elucidated in great
detail this phenomenon.

The observation of relaxation times revealed that
increases in T1 and T2 could be seen a few hours
after onset of focal ischemia onset, but not as early
as changes in DWI or ADC (HOEHN-BERLAGE et al.
1995a; KN1GHT etal. 1994). This observation hasbeen
confirmed in stroke patients in whom DWI changes
are observed as early as 40 min post insult (YONEDA
et al. 1999). However, T2 signal changes occur in
the subacute phase and are nearly always indica-
tive of irreversible tissue damage. Thus, the discov-
ery of very early diffusion changes in experimental
brain ischemia has filled out the diagnostic gap of
conventional cranial MRI or CT in acute stroke. So
far, stroke clinicians had been forced to search for
very subtle signs in CT (early ischemic signs like
obscuration of the lentiform nucleus) or MRI (e.g.,
slight T2 hyperintensity, discrete swelling) to detect
focal ischemia during the initital hours after onset
of symptoms.

The further timecourse of ischemia-related
changes in ADC and relaxation times reveals strik-
ing differences, too. Experimentally, the initial
reduction of ADC returns to normal within 48-72 h
in models of MCA occlusion and rises thereafter
to supranormal values that normalize after about
1 week (HELPERN et al. 1993; KNIGHT et al. 1991). By
contrast, the subacute increases in relaxation times
reach their peak at 24-48h and decrease slowly
thereafter (HELPERN et al. 1993; KNIGHT et al. 1994).
In human stroke, the timecourse of ADC changes
appears to be similar, but in a somewhat retarded
fashion: the minimum ADC has been observed
12-24 hours after onset, the pseudonormalization of
altered diffusion between 7 and 14 days and clearcut
elevations of ADC from 30 days onward (WARACH
etal. 1992, 1995). Both in humans and animals, grey
and white matter show differential profiles in the
magnitude and timecourse of changes observed.
Whereas the ADC is reduced by = 30% in ischemic
grey matter with more rapid pseudonormaliza-
tion, the reduction is more profound in ischemic
white matter (by = 45%) that returns more slowly to
“pseudonormal” values if it occurs at all (KuROoTwA
et al. 1998; MUKHERJEE et al. 2000).

With regard to the spatial evolution of ischemic
lesions heterogeneity was also observed. During the
initial 4 h of experimental MCA stroke, the areas
with increased relaxation times or proton density
were significantly smaller than the regions showing
altered ADC (HOEHN-BERLAGE et al. 1995a). At later
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timepoints, these differences merged to congruent
lesion sizes and showed high congruence with his-
tological infarcts at 7 h post occlusion (BAck et al.
1994a). It is concluded from this data, that images
of T1, T2 or proton density only reflect the correct
infarct size after about 7-8 h after onset of ischemia.
This notion is particularly true for a situation of per-
manent vessel obstruction.

4.2.2.2
Correlation Between Changes in Diffusion,
Cerebral Metabolites and Tissue Injury

The signal change in diffusion-weighted images
is induced by the reduction of the ADC of water
in ischemic brain. Experimental studies employ-
ing rapid DWI and MRS have demonstrated that
this change in ADC occurs within minutes after
obstructing a brain artery (DIJKHUIZEN et al. 1999;
VAN DER TOORN et al. 1996). This hyperacute change
in tissue water ADC was subject to many efforts to
elucidate the underlying mechanisms. MOSELEY et
al. (1990) had already suspected that the ischemia-
induced water shift from the extra- to the intracellu-
lar space may be a key event that explains both, early
cell swelling and restricted diffusion in the extra-
cellular compartment. Very similar timecourses
of changes in the extracellular space volume and
in tissue water diffusion have been nicely shown
in a model of acute brain injury (VERHEUL et al.
1994). By several other studies, the close relationship
between cytotoxic cell swelling and disturbance of
the energy metabolism has been shown. The abrupt
reduction of tissue oxygen and/or glucose concen-
trations induce anoxic depolarization, caused by a
failure of cation-pumping ATPases and leading to
the disruption of transmembrane ionic gradients.
Much of the ADC decrease occurs during anoxic
depolarization, however, recent studies suggest
that ADC may change already before anoxic depo-
larization occurs and may accompany conditions
with elevated excitotoxins, but preserved energy
metabolism and intact ion homeostasis (for review
see HOEHN et al. 2001). It is conceivable that diffu-
sion in the extracellular space is more rapid than
within cells. On the other hand, the intracellular
space comprises about 85% of total tissue water
volume. Cell swelling by water shift would not only
reduce the volume of the extracellular compart-
ment, but also increase its tortuosity. Both effects
would decrease the ADC. It seems, however, that the
ischemia-dependent reduction in ADC is the result
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of diminished water diffusivity in the extra- and the
intracellular space (SZAFER et al. 1995). Recently, the
contribution of intra- and extracellular water ADC
could be separated in normal and ischemic brain.
In normal brain, the volume-localized ADC was
about 10% lower in the intracellular compartment
compared to the unseparated condition where both,
the intra- and extracellular space contribute to the
signal (SiLva et al. 2002). Interestingly, in ischemic
brain, this difference was frankly absent pointing to
the notion that the intracellular ADC dominates and
determines the overall water ADC under ischemic
conditions (by part due to the drastic decrease of the
extracellular space). To summarize, current knowl-
edge links tissue diffusion changes to the develop-
ment of cytotoxic cell swelling as an early hallmark
of stroke pathology although the exact mechanisms
remain unknown.

Histopathological studies have demonstrated in
the rat MCA occlusion model that the ischemic area
covered 10% of the hemisphere at 1h, 22% at 2 h,
38% at 6 hand 50% at 12 h post occlusion (GARCIA et
al. 1993). It has to be taken into account that during
the initial 3-6h the lesion volume evaluations
rather reflect gradual infarct maturation than actual
growth as mentioned before. However, the observa-
tion of histologicallesion enlargement between 6 and
24 h post-occlusion is a consistent finding (Fig. 4.9).
The regional distribution of ATP or glucose as meas-
ured by bioluminescence techniques is a more reli-
able marker of ischemic lesions than histopathologi-
cal changes in the very early stage of infarction. In a
permanent MCA occlusion model, areas with grossly
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reduced ATP/glucose enlarge significantly during
the initial 2h following MCA occlusion (KonNo
et al. 1995b). In this animal study, ATP reduction
was present in 22% of the ischemic hemisphere at
30 min and in 50% at 2 h post ischemia (Fig. 4.10).
This considerable magnitude of lesion enlargement
was also demonstrated for other variables, i.e., areas
with solid acidosis (61% at 30 min; 70% at 2 h post
occlusion) or regions that exhibit a disturbance of
diffusion as measured by DWI (GYNGELL et al. 1995;
Kouno et al. 1995b) (Table 4.1).

The alterations of ATP content, glucose content,
tissue pH or tissue diffusion all were dependent on
distinct thresholds of CBF that increase with increas-
ing ischemia times. ADC was reduced if CBF fell short
of 0.34 ml/g/min (30-min ischemia) or 0.41 ml/g/min
(2-h ischemia), respectively (KoHNo et al. 1995b).
This relationship was recently confirmed by a study
in stroke patients using simultaneous measurements
of ADC and quantitative perfusion maps (LIN et
al. 2003). The authors showed that in patients who
were examined 2-4 h after stroke onset, ADC values
dropped abruptly if CBF was lower than 0.15 ml/g/
min. In a patient group imaged 4.5-6.5 h after symp-
tom onset, the corresponding CBF threshold had
increased to 0.24 ml/g/min (LIN et al. 2003). For a
rough comparison between man and rat studies (as
mentioned before), one has to double the human CBF
values in order to meet comparable absolute values in
small animal species. We recognize that there is a fair
correspondence of CBF thresholds for altering diffu-
sion in animals (35%-50% of control CBF) and man
(30%-50% of control CBF). Decreased water diffusion
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Fig.4.9. Lesion development in stroke models of permanent focal ischemia (PMCAo) visualized by histology (left) and diffu-
sion-weighted (DW) imaging. [Adapted from GARcIA et al. (1993) and BRINKER et al. (1999)]
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Table 4.1. Lesion growth determined 30 min and 2h after
middle cerebral artery occlusion in rats. Tissue alterations are
presented as hemispheric lesion areas (HLA) that were assessed
at the level of striatum. [Adapted from Konno et al. (1995b)]

HLA at striatal level
(% of hemisphere)

30 min 2h
ATP depletion 22% 50%
(Infarct core)
Perfusion deficit 36% 52%
(CBF < 0.20 ml/g/min)
Diffusion lesion 54% 67%
Diffusion lesion minus ATP loss 32% 17%

(“Metabolic penumbra”)

CBF, local cerebral blood flow.

occurs at CBF rates that alter the electrical function
of the brain (i.e., correspond to the upper threshold
of the ischemic penumbra), but do not necessar-
ily lead to morphologic damage (Busza et al. 1992;
HossMANN 1994) (see also Fig.4.4). This notion is
of high importance to understand the potential for
reversibility of diffusion changes.

Figure 4.9 shows that lesion expansion can be
documented by histology (somewhat masked by
infarct maturation during the first hours) and DWI,
pointing to the very first hours of evolving infarcts
as the target of therapy to interfere with the most
rapid lesion dynamics. At later timepoints, excellent
congruence between histological damage, break-
down of energy metabolism, tissue acidosis and dif-
fusion lesions could be shown. In this study, DWI
and biochemical imaging of the regional distribu-

Ischemic brain infarct of rat
30 minutes occlusion

Glucose

ATP
!

Tissue pH

&

Tissue pH Lactate

2 hours occlusion
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tion of ATP, tissue pH and other metabolites were
performed simultaneously with histological assess-
ment 7 h post MCA occlusion (Back etal. 1994a). The
close correlation between ATP loss, tissue acidosis
and hyperintensity in DWI clearly shows that at this
timepoint the rapid phase of infarct development
is over and turns into subacute and more chronic
processes involving inflammatory and molecular
responses (Fig. 4.11).

4.2.2.3
Composition of Focal Ischemic Lesions

The close investigation of ischemic lesions and their
correlates in MRI, CBF maps and biochemical imag-
ing reveals that the response to ischemia is non-uni-
form. In accordance to the penumbra concept, the
densely ischemic infarct core exhibits lower ADC
values (HOEHN-BERLAGE et al. 1995b) compared
to borderzone areas that are exposed to less severe
reductions of CBF (BAck et al. 1995). The lesions,
therefore, show a gradient of CBF values ranging from
normal to very low and a parallel gradient of ADC
values ranging from normal to about 55% that cover
the distance between unaffected surrounding tissue,
the ischemic penumbra and the infarct core in three
dimensions (BAck et al. 1995, 2000a). During the first
hours of stroke, special attention should be paid to
borderzone regions in which DWI shows hyperinten-
sity, pH is decreased, but ATP remains normal, even
in the presence of increased lactate concentrations.

Fig.4.10. Image combination showing
diffusion-weighted images (DWI), maps
of cerebral blood flow (CBF), biolumi-
nescence images of ATP, glucose and
lactate content, and tissue pH maps at
30-min (two left columns) and 2-h occlu-
sion (two right columns) of the middle
cerebral artery in rats. Hyerpintensity
in DWI denotes ischemic changes; blue
in CBE, ATP and glucose maps marks
a reduction in flow, regional ATP and
glucose content, respectively. Red in pH
maps denotes tissue acidosis. Bright
yellow indicates elevated tissue lac-
tate levels. Note that the region with
depleted ATP and glucose rapidly grows
between 30 min and 2 h postocclusion.
At both timepoints, hyperintensity in
DWI corresponds well to the areas with
diminished blood flow and tissue acido-
sis, but clearly exceeds the region with
ATP loss. [Reproduced with permission
from KoHNo et al. (1995b)]
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Fig.4.11. Image combination showing diffusion-weighted images (DWI), histological sections and maps that display the regional
distribution of ATP, glucose, lactate, and tissue pH. Permanent MCA occlusion was performed in a rat, all images were obtained
7 h postocclusion and are shown at five coronal levels ranging from posterior (first row) to anterior (last row). Note the high
congruence of DWI, histology, ATP and pH maps, indicating that the rapid phase of infarct growth has ceased at this timepoint.

[Reproduced with permission from BAck et al. (1994a)]

By using a thresholding approach in a 3-D CBF data
set, we could show that 54% of the total ischemic
lesion volume could be attributed to the penumbra,
only 46% to the infarct core at 1.5 h post MCA occlu-
sion (Back et al. 1995). Those areas with pending
infarction show potentially reversible changes that
can be addressed by therapeutic interventions like
recanalizing therapy and/or neuroprotective drugs.

Since the spatial progression of acute ischemic
stroke is rather a common finding than exceptional,
the ischemic penumbra is a “sleeping beauty” that
may eventually die (LASSEN and VORSTRUP 1984).
Penumbral regions are recruited into the infarct
core during the initital hours of stroke development:
the total lesion size expands, however, the ischemic

penumbra is shifted to more peripheral parts of the
affected territory and gets restricted in size whereas
the infarct core grows at its expense (Table 4.1).
In the more complex human brain, the ischemic
penumbra may be composed of regions that do show
early changes in DWIand those, in which blood flow
is altered, but water diffusion remains to be normal
(the so-called diffusion-perfusion mismatch region)
(KipweLL et al. 2003). By combining DWI with
bolus-track perfusion imaging, it could be noted in
animal and human stroke that the area with a per-
fusion deficit was larger than the lesion depicted
by DWI. The early identification of such a diffu-
sion-perfusion mismatch zone (perfusion reduced,
diffusion normal) has been regarded of high thera-
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peutic interest because it may serve as a marker to
properly select patients for thrombolytic therapy
(L1u et al. 2000, HACKE et al. 2005). However, the
consideration of the whole area with reduced per-
fusion also includes areas with oligemia that do not
trigger pathology and, thus, leads to overestimate
the tissue at-risk. A refined model of diffusion-
perfusion mismatch is presented in Fig. 4.12. The
advent of quantitative MR perfusion imaging (see
Chap. 6) will enable investigators to transfer well
defined flow thresholds from animal experiments
(e.g., the penumbral CBF range between 20%-40%
of control) to the human situation and improve the
prognostic modeling.

Several studies have indicated that the early
measurement of the water ADC provides a valuable
predictor of final tissue injury (reviewed in HOEHN-
BERLAGE 1995). This notion has to be extended by
adding information on the perfusion status of the
tissue: in models of permanent vessel occlusion,
DWI may indeed be an excellent surrogate marker
for chronic tissue damage. However, if reperfusion
is installed either by using a reversible occlusion
model or by administration of recanalizing drugs
such correlations become much weaker as recently
demonstrated (VAN DORSTEN et al. 2002).

4.2.2.4
Transient Occlusion: Reversibility of Changes

In experiments with transient vessel obstruction, the
lesion growth, as visualized on DWI, can be reversed
if the brain is reperfused within 1h post occlusion
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(MINEMATSU et al. 1992). Regions like the puta-
men and, depending on the stroke model, temporal
parts of the cortex show consistent infarction. With
ongoing ischemia, predominantly cortical areas are
recruited into the process of lesion growth. This pat-
tern may be explained first by the threshold relation-
ship between flow reduction and ADC change which
may be reversed if the critical CBF value is exceeded
upon reperfusion. The protective or beneficial effect
disappears if the duration of ischemia exceeds 2-3 h.
To achieve reperfusion after defined durations of
ischemia, procedures of mechanical reopening of
obstructed arteries (e.g., by replacing an intralumi-
nal filament) can be applied, even inside a magnet for
MR investigations (KoHNoO et al. 1995a). The strong
interest in thrombolysis has triggered many inves-
tigations of transient focal brain ischemia in which
reperfusion is initiated by drug-induced clot lysis in
animal models of embolic stroke (BuscH et al. 1997;
ZHANG et al. 1997). The advantage of such models is,
that the pathophysiology of intravascular thrombosis
and thrombolytic therapy are well imitated; potential
disadvantages are the reduced prediction of lesioned
territories and the prolonged process of recanaliza-
tion with delayed or undetermined timepoints of
actual reperfusion (SCHULER et al. 2001).

Figure 4.13 shows a rat brain undergoing 90-min
occlusion of the MCA. It exhibits an initial diffu-
sion abnormality that resolves nearly completely
after reperfusion. At shorter occlusion times, the
ADC is known to normalize throughout the entire
brain. Interestingly, several hours up to 3 days after
reperfusion of a mild ischemic insult, the lesion
may reappear and, eventually, evolve into brain

Diffusion-perfusion mismatch in acute MCA stroke

Perfusion deficit (oligemia
and ischemia)

Outer penumbra (DWI normal,
Pl: ischemia)

Inner penumbra (DWI pathol.,
pH high, ATP normal)

Infarct core (ADC low, ATP lost,
Pl: severe ischemia)

Border between core and

Border between DWI
lesion and Pl lesion

Fig. 4.12. Mismatch concept of dif-
fusion lesion (smaller) and per-
fusion deficit (larger) in human
territorial brain infarction. Acute
MCA territory ischemia/oligemia
with a smaller, centrally located
diffusion disturbance showing the
relationship between infarct core,
ischemic penumbra and changes
in DWI and PI. DWI, diffusion-
weighted imaging; PI, perfusion
imaging; ADC, apparent diffu-
sion coefficient; ATP, high energy
phosphates; MCA, middle cerebral
artery
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Fig.4.13. Lesion evolution in reversible (90-min) middle cerebral artery occlusion (MCAO) in a rat. Upper row, quantitative
images of the apparent diffusion coefficient (ADC); lower row, quantitative T2 images as measured serially over 22 days post
stroke. Note the transient pseudo-normalization of the diffusion disturbance upon reperfusion and, second, after 7 days when
initially reduced ADC values slowly shift to supernormal levels indicating the chronic infarct stage. [Reproduced with permis-

sion from HOEHN et al. (2001)]

infarction with reduced ADC and prolonged T2
signals completed at about 1 week post occlusion
(Du et al. 1996; vAN LOOKEREN CAMPAGNE et al.
1999). Of note, the thrombolysis-induced reversal
of DWI lesion volumes upon prompt recanalization
has been also convincingly shown in acute human
stroke (KIDWELL et al. 2000) and confirmed in a
larger patient cohort, recently (PARsONS et al. 2002;
see Chap. 2). The latter authors also observed that in
a proportion of treated patients secondary DWI or
ADC abnormalities would develop following early
reversal. In those patients, hyperintensity in T2
images indicate the presence of ischemic infarcts.
KipweLL and coworkers (2000), therefore, claim:
“It is important for clinicians to be aware that some
tissue that appears initially to be salvaged on early
MRI scan when ADC normalizes, may nonetheless
proceed to late tissue infarction.”

Whereas the initial recovery of ADC or DWI
lesions really reflects a normalization of tissue
energy metabolism (OLAH et al. 2000), several stud-
ies suggest that the tissue under focus remains to
be abnormal even in the presence of re-established
perfusion. Theoretically, potential mechanisms of
this late secondary ADC decline include reperfusion
injury, possibly related to inflammatory responses,
oxygen free radical production, ongoing excitotoxic
processes emanating from the infarct core, and
apoptosis (HALLENBECK and DuTkaA 1990; PETERS
et al. 1998).

The application of metabolic imaging assays of
cerebral protein synthesis (CPS) shows that, despite

the normalization of energy metabolites, most of
the territory affected by transient ischemia displays
persisting suppression of CPS (Hata et al. 2000).
With the exception of a small peripheral rim in
the infarct border where CPS recovered between 6
h and 3 days, the sustained CPS suppression leads
to secondary energy failure possibly mediated by
mitochondrial dysfunction (HATA et al. 2000). In
those secondary infarcts, the presence of prominent
TUNEL staining and DNA fragmentation points to
apoptosis as a major mechanism of cell death that
could be diminished by inhibitors of protein synthe-
sis (Du et al. 1996; SNIDER et al. 2001). Other authors
have argued that the appearance of TUNEL-positive
cells in this condition is associated with secondary
energy failure due to DNA repair processes (ENDRES
et al. 1997; HATA et al. 2000). Furthermore, in neo-
natal models of transient hypoxia/ischemia, the
distinct and sustained increase of inorganic phos-
phate (P;,) over phosphocreatine (PCr) levels was
documented by labeled phosphorous magnetic reso-
nance spectroscopy (*'P-MRS) which, in turn, was
associated with reduced water ADC (THORNTON et
al. 1998). The close link between local energy status
and ADC abnormalities could be confirmed both for
the intra-ischemic and post-ischemic phase of tran-
sient ischemia: iflocal ADC fell below 77% of normal
values ATP was depleted (OLAH et al. 2001).

Very brief episodes of ischemia (e.g., 15 min)
trigger delayed hyperintensity on T1-weighted MRI
visible 1-4 weeks after the ictus in the striatum of
humans and rats. It could be shown that these MRI



Insights from Experimental Studies

changes correspond to striatal neurodegeneration
with chronic inflammation and signs of oxidative
stress associated with late-onset cognitive impair-
ment (Fujioka et al. 2003). In the future, more
detailed MRI studies exploring very mild ischemic
insults will show which abnormalities can be
depicted in more chronic stages. Such studies will
elucidate more deeply the clinical condition of tran-
sient ischemic attacks (TIA) that, for a long time,
have been regarded as fully reversible neurological
deficits without long-term sequelae. Clinical MRI
studies have found that up to 50% of TIA patients
indeed show imaging abnormalities (KIDWELL et al.
1999) the pathophysiological importance of which
wait to be clarified in the future.

4.3
Treatment of Focal Cerebral Ischemia

The ischemic penumbra has been defined as the
target of therapy in stroke. In principle, there are
two strategies to address this issue. First, one can
attempt to increase substrate availability above the
threshold of irreversible tissue injury by recanalizing
therapies. As we have seen, even slight increases in
CBF may confer benefit to tissue in a state at-risk.
Thrombolytic therapy is the prototype of this sort of
intervention which has been successfully applied to
stroke patients (NINDS StTupy GROUP 1995, HACKE
et al. 2005). Second, there may be pharmacological
strategies to decrease the vulnerability or increase the
robustness of brain parenchyma, especially neurons,
against ischemic injury without improving blood
flow. The latter is termed neuroprotective therapy
and has attracted strong interest after the discov-
ery of glutamate antagonists that block excitotoxic
actions in models of stroke (Cuor 1992). It has to
be mentioned, however, that tissue at-risk may not
survive on longer terms unless perfusion is restored.
Also, without reperfusion neuroprotective drugs have
little chance to reach their target tissue in sufficient
concentrations. This notion represents two reasons
among others why so many clinical trials of neuropro-
tection in human stroke have failed (GRoTTA 1995).

4.3.1
Recanalizing Strategies and Risk of Hemorrhage

Animal models of embolic stroke enable us to study
effects of fibrinolytic drugs like recombinant tissue
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plasminogen activator (tPA) (BRINKER et al. 1999).
Thrombolysis with tPA should be administered as
long as the target brain tissue is viable and reper-
fusion can be expected to reduce or prevent tissue
damage. With ongoing ischemia times and increas-
ing disturbance of the blood-brain barrier, tPA
treatment may loose its benefit and harm by the
induction of parenchymal hemorrhage. In the sec-
tion on transient occlusion models, we have already
learnt about the complex primary and secondary
imaging abnormalities that accompany reper-
fusion. Obviously, the failure of a fibrinolytic drug
to recanalize the obstructed artery does not reverse
ischemic injury, but other factors, such as break-
down of the blood-brain barrier, microembolism
and reperfusion injury, may play an additional role.
It is desirable to look for predictors of therapeutic
outcome with regard to both, tissue recovery and
hemorrhagic complications to early identify sal-
vageable brain tissue.

Repeated MR measurements of diffusion and per-
fusion (perfusion imaging, PI) in embolic models of
stroke have not shown differences in lesion develop-
ment compared to other types of permanent MCA
occlusion as long as thrombolysis was not applied
(DE CRESPIGNY et al. 1993). In PI, the territorial per-
fusion deficit is observed followed by DWI abnor-
malities and, later, changes in T2 that expand over
time (BRINKER et al. 1999). Phosphorous (*'P) as
well as proton MR spectroscopy are able to moni-
tor the generation of lactate and high-energy phos-
phates due to anaerobic glycolysis that are coupled
to a rapid consumption of glucose. When glucose
availability drops, ATP production becomes com-
promised and causes the depletion of the PCr pool.
The concentration of inorganic phosphate increases,
eventually leading to a complete loss of ATP.

Several studies have evaluated the effect of tPA
treatment administered at variable timepoints after
clot embolization (BRINKER et al. 1999; BuscH et al.
1998; FRANKE et al. 2000; JIANG et al. 2000). Early
lesion expansion as visible on DWI could only be
reversed or slowed down if thrombolysis-induced
reperfusion was initiated early after the onset of
ischemia (Fig. 4.14). For example, if tPA was given at
1.5 h post occlusion the DWI lesion did not further
enlarge whereas thrombolysis at later timepoints
did not attenuate lesion growth (BRINKER et al.
1999). Correlation analysis with other MR param-
eters revealed that areas with increased lactate or
T2 values did not improve when tPA was started
>3 h after the insult (FRANKE et al. 2000). By using
histological means, other investigators however
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Fig.4.14. Maps of the apparent diffusion coefficient (ADC) measured before and after embolic occlusion of the right middle
cerebral artery in an animal without therapy (upper row) and in two animals with thrombolytic treatment initiated 1.5 h (middle
row) and 4.5 h (lower row) after onset of ischemia. In the untreated animal, a decline of ADC was observed immediately after
MCA occlusion that increased in size over time. Thrombolysis with recombinant tissue-type plasminogen activator (tPA) lead
to the partial reversal of the ADC lesion over the first 5 h of therapy if started early. Late-onset thrombolysis at 4.5 h post occlu-
sion did not reverse lesion growth, but was followed by a further lesion enlargement of the ischemic lesion. [Reproduced with

permission from HOEHN et al. (2001)]

showed that tPA does reduce ischemic damage also
at later timepoints as long as complete recanaliza-
tion is achieved. In this study, the volume of com-
plete infarction was significantly smaller in animals
with successful reperfusion having a higher propor-
tion of scattered neuronal injury of total lesion size
(Back et al. 2002).

In contrast to the instantaneous and complete
reperfusion as seen after removal of an occluding
thread or filament, thrombolysis induces clot lysis
in a delayed and often incomplete manner, both in
humans and animals (BuscH et al. 1998; FURLAN
et al. 1999; voN KuMMER et al. 1995; SCHULER et
al. 2001). This effect could be well monitored by PI
showing that thrombolysis improves blood flow,
but leads to incomplete reperfusion in a sense that
pre-ischemic CBF values are rarely restored (Buscu

et al. 1998; FRANKE et al. 2000). Potential explana-
tions for this observation include: (i) the possibility
of clot fragmentation and down-stream embolism
with more peripheral obstruction of the capillary
bed, and (ii) too slow recanalization that prompts
cell swelling but does not sufficiently supply glucose
and oxygen to the ischemic tissue, thereby leading to
a vicious circle of cell swelling, compression of the
microcirculation and impaired blood flow. Indeed,
MR angiography has been successfully applied to a
thromboembolic stroke model of rats to characterize
intracranial vessel occlusion patterns as well as the
time lag between tPA treatment and vessel reopen-
ing. Combined occlusions of the circle of Willis and
the MCA had recanalization times of 70-80 min post
tPA treatment whereas selective MCA occlusion was
recanalized after about 20 min. The type of occlu-
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sion predicted outcome as evidenced by ADC and
T2 relaxation time maps (HILGER et al. 2002). The
efficacy of tPA treatment in an experimental setting
seems to depend also greatly on composition and
generation of the occluding clot: thrombin-induced
blood clots injected into the internal carotid artery,
induced a delayed type of cerebral reperfusion upon
tPA therapy compared to spontaneously form-
ing clots (NIESSEN et al. 2003). Incomplete reper-
fusion patterns lead to sustained reduction of ADC,
increases in T2 and blood-brain barrier permeabil-
ity, thereby triggering edema formation.

The combination of tPA therapy with other drugs
may enhance the effect of thrombolysis. It could be
shown that the addition of hirulog, a novel anti-
thrombin, to tPA therapy improved and accelerated
reperfusion, but did not result in a better outcome
(YENARI et al. 1997). Antiadhesion molecule anti-
bodies can be also combined with tPA. The anti-
CD18antibodyin combination with tPA significantly
reduced lesion volume (CuopP et al. 1999). To date,
the combination of thrombolytics with antagonists
of the glycoprotein IIb/IIIa receptor are expected to
be of substantial benefit. In myocardial infarction,
rate and degree of recanalization could be clearly
improved although the dose of the fibrinolytic drug
was half of the usual (ANTMAN et al. 1999). This
improvement was achieved without increasing the
risk of major bleeding. Similarly, the first observa-
tions of combined thrombolysis with tPA and anti-
GP IIb/IIIa drugs in brain ischemia have proven
to be very promising in man and animal models
of stroke (SHUAIB et al. 2002; STRAUB et al. 2004).
More detailed studies employing MR imaging and
spectroscopy will be able to explore the potentials
of this new therapeutic approach. Another novel
development is the iv administration of high-dose
albumin that has been shown to dramatically reduce
ischemic edema along with a marked reduction of
ischemic damage and better functional outcome
(BELAYEV et al. 1998). Treated animals showed
only very mild changes in ADC compared to saline
treatment. Albumin also lead to higher ADC values
within unlesioned brain regions - an effect as yet
unexplained.

Alternatively, abetter preselection of patients who
may benefit from thrombolytic therapy or who may
sufferfromhemorrhagiccomplications,isanappeal-
ing approach. The idea is to characterize ischemic
tissue subareas by information from DWI, PI, MRS,
T1- or T2-weighted images in order to estimate the
volume of tissue at-risk that may profit from reca-
nalization. We have already reviewed the mismatch
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concept of diffusion lesion and perfusion deficit.
Using a spectroscopic imaging sequence, FRANKE et
al. (2000) could demonstrate that the probability of
metabolic tissue recovery, defined as the reversal of
an increased lactate concentration in the ischemic
region, clearly declines with increasing tissuelactate
content before thrombolysis (Fig. 4.15). This prob-
ability was shown to be independent of treatment
delay. Metabolic recovery could be predicted know-
ing metabolic disturbances alone. In another study
the relative ADC, T2, and perfusion values before
thrombolysis were tested for their ability to predict
outcome (PILLEKAMP et al. 2001). The probability
of tissue damage 5 h after tPA treatment increased
with the severity (i.e., degree of reduction) of ADC
changes prior to thrombolysis. Pretreatment PI or
T2 relaxometry also correlated with outcome, but
- alone or in combination with pretreatment ADC
maps - did not improve injury prediction over that
obtained by ADC alone (PILLEKAMP et al. 2001). In
a recent MR study in human stroke patients, the
prolongation of the mean transit time (MTT) in
PI indicating impaired CBF, differed significantly
between the regions that became infarcted or sal-
vaged tissue on day 90 (BUTCHER et al. 2003). Rela-
tive CBF was 10% lower in infarcted tissue than
in salvaged regions. The authors also showed that
- when reperfusion occurred - tissue with more
severely prolonged MTT (i.e., lower CBF) was res-
cued from infarction relative to patients with per-
sistent hypoperfusion. In addition, the magnitude
of early reversal of the perfusion deficit proved to
be the best predictor of favorable clinical outcome
in another study (CHALELA et al. 2004). MRI was
performed prior to and soon after tPA therapy in
acute stroke patients; the decrease of the hypoper-
fusion volume on MTT maps by > 30%, but not of
DWTI lesions, was a strong independent predictor
of good clinical outcome evidenced by a 3-month
Rankin score < 2 (CHALELA et al. 2004).

The predictability of hemorrhagic complications
remains a controversial issue. KNIGHT et al. (1998)
described that the post-reperfusion parenchymal
enhancement of contrast agent on T1-weighted MRI
predicted petechial hemorrhage after 24 h. By con-
trast, NEUMANN-HAEFELIN et al. (2001) could not
predict the occurrence of hemorrhagic transforma-
tion between day 2 and 7 on the basis of early blood-
brain barrier disruption or ADC changes in a revers-
ible suture occlusion model of stroke. However, in an
embolic stroke model the hemorrhagic transforma-
tion of infarction was significantly more frequent in
tPA-treated animals. In those animals, hemorrhagic
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Fig.4.15. Perfusion images (PI) and spectroscopic imaging maps of lactate and N-acetyl-aspartate (NAA) before and after
embolic occlusion of the middle cerebral artery. Thrombolysis was applied 1.5 h after embolism and lead to a partial reper-
fusion of the affected territory (upper row). There was a clear increase in lactate that was partially reversed upon thrombolytic
reperfusion. NAA maps showed a decreased signal in the ischemic hemisphere that did not recover. [Reproduced with permis-

sion from FRANKE et al. (2000)]

transformation occurred in the ischemic core region
and could be predicted by a disturbance of the
blood-brain barrier before treatment by Gadolin-
ium-DTPA contrast enhancement, but not by ADC,
T2, or perfusion imaging (NEUMANN-HAEFELIN et
al. 2002). The region of bleeding co-localized with
prior contrast enhancement in those animals.

It has to be mentioned, that in the clinical context
the occurrence of hemorrhagic transformation is a
partofthe natural history of territorialinfarcts occur-
ring in 40%-60% of cases (JORGENSEN and TORVIK
1969) and behaving differently from parenchymal
hematomas that are associated with worse outcome
especially in the setting of thrombolytic therapy
(FIorELLI et al. 1999). MoLINA et al. (2002) showed
prospectively in a series of tPA-treated patients, that
the occurrence of hemorrhagic transformation as vis-
ible on CT scans on day 3 to 4, was a marker of suc-
cessful recanalization and lead to reduced infarct size
and improved clinical outcome. Nonetheless, one
would wish that the benefit of thrombolytic therapy
could be conferred without producing mild hemor-
rhagic signs. It is also controversial whether or not the
detection of old microbleeds by T2* imaging prior to
thrombolytic treatment is of significance for outcome
(DEREX et al. 2004; KIDWELL et al. 2002).

4.3.2
Neuroprotective Strategies

Interventions by drug application can be prop-
erly monitored by MRI, especially DWI. This is
of particular interest because any therapeutical
strategy will be most effective if applied during
the early ischemic period, i.e., the initial 6 h after
vessel occlusion when changes of lesion size and
lesion composition are most rapid as already
shown above. Table 4.2 lists the most important
studies in this field showing that - depending on
the animal model and the time of reperfusion - a
drug-related reversal of the diffusion lesion is
rather the exception than the rule (BuscH et al.
2002; EBIsu et al. 2001; GILL et al. 1996; HOEHN-
BERLAGE et al. 1997; KUCHARCZYK et al. 1991; Lo
et al. 1994; MINEMATSU et al. 1993b; MULLER et
al. 1995; SEEGA and ELGER 1993). Histologically
confirmed positive treatment effects are in most
cases reflected by a slowing of the lesion enlarge-
ment during the first hours of ischemia and/or
reperfusion. Even in the case of early DWI lesion
regression one has to consider the possibility of
late lesion reappearance as shown earlier in this
chapter.
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Table 4.2. Selected studies that employ MRI to monitor drug effects in models of stroke

Authors Year Neuroprotective drug Species Animal model Result

KUCHARCZYK 1991 sodium-calcium channel blocker cat perm MCAO smaller DWI lesion, MRS:

et al. (RS-87476) lactate reduced

SEEGA et al. 1993 serotonin antagonist rat perm MCAO reduced edema formation
(levemopamil) (T2)

MINEMATSU 1993 non-comp NMDA antagonist rat 3-h MCAO + reperfusion  better DWI lesion regression

et al. (MK-801) post reperfusion

Lo et al. 1994 non-comp NMDA antagonist rat perm MCAO + reperfusion DWI lesion regression
(MK-801)

MULLER etal. 1995 free radical scavenger (U74389G) rat 2-h MCAO + reperfusion  better DWI lesion regression

post reperfusion

GILL et al. 1996 MK-801 rat perm MCAO slower lesion progression

Hoehn-Berlage 1997 cation channel blocker rat perm MCAO slower lesion progression

et al. (LOE 908 MS)

EBISU et al. 2001 immunosuppressant FK 506 rat perm MCAO slower lesion progression

BuscH et al. 2002 tPA rat embol MCAO slower lesion progression

Perm, permanent; embol, embolic; MCAO, middle cerebral artery occlusion; MRS, magnetic resonance spectroscopy; non-

comp, non-competitive

Several authors have investigated the cerebropro-
tective effects of NMDA receptorantagonistsbyusing
DWI. MINEMATSU et al. (1993a,b) studied CNS-1102
in two different models: permanent MCA occlusion
and 3-h occlusion followed by 21 h of reperfusion.
The drug was given 15 min after vascular occlusion
and infusion was continued for 3 h to obtain con-
stant plasma levels. The comparison of lesion size on
DWTI at 3 h post occlusion with histological analysis
after 24 h showed a good spatial correspondence in
the reversible ischemia model, both with and with-
out treatment. In the permanent occlusion model,
DWTI hyperintensity at 3h post occlusion slightly
underestimated the lesion size as assessed on histo-
logical sections — due to a certain growth of lesions
between the two timepoints. Reductions of infarct
size by 66% in the permanent ischemia model and
by 40% in the reversible model were observed. Simi-
lar observations were made with MK-801, a non-
competitive NMDA receptor blocker (GILL et al.
1996; Lo et al. 1994). GiLL et al. (1996) observed a
progressive increase in the volume of hyperintensity
over the total observation time for both, treated and
placebo groups. However, the lesion size in MK-801
treated animals was consistently smaller on DWI
with less marked signal changes. HOEHN-BERLAGE
et al. (1997) made similar measurements when a
cation channel blocker was applied (Fig. 4.16).

The development of the excitotoxicity hypothesis
of ischemic damage along with the advent of potent
glutamate antagonists provided the theoretical basis
of what has been named neuroprotection. The fail-
ure of more than 40 clinical trials that have applied
neuroprotectants to stroke patients, to show a clear
clinical benefit has, however, raised concerns about

this concept (GROTTA 1995; WEIR et al. 2004). Apart
from considerations of correct drug dosage, limited
therapeutic time window, and the heterogeneity of
stroke syndromes, it is questionable whether the
drugs can arrive at their target unless reperfusion
is installed to some degree. Therefore, strategies to
combine thrombolysis and neuroprotective agents
have been developed and recently reviewed (CHEN
etal. 2002). In own experiments, the combination of
tPA with the NMDA receptor antagonist memantine
was unable to reduce tissue damage in embolic stroke
(Back et al. 2004). Future studies that target molec-
ular responses like the action of serine proteases on
protease-activated receptor 1 (PAR-1) (JUNGE et al.
2003) or the activation of newly discovered acid-
sensing ion channels that are calcium permeable
(CHuU et al. 2002), may reveal intriguing insights.
The successful translation of experimentally proven
strategies into the clinical field may require a better
design of trials (WEIR et al. 2004) that may - as one
potent measure - implement MRI prior to treatment
in order to better define and select stroke patients
(WARrAcH 2001).

4.4
Delayed Effects After Cerebral Ischemia

In the previous sections we have, by part, already
reviewed delayed effects after cerebral ischemia,
such as the risk of hemorrhagic complications that
may occur as petechial bleedings or parenchymal
hematoma. We have seen that the blood-brain bar-
rier opens to various degrees with a substantial time
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Fig.4.16. Treatment effects by pharmacological intervention in models of permanent focal ischemia. Efficacy of cation channel
blocker (left) or glutamate antagonist MK-801 (right) was monitored by using repetitive diffusion-weighted imaging (DWI).
Lesions were defined by a change in the apparent diffusion coefficient (ADGC, left) or by hyperintensity in DWI (right). Note that
pharmacological intervention tends to slow down natural lesion enlargement rather than reversing ischemic lesions. [Repro-

duced with permission from HOEHN-BERLAGE et al. (1997), and GILL et al. (1996)]

lag from primary injury, also depending on the
severity of the ischemic insult and the occurrence
of reperfusion. Here, two aspects of delayed changes
are to be addressed, namely the postischemic pat-
terns of functional activation and the plasticity of
the cortex as response to local injury. Of note, we
stand at the very beginning of a better understand-
ing of processes that reorganize injured brain.

441
Effects on Functional Activation

In Sect. 4.1.4 the detection of activated brain areas
by BOLD or perfusion-weighted imaging was shown
to depend on: (i) the ability of neurons to become
activated and (ii) the neurovasculature to respond
to neuronal activation by an (adequately matched)
increase in local blood flow. During functional acti-
vation, a= 6% increase in signal intensity is observed
in BOLD images thatis attributed to a decrease of the
absolute concentration of dexoygenated hemoglobin
(Hbgeoxy) per voxel (GRUNE et al. 1999). Hbgqy, is
paramagnetic and thereby decreases signal inten-
sity in T2*-weighted images. The signal increase
is brought about by an excess increase in blood
flow leading to excess concentration of oxygenated

hemoglobin (Hb,,,) overriding the oxygen demand
of the activated tissue. As a consequence, a perfect
match of local blood flow and oxygen extraction
would result in an increase of absolute Hb,,,, con-
centration per voxel (due to increased blood volume)
and, thus, to a negative BOLD signal. Under physi-
ological conditions this match is imperfect so that
a positive BOLD response to functional activation
is the normal finding. Apart from this, functionally
activated brain regions can be monitored by appli-
cation of PI (i.e., bolus tracking MRI) that reveals a
70% increase in local blood flow or blood volume
that matches very well CBF measurements by other
methods documenting flow changes in the range of
70%-90% above baseline during functional activa-
tion (ScuMITZ et al. 1997).

In arecent study, rats underwent permanent MCA
occlusion and functional activation was studied by
bilateral forepaw stimulation and MRI 24 h after
the insult (REESE et al. 2000). The CBF response
was monitored in both hemispheres by using a T2*-
sensitive imaging sequence and intravascular bolus
of contrast agent. In the non-ischemic hemisphere,
a proper activation due to forepaw stimulation
was recorded, but on the affected side no response
could be elicited. This failure of activation was
first attributed to ischemic damage of the somato-



Insights from Experimental Studies

sensory cortex. However, in animals that received
neuroprotective treatment and in which the soma-
tosensory cortex was spared from injury, still no
response could be detected. The authors concluded
that those cortical areas are functionally impaired
although their afferent input remained to be unle-
sioned. More extended observations of functional
recovery at 2 days and 2 weeks post occlusion were
published by DIJkHUIZEN et al. (2001). At day 2 after
stroke onset no functional activity was observed in
the ischemic hemisphere. Interestingly, at this time-
point CO,-reactivity was preserved (or had recov-
ered) and baseline flow was not increased, indicat-
ing the absence of severe vasodilation that would
prohibit a further stimulation-induced vascular
response. After 2 weeks, bilateral signs of activation
were present in the infarct borderzone, both in and
adjacent to the sensorimotor cortex. Neurobehav-
ioral tests revealed a nearly complete recovery of
forelimb function. Obviously, the cortical forelimb
representation field has recruited peri- and contral-
esional functional fields in order to regain near-to-
normal function.

In the pathophysiological state of resuscitation
after global ischemia, the pattern of recovery is dif-
ferent. During postischemic hyperemia, autoregula-
tion and CO, reactivity are abolished and the former
recovers earlier than the latter. The question arises
whether the impaired functional coupling between
metabolism and blood flow reflects disturbances
of the functional integrity of the brain or just indi-
cates impaired cerebrovascular reactivity. In studies
by ScHMITZ et al. (1997, 1998), rats were exposed to
10-min cardiac arrest followed by reanimation and
repeated MRI studies up to 7 days. ADC normalized
within 45 min after resuscitation, but neurological
scores and amplitudes of the sensory evoked poten-
tial (SEP) recovered at a much slower pace. While
CO, reactivity had returned to normal at 5h after
reanimation, the stimulus-induced CBF increase
due to electrical forepaw stimulation recovered to
only 40% of normal within 1 week (measured by
laser-Doppler flowmetry) (ScumIiTz et al. 1997).
Laser-Doppler flow measurements were precisely
confirmed by PI (ScuMITZ et al. 1998). After 3 h of
reperfusion, functional activity began to reappear,
but the recovery of the BOLD signal progressed faster
than that of the perfusion-weighted signal: the stim-
ulus-induced signal intensity increase in T2* images
at day 1 after resuscitation was already comparable
to normal. The differences in the recovery of ADC,
BOLD, and perfusion imaging were interpreted to
relate to differences between metabolic and func-
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tional recovery on one hand and between blood flow
and oxygen extraction on the other. Thus, the much
slower recovery of the CBF response to functional
activation is not limited by an impaired cerebrovas-
cular sensitivity. Since the BOLD signal is inversely
proportional to the tissue oxygen extraction, it may
be concluded that the decoupling between the T2*-
weighted imaging behavior (rapidly restored) and PI
responses to stimulation (sustainedly impaired) is
due to reduced oxygen extraction upon activation.

4.4.2
Brain Plasticity and Stem Cell Implantation

Therapeutic strategies do not aim alone at preserva-
tion of lesioned tissue but also at functional restitu-
tion after completed stroke. There are two principle
approaches to the latter: (i) mechanisms of brain
plasticity and (ii) regeneration based on stem cell
implantation.

The pattern and role of brain plasticity in stroke
recovery has been incompletely characterized. Both
ipsilesional and contralesional changes have been
described in the previous section, but it remained
unclear how these relate to functional recovery. In
a recent investigation, brain activation patterns
were correlated with tissue damage, hemodynam-
ics, and neurologic status after temporary stroke,
using functional MRI (DKHUIZEN et al. 2003).
Functional activation and cerebrovascular reactiv-
ity maps were generated at days 1, 3 and 14 after
2-h MCA occlusion in rats. Significant activation
responses in the contralesional hemisphere were
detected at days 1 and 3. There was no correlation
between activation parameters and perfusion status
or cerebrovascular reactivity. The degree of shift of
activation balance toward the contralesional hemi-
sphere early after stroke increased with the extent
of tissue injury. Functional recovery was associated
mainly with preservation or restoration of activa-
tion in the ipsilesional hemisphere.

Duringneonatal development, thebrain possesses
the striking ability to transfer initially lost functions
to new, unaffected cortical areas when irreversible
lesions prohibit function of the original representa-
tion fields - an ability that is still to a lesser degree
present in mature brain. This type of “plastic”
response has been studied in rats with a well defined
lesion of the somatosensory cortex that was induced
1 day after birth. Six months later functional MRI
(fMRI) was performed with a forepaw stimulation
paradigm when the animals showed no neurological
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deficits. fMRI signal amplitude in activation areas
was decreased on the ispilesional side with the occa-
sional occurrence of contralesional activation in the
secondary somatosensory cortex (SCHWINDT et al.
2004). Taking these and other results into account,
neuromodulatory mechanisms enable the activation
of previously inhibited but existing pathways that
contribute to functional reorganization.

Stem cell implantation is a new intriguing way to
promote regeneration. In vivo monitoring of stem
cells after grafting is essential for a better under-
standing of their migrational dynamics and differen-
tiation processes and of their regeneration potential.
Using MRI at 78-um spatial resolution and cell labe-
ling by a lipofection procedure with a MR contrast
agent, focal cerebral ischemia was studied (HOEHN
etal. 2002). Over a 3-week period, cell migration was
observed along the corpus callosum to the lesioned
hemisphere, and cells massively populated the bor-
derzone of the damaged brain tissue on the hemi-
sphere opposite to the implantation sites (Fig. 4.17).
Obviously, embryonic stem cells have high migra-
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tional dynamics, targeted to the cerebral lesion area.
The translation of those results into clinical research
needs to be shown in the future.

4.5
Outlook on Future Research

MRS is a promising tool to accompany imaging
studies in cerebral ischemia. In vivo 3'P MRS pro-
vides information on energy metabolism (ATP,
PCr) and can be used to estimate intracellular pH
from the chemical shift difference between P; (inor-
ganic phosphate) and PCr. Due to its relatively low
sensitivity (7% of that of 'H) quite large voxels-
of-interest have to be chosen which complicates
studies in smaller animals. In vivo 'H spectros-
copy offers insight into other metabolic arenas:
during ischemia/hypoxia a prominent peak due to
lactate can be detected that is not visible under
normal physiological conditions. N-acetyl-aspar-

Fig.4.17a-f. Coronal section through a rat brain at various times after implantation of embryonic stem cells contralateral to the
induced focal ischemia. Data sets were recorded at the day of implantation (a) and at 6 (b) and 8 (c) days after implantation.
The infarcted tissue area is outlined on (c). Note at 6 days (b) the discrete dark line (arrow in d, higher magnification) along
the corpus callosum showing iron-oxide labeled cells migrating toward the lesioned hemisphere. At 8 days (c) a dark region
becomes visible in the dorsal part of the lesioned territory reflecting first arrival of those cells. At higher magnification (d),
the migration along the corpus callosum is better visible. The lining along the ventricular wall (e) and the accumulation of
labeled stem cells on the choroid plexus (f) are presented in another example with high magnification. [With permission from

HOEHN et al. (2002)]
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tate (NAA) is a substrate almost exclusively local-
ized in neurons, the function of which is widely
unknown. Its characteristic peak in proton spectra
decreases in ischemic states, probably due to neuro-
nal loss. Other peaks derived from proton spectra
are those for glucose, (phospho)creatine, choline-
containing compounds, glutamate/glutamine, and
myo-inositol. They provide information of other
aspects of ischemia-dependent changes in metabo-
lism. Choline derivatives are involved in membrane
function and fluidity, glutamate/glutamine point
to the activity of the tricarboxylic acid cycle, and
myo-inositol plays a role in the ion homeostasis
that is known to be disturbed in acute ischemia.
Perhaps the most interesting application of MRS is
the multi-voxel approach of proton spectra called
spectroscopic imaging (SI) (BRowN et al. 1982). SI
provides metabolic maps of the brain with increas-
ing spatial resolution and has been successfully
applied to animal and human stroke (Fig. 4.15). The
high regional heterogeneity of cerebral infarcts is
reflected by differential metabolic responses from
the ischemic core and borderzone areas (FRANKE et
al. 2000). Such metabolic profiles have already been
used to characterize subtypes of human stroke (L1u
et al. 2003) (see Chap. 11).

Technical progress and higher spatial and tem-
poral resolution of MRI and MRS is going to trig-
ger MR studies in small animals, especially in
mice, although high-resolution MR methods have
predominantly been applied to rat and cat models
of ischemia. Gene-manipulated mice (knock-out,
knock-in) offer a powerful way to gain insight into
complex molecular interactions and intracellu-
lar signaling. ZAHARCHUK et al. (1997) showed for
the first time that MRI can be used in mouse MCA
occlusion to detect changes in T1, T2 and DWL
They also demonstrated that mice deficient of neu-
ronal nitric oxide synthase had a smaller periinfarct
zone (defined by ADC threshold) and attributed
this finding to less severe metabolic changes after
ischemia. VAN DORSTEN et al. (1999) investigated
different wild-type mouse strains using PI and DWI
and found significantly smaller lesion volumes in
SV129 mice compared to C57Black/6 mice prob-
ably due to the smaller MCA territory of the former
strain. Hence, differences in vascular anatomy have
to be considered in the future when parent strains
are selected for genetic engineering.

Finally, we have little doubt that MR methods
will play a dominant and innovative role in future
research of brain ischemia covering alterations of
perfusion, metabolism and molecular signaling.
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Technical Considerations

The term MR angiography (MRA) does not denote
a single imaging technique or MR-pulse sequence
but it stands for a variety of different methods of
vessel imaging, which are more or less compara-
ble with classical angiographic examinations. As a
robust method for the depiction of intracranial arte-
rial stenoses the time-of-flight MRA (TOF-MRA)
is widely accepted (OzsaRLAK et al. 2004), while
the contrast-enhanced MRA (CE-MRA) dominates
the assessment of cervical stenoses (WETZEL AND
BoNGARTZ 1999). It might be pointed out, that the
best MRA technique does not exist. The selection of
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a suitable MRA technique depends on the technical
equipment of the MR scanner, the vascular region of
interest, the ratio of technical and temporal expense
and of the clinical tasks. For instance protocols for
hyperacute stroke diagnosis in emergency cases
might differ from those for perfect vessel analysis
in investigation of ischemic stroke in principle.

The terms 2D and 3D have different meanings,
whether they are used for data acquisition tech-
niques (i. e. pulse sequences) or for image display,
respectively. 2D acquisition means for MR angiog-
raphy that, for a a relatively short period of time,
either a primary projection image of vessels from a
thick volume [for instance in phase contrast MRA
(PC-MRA)] or a single thin slice is produced. The
sequential acquisition of a series of multiple thin
slices with or without gaps is also termed 2D in this
sense (for instance in sequential 2D TOF-MRA). In
pulse sequences for 3D data acquisition, which are
chosen in the majority of MRA purposes, so-called
3D Fourier transformation (3DFT) algorithms are
applied, which allow the simultaneous acquisition
of three-dimensionally defined volume data from a
thick slab by use of a second phase encoding HF gra-
dient. The image data are, however, also displayed
primarily as thin, gapless subslices (partitions). In
3D measurements, image data for every single voxel
of the volume are collected over the entire measure-
ment time, which lasts up to several minutes. 3D
measurements provide an improved signal-to-noise
ratio and thus allow a better spatial resolution in a
given time. Despite the 2D or 3D acquisition mode,
the source images can be viewed and analyzed sepa-
rately as single slices or after adequate postprocess-
ing procedures (see Sect. 5.1.5) as three-dimension-
ally reconstructed projection images.

The MRA techniques discussed in the following
base on gradient echo sequences and can generally
be divided into flow-dependent and flow-indepen-
dent ones . The main flow dependent techniques are:
time-of-flight MRA (TOF-MRA) and phase contrast
MRA. CE-MRA, in contrast, is blood flow-indepen-
dent, although flow phenomena can still influence
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image quality. Flow-dependent high resolution MRA
acquisition techniques normally require several
minutes for data acquisition while flow-independent
measurements can be performed within (and up to
approximately 30) seconds. The higher the gradient
system capability, the faster data acquisition is. The
gradient system power on the other hand is limited
by safety considerations in order to avoid stimula-
tion effects in patients.

Very fast flow-independent MRA techniques
require the intravenous application of MR contrast
agents using extremely exact timing protocols. The
same contrast media can be used for parenchymal
and angiographic imaging. The choice of a con-
trast agent is mainly determined by its relaxation
and viscosity parameters (FRIESE et al. 2001b). A
group of specific contrast media with a prolonged
intravenous circulation (blood pool agents) provide
advantages for MRA with high spatial resolution but
they are not yet commonly used (VAN BEMMEL et al.
2003) for cerebral vessels.

Clinical MR tomographs work mostly with mag-
netic field strengths from 0.5 to 1.5 T. High field 3-T
machines have also been used in recent years. They
are characterized by a higher signal-to-noise ratio
which enables an improvement of spatial resolution
in order to depict smaller intracranial vessels (AL
Kwirr et al. 2002). For MRA with inflow methods,
the stronger saturation effect on stationary tissue
improves the vessel signal-to-noise ratio. T1 short-
ening due to contrast agents, on the other hand, is
less effective at higher field strengths.

For the examinations of intracranial vessels the
same coil systems are used as for conventional MRI
of the skull. For a combined examination of intra-
cranial and cervical vessels specially integrated coil
systems are needed which can receive signals from
the circle of Willis down to the aortic arch. Improve-
ments of coil design and high frequency (HF) capa-
bilities allow remarkable reduction in acquisition
times by the use of parallel acquisition techniques
(TINTERA et al. 2004).

5.1.1
Time-of-Flight MRA

Time-of-flight MRA is based on gradient echo
sequences with very short repetition times (LAUB
AND Karser 1988). The repeated HF excitations
cause a relative spin saturation - i. e. signal reduc-
tion - in stationary tissue, while inflowing unsatu-
rated blood is depicted with high signal. A saturation
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pulse cranially to the acquisition volume is usually
applied to suppress the signal of venous downward
flow, so that intracranial and cervical arteries can
be depicted selectively within certain limits.

After the spins have entered the acquisition
slab, the inflow-related high blood signal gradu-
ally decreases due to spin saturation according to
the time period or number of excitations, respec-
tively, rather than flow direction. Variations of
the flip angle over the acquisition volume reduce
saturation effects of moving blood protons (TONE
= tilted optimized nonsaturating excitation). This
homogenizes vessel contrast and elevates the signal
in distal vessel segments. Despite TONE, however,
the imaging of distal vessel segments is impaired.
This limits the thickness of acquisition volumes
and is a well known disadvantage of TOF-MRA. For
the acquisition of larger volumes, the technique of
multiple overlapping slice acquisition (MOTSA) was
developed (Davis et al. 1993). This technique needs
additional measurement time but can alternatively
be used to enhance the signal in distal vessels.

Theoretically, 3D TOF-MRA can reach a spatial
resolution of up to 0.2 mm voxels. With 1- to 1.5-
T magnets this would not provide an acceptable
signal-to-noise ratio and therefore in clinical rou-
tine the spatial resolution is realistically in a range
of approximately 0.5 mm. 3D TOF-MRA is widely
accepted as a standard for depiction of intracranial
stenosis (DAGIRMANJIAN et al. 1995; OELERICH et al.
1998). Intracranial TOF-MRA should depict the ves-

Fig.5.1. Typical TOF-MRA (three overlapping slabs) of basal
intracranial arteries. Maximum intensity projection. Slightly
bright signal from fat tissue (orbits, skin)
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sels from V4 vertebral artery segment through the
M3 segments of the MCA (Fig. 5.1). Limitations of
TOF-MRA in the assessment of stenoses are mainly
caused by two factors: turbulence and slow or recir-
culating blood flow. These conditions can lead to
overestimation of the stenosis grade, as well as of
the length of an arterial stenosis. In patients with
even physiologic vessel tortuosity (Fig. 5.2) or high
flow velocities (children) non-existing stenoses can
be simulated, so that a reliable quantification of ste-
nosis remains problematic. The negative predictive
value of a TOF-MRA, however, is high.

In maximum intensity projections of TOF-MRAs,
typical overlaps of short T1 tissue (fat or subacute
hemorrhages) can occur and affect diagnostic accu-
racy. Hematomas or thrombus material with short
T1 have a high signal which can not be suppressed
in TOF sequences (Fig. 5.3), but would not be signal
intensive in PC-MRA. Specific excitation pulses can
suppress the fatty high signal in bone marrow or
within the orbits. So-called water excitation pulse
sequences can provide an excellent fat signal sup-
pression, but they are sensitive to typical artifacts

Fig.5.3a,b. Bright pontine lesion
on 3D reconstructed (MIP) TOF-
MRA (a). T1-weighted precontrast
spin echo reveals methemoglobin
in a cavernous hemangioma as the
source of bright signal (b)
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due to susceptibility effects. This, for instance, leads
to depiction of pseudostenosis, when the internal
carotid artery comes close to the air in the sphe-
noid sinus (Fig. 5.4) (GizEwsKI et al. 2005). Cer-
tain regions with high fat signal such as the orbits
can also be interactively removed before secondary
reconstruction and then do not impair interpreta-
tion.

5.1.2
Phase Contrast MRA

Moving along a magnetic field gradient, spins expe-
rience a shift of the transverse magnetization. In
phase contrast angiography, the phase shift of flow-
ing blood is determined in several measurements in
three directions in space and the vector of the differ-
ences is displayed as an image. The vector is propor-
tional to velocity as long as the maximally expected
flow velocity of blood is in a range that would cause
phase shifts of less than 180¢. If these conditions
are fulfilled, the phase contrast can be assigned to

Fig. 5.2a,b. Pseudostenosis
due to turbulent flow. Signal
loss at the sharp bending

of the left ICA entering the
carotid canal on TOF image
(a), smooth vessel enhance-
ment on CE-MRA (b)
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a velocity encoding (VENC). Due to different flow
velocities, arteries and veins are depicted with dif-
ferent contrast according to the selected VENC.

Drawbacks of PC-MRA are seen in its suscepti-
bility for patient movements and its impairment by
pulsatile or turbulent flow patterns. The diagnostic
sensitivity of 3D PC-MRA in intracranial stenosis is
markedly lower than with 3D TOF-MRA (OELERICH
et al. 1998). Advantages are the good suppression
of stationary tissue signal with the lack of interfer-
ence with short T1 tissues, and the depiction of large
volumes without limitations due to spin saturation
effects.

Clinically, PC-MRA is often used for laminar
flow with few pulsations as for example in the cere-
bral venous sinuses. Many users apply it as a thick
slab 2D technique with short acquisition times and
primary projective vessel depiction. 3D PC-MRA
demands relatively long measurement times for
data acquisition and is somewhat sensitive to patient
movements. Principally, phase contrast methods
additionally enable a quantification of blood flow
velocity and the assessment of flow directions.

5.1.3
Contrast-Enhanced MRA

To overcome known drawbacks of TOF-MRA, fast
contrast-enhanced 3D MRA was developed. Applica-
tion of a paramagnetic contrast agent reduces spin
saturation phenomena in large examination volumes
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Fig.5.4a,b. Susceptibility arti-
facts: due to the vicinity of air

in the sphenoid sinus the flow
signal of ICA is lowered sym-
metrically on the TOF images
(a), when a fat-signal suppressing
water excitation pulse sequence
was used. The conventional TOF/
TONE sequence shows no false
vessel extinction, but a higher
background signal from fat
tissue (b)

b

but deals with the disadvantage of unwanted venous
contrast overlap if measurement times exceed arte-
riovenous transit time. The development of very
powerful gradient systems, however, enable appli-
cation of strongly Tl-weighted 3D gradient echo
sequences with short acquisition times. Very short
repetition times (TR) significantly reduce the signal
of stationary tissue even more than in TOF-MRA.
The native signal of flowing blood is also reduced.
Intravenous application of a paramagnetic contrast
agent bolus then produces a very strong intraluminal
enhancement during the first pass, which is used for
the depiction of vessels. If there is strong background
signal, subtractions of pre- and post-contrast images
make it possible to eliminate that signal almost
entirely (Fig. 5.5). CE-MRA does not depict complex
flow phenomena such as in TOF-MRA or PC-MRA
but the intravascular blood itself, which provides a
very short T1 due to a relatively high concentration
of contrast agent during its first pass. To avoid the
overlap of arterial and venous contrast, short data
acquisition times must be maintained. Since 6-8s
of arteriovenous transit time would not be sufficient
for the acquisition of high resolution 3D data sets in
large volumes, only that portion of raw data is col-
lected during the critical 6- to 8-s time period, which
is most relevant for image contrasts. The portions of
data most relevant for edge resolution are collected
afterwards and do not count for venous signal. The
veryaccurately performed individual timing of intra-
venous contrast agent application is mandatory for
a perfect CE-MRA. It can be achieved by measuring
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Fig. 5.5a,b. Image postprocessing: subtrac-
tion of pre- from post-contrast high resolu-
tion CE-MRA improves signal suppression
from stationary tissue. Notice a mild blur-
ring (smoothing) of the edges of the carotid
arch and the proximal subclavian arteries,
due to respiration and pulsations

the individual bolus arrival time using a test bolus or
by using fluoroscopic bolus control and automated
start of data acquisition. Failed bolus timing even
in the range of 1-2 s does not only cause unsatisfac-
tory vessel contrast but sometimes produces bizarre
artifacts (Fig. 5.6) which can severely obviate correct
interpretation.
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Acquisition times of CE-MRA are determined by the
desired spatial resolution. Given the physiologic arte-
riovenous transit time of approximately 8 s the use of
an adequate read-out technique allows a total acquisi-
tion time of 25-30 s without impairment due to venous
contrast. Thisleads to a maximum spatial resolution of
0.5-0.8 mm with partition thicknesses below 1 mm.

Fig. 5.6a-d. CE-MRA: failed bolus timing resulted not only in a weak artery signal, but also artificial enhancement of vessel walls
(ringing artifacts), similar to intraluminal thrombus. Examination was repeated and revealed normal vessel enhancement
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CE-MRA is currently the most used MRA tech-
nique for cervical carotids and other extracranial
vessels of the body (CARR et al. 2002; REMONDA et
al. 2002). With 1.5-T magnets, however, the spatial
resolution is still markedly inferior compared with
TOF-MRA, since the time for data collection can
not be extended over minutes. CE-MRA is increas-
ingly used for intracranial indications as well (see
below). The advantages are seen in a low sensitivity
for signal loss due to turbulence (Fig. 5.2) or veloc-
ity displacements of streaming blood. This affords
an opportunity to assess stenoses more reliably
than with TOF or PC-MRA (GOTTSCHALK et al.
2002), as long as sufficient anatomic resolution is
provided.

CE-MRA also allows repetitive measurements
to follow the passage of contrast bolus. Reduction
in the number of slices and of in-plane resolution
admits sequential measurements with a temporal
resolution of less than 1 s (KRINGS AND HANS 2004).
In combination with high resolution measurements,
thus dynamic processes in arteriovenous shunts
or for instance in steal phenomena can be studied
(Fig. 5.7).
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5.14
Black Blood Angiography and
Vessel Wall Imaging

While arterial flow causes an increase of signal
in gradient echo sequences due to inflow effects
(see Sect. 5.1.1), it leads to signal loss in spin echo
sequences, known as flow void (BRADLEY, Jr. et al.
1984). The amount of signal loss is dependent on
presaturation and on velocity of inflowing blood.
Vessel lumens are homogeneously black when the
presaturation is excellent. The high image con-
trast between vessel lumen, vessel wall, and sur-
rounding tissue makes it possible to depict vessels
as so-called black blood angiography (EDELMAN
et al. 1990). The method did not become widely
accepted in the first instance since spatial resolu-
tion and pre-saturation were often unsatisfactory
to outline vessel contours sufficiently. Meanwhile
the construction of specifically dedicated HF coils
provided the preconditions for improved high res-
olution black blood MR studies of arteriosclerotic
plaques in the carotid artery (Haves et al. 1996).
Studies now show that with the use of adequate

Fig.5.7a-d. Time resolved sequential MRA. On high resolution CE-MRA (a), the left
vertebral and left subclavian arteries are not fully enhanced. Selected images from a
time-resolving sequence (b-d) with one frame per second demonstrate top-down con-
trast filling of the left vertebral artery and delayed enhancement of the left subclavian
artery. Note low spatial resolution of sequential images
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HF coils and optimized MR sequences a charac-
terization of plaque structure can successfully be
performed that possibly could help to predict the
risk of plaque rupture (Figs. 5.8, 5.9) (YUAN et al.
2001).

Fig. 5.8a,b. Assumed signal intense plaque (a). Source image of
TOF-MRA at the level of the carotid bulb displays bright mate-
rial, ultrasound showed no evidence of a thrombus. On CE-
MRA there is a short eccentric stenosis of the left ICA (b)
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Fig. 5.9a,b. Subacute wall-adherent thrombus (a). After embolic
infarction of the middle cerebral artery ultrasound has identi-
fied an echolucent structure within the ICA, highly suggestive
of thrombus. T1-weighted spin echo image with fat saturation
confirms an intraluminal thrombus (a) with a mild stenosis (a,
b), gradually resolving over weeks

5.1.5
Postprocessing of MRA

MRA data sets typically consist of multiple (60-100)
partitions, containing a large amount of detailed
information. To achieve an overview, 3D vessel
images are calculated from these data by the use
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of different reconstruction algorithms. Maximum
intensity projection (MIP) is the standard method.
Signal intense vessels emerge from low signal back-
ground. MIP does not depend on a threshold value.
Very small vessels, however, may have overly low
contrast against background noise. In these cases
a selective restriction of the volume of interest
before MIP calculation can improve vessel depic-
tion. Occasionally a diagnosis can be made from
original source images alone which are optimally
viewed on adequate postprocessing workstations.
Multiplanar 2D reconstructions facilitate the evalu-
ation of details in complex anatomic regions, while
the overview is given by 3D reconstructions.

Alternatively, 3D images of MR angiographies
can be calculated using volume rendering tech-
niques (VRT) or shaded surface display (SSD). Both
methods, however, depend on threshold values and
therefore they carry the risk of unwanted manipula-
tion. They are less suitable for the depiction of steno-
ses and are commonly used for aneurysms and other
vascular malformations.

5.2
Vascular Anatomy

5.21
Supraaortic Vessels

The ascending aorta is approximately 5cm long
and merges smoothly into the aortic arch in the
mediastinum. Under normal conditions, the trun-
cus brachiocephalicus, the common carotid artery
(CCA) and the left subclavian artery originate from
the aortic arch. The right and left vertebral arteries
have their origin in the proximal segment of the
corresponding subclavian arteries. The aortic arch
offers numerous variants:

The truncus brachiocephalicus and the left
CCA show a combined origin from the aortic arch
in approximately 25% of cases. The left vertebral
artery rarely arises directly from the arch proximal
to the subclavian artery. Infrequently an aberrant
right subclavian artery leaves the aorta distal to the
left subclavian artery and crosses the mediastinum
dorsal to the esophagus and is then called the arte-
ria lusoria (Fig. 5.10). Elongations and ectasias of
the aortic arch and supraaortal vessels, which can
impair the imaging quality of the vessels, are often
seen in elderly patients.
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Fig.5.10a-c. Fibromuscular dysplasia. CE-MRA (a) after right
hemispheral TIA is suggestive of distal vessel wall irregulari-
ties (arrows). Diagnosis was made by DSA (b, ¢), showing bilat-
eral ‘string of beads’ sign typical for FMD. As a variant, also
note the aberrant course of the right subclavian artery with its
origin distal of the left arteria lusoria
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MR angiography of the aortic arch is provided in
high quality by CE-MRA. Free projections and selec-
tive volume restrictions enable elaborate single ves-
sels. Respiration movements can typically smooth
the outlines of the arch (Fig. 5.5). This effect can
be minimized by breath-hold techniques (CARR
et al. 2002). Strong pulsations, however, also lead
to blurred vascular outlines and can cause signal
voids in tiny origins such as the vertebral arteries
(LEcLERC et al. 2000). ECG-triggered sequences can
compensate pulsation artifacts in MRA (ARPASI
et al. 2000) but they require shortened acquisition
times which imply limited anatomic resolution.

The carotid bifurcation can be seen in 80% of the
adult population at the level of cervical vertebrae 3-
5. Distal to the physiologic dilatation of the carotid
bulb the internal carotid artery (ICA) proceeds dor-
sally to the external carotid artery (ECA) into the
petrous bone. Entering the bony carotid canal, it
describes a sharp bend and thus causes turbulent
flow patterns with somewhat typically symmetrical
signal loss on TOF-MRA, which should not be mis-
interpreted as real stenoses (Fig. 5.2).

5.2.2
Intracranial Vessels

The internal carotid artery is anatomically divided
into segments. FISCHER (1938) primarily defined five
intracranial segments (Fig. 5.11) beginning at the
carotid T. A modern classification by BOUTHILLIER
et al. (1996) names seven segments instead of five
which are counted in an anatomically reverse order
in flow direction. In the following we use Fischer’s
nomenclature which is also still used in the ultra-
sound literature. The segments C2-C4 form the
carotid siphon, which offers considerable variants
in shape. It can resemble a “v” or an omega, or
even a double siphon. Elongations of the siphon lead
to artificial signal voids in flow-dependent MRA
sequences, which express flow displacement effects
(PrpE 2001).

Anomalies of the ICA are infrequent, and aplasia
of the ICA is a rarity (VAN DE PERRE et al. 2004).
In hypoplasia, the vessel tapers off behind a normal
proximal segment and can sometimes be followed
up to the circle of Willis. Occasionally differential
diagnosis is difficult against an arterial dissec-
tion or a very high grade stenosis with a collapsing
distal lumen (pseudoocclusion). In cases of doubt,
the CT shows the hypoplastic osseous carotid canal
(CHEN et al. 1998). An aberrant lateral course of ICA
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Fig. 5.11. Carotid segments according to FISCHER (1938)

through the tympanum has no impact on the diag-
nosis of stenoses.

Small hypophyseal and meningeal branches of
the ICA are not visible in MR angiographies. The
first originating vessel is the ophthalmic artery from
the C3 segment. Distally the posterior communicat-
ing artery and subsequently the anterior choroidal
artery arise from the ICA. A direct origin of the pos-
terior cerebral artery from the ICA is referred to as
embryonic type.

The posterior communicating artery offers sig-
nificant variations in size and is often not suffi-
ciently visible in MRA. If it is utilized for a collat-
eral circulation, it can increase in signal and size,
but lacking detection in MR angiography in patients
with proximal stenosis does not permit an assess-
ment of the lack of collateral flow (HARTKAMP et al.
1999; HOKSBERGEN et al. 2003).

The anterior choroidal artery is mostly detect-
able only on source images, not on MIP of a TOF-
MRA (WIESMANN et al. 2001), because of its very
small size. Consequently, definite statements about
pathology can not be made.

The middle cerebral artery (MCA) is divided into
four segments. The horizontal M1 segment reaches
laterally to the bifurcation or trifurcation, the insu-
lar segments within the Sylvian fissure are named
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as M2, the opercular vessels M3 and the peripheral
cortical branches M4.

Intracranial MR angiography should be sensitive
enough to depict stenosis at least in the M1 and M2
segments, even if exact quantification is not reliable.
Small vessel diameters and signal loss due to spin
saturation do not allow the diagnosis in peripheral
MCA branches and lenticulostriatal vessels are nor-
mally not depicted. Nevertheless, an asymmetric
signal loss within the peripheral MCA branches on
MRA can be taken as an indicator for a high grade
proximal M1 stenosis (FujITa et al. 1994). Relevant
variants of the MCA are rare, differential problems
can arise from duplications or fenestrations. The
anterior cerebral artery (ACA) is much thinner than
the MCA. The Al segment reaches from the intra-
cranial carotid bifurcation (carotid T) to the ante-
rior communicating artery, the A2 segment up to
the corpus callosum, where it divides into the peri-
callosal artery and the callosomarginal artery, also
named as A3 segments. In most cases, a depiction
of the ACA is sufficiently possible including the A2
segment, but a definitive evaluation of pathologic
vessel wall lesions by means of MRA is not given in
the majority of cases.

The vertebral artery normally originates from
the subclavian artery. The first extraosseous seg-
ment is called V1, the intraforaminal section up to
the first cervical vertebral body V2. V3 reaches from
the exit of the first vertebral body to the dural pas-
sage, the V4 segment runs intradurally through the
Foramen magnum and forms the vertebral junction
with the contralateral vertebral to the basilar artery.
The dural passage is occasionally marked by a small
constriction of the vessel, which should not be taken
as a stenosis.

Vertebral arteries vary in size and symmetry,
where mostly the left vertebral artery is the domi-
nant one. The coincidence of vertebral fenestrations
and aneurysms is well known. The anterior spinal
artery receives tiny vessels from the vertebral arter-
ies which are physiologically not depicted by MRA
due to their size. The posterior inferior cerebellar
artery (PICA) as the largest, most important and
most variable cerebellar artery; however, under
normal conditions it is constantly depictable with
TOF and CE-MRA.

The size of the basilar artery varies markedly.
Given an embryonic type of PCA, the basilar artery
can be extremely small and sometimes it appears to
end at the level of the superior cerebellar arteries.

Persisting arterial anastomoses between the ICA
and basilar artery occur as the primitive trigeminal
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Fig. 5.12. Primitive trigeminal artery connecting the ICA and
basilar artery (arrow)

artery (Fig.5.12), rarely as the primitive acoustic
artery, the primitive hypoglossal artery or as the
proatlantal artery. They can easily be detected by
MRA as well as the clinically relevant fenestrations
of the basilar artery, which are seen atopically in
more than 1%.

The anterior cerebellar artery (AICA) is normally
the thinnest cerebellar artery and in MR angiogra-
phies is often insufficiently depicted. The superior
cerebellar artery on the other hand can almost con-
stantly be identified and anomalies such as duplica-
tions are mostly recognized on MR angiographies
(UcHiNo et al. 2003). For the numerous anomalies
and potential collateral circulations see specific lit-
erature (OsBORN and ANDERSON 1977).

5.3
Clinical Application of MRA in
Stenoocclusive Arterial Diseases

Quality standards for diagnosis of stenosis are set
by catheter DSA, and noninvasive methods have to
be compared with these. In the majority of cere-
brovascular diseases, however, invasive methods are
no longer indicated and are replaced by MRA or
CT angiography, respectively. To assure an optimal
therapy of stroke, vascular imaging has to provide
answers to a number of clinical questions:
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o Is the sensitivity sufficient for detection or exclu-
sion of a stenosis?

e Can stenoses be quantified by a standardized
measure?

o Is it safe to differentiate between stenosis and
occlusion?

e Is the underlying disease of a stenosis recogniz-
able and are even mild lesions of the vessel wall
visible?

e Can intravasal thrombosis be identified?

e Can collateral circulation be analyzed?

e Which technical limitations hamper the evalua-
tion?

5.3.1
Atherosclerotic Diseases

Atherosclerosis mainly affects large- and medium-
sized arteries. Extracranial manifestations at the
carotid bifurcation statistically dominate the intra-
cranial arteries. Besides typical manifestations at
the carotid siphon or the vertebrobasilar junction,
atherosclerosis is occasionally also found in periph-
eral intracranial vessel segments. Typical sequelae
of atherosclerosis are stenosing plaque formations,
ulcerations, dilatations or the evolution of fusiform
aneurysms, which can be accompanied by extensive
formation of thrombus.

5.3.1.1
Plaques

Superior to DSA, MRI can depict arterial flow or
lumen as well as the vessel walls. Analysis of plaque
morphology was improved in recent years by the
development of specific MRItechniques. Plaques can
now be characterized in vivo with regard to fibroid
or lipid content or hemorrhagic lesions (Fig. 5.8). It
can be expected that, in the future, plaque exami-
nation will influence stroke treatment protocols if
the risk of plaque rupture can be reliably estimated
(CAPPENDIJK et al. 2005; HAYES et al. 1996; TRIVEDI
et al. 2004; YuaN et al. 2001). Plaque examinations,
however, are not yet clinical routine. Source images
of TOF-MRA allow only limited assessment of vas-
cular walls.
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5.3.1.2
Extracranial Stenoses

The goal of optimized standard imaging protocols
in stroke workup is to quantify carotid stenosis,
recognize tandem stenosis or multifocal vessel
pathology and possibly assess collateral circula-
tion. Quality of flow-dependent MRA techniques
for the evaluation of atherosclerotic stenosis of
the carotid bifurcation was analyzed in a number
of studies. In flow-dependent techniques, turbu-
lent flow patterns and the high variance of flow
velocities impair the quality of depiction as the
main physiologic phenomena. PC-MRA showed
an inferior sensitivity and diagnostic accuracy
in the evaluation of stenosis compared with TOF
techniques (BENJAMIN et al. 1997; SCARABINO et
al. 1998). With high resolution 3D TOF provided
a better estimation of stenoses. The classification
into <30%, <50%, 50%-70% and >70% proved to
be reliable (CARRIERO et al. 1998; RASANEN et al.
1999). In stenoses higher than 85%, however, flow
voids were seen (ANDERSON et al. 1994) even in
transverse source images. A typical problem of
3D TOF-MRA is a mild overestimation of stenoses
regarding their grade and length. The signal void in
these cases is mainly induced by turbulence.

The main disadvantage of TOF angiogra-
phy is the limited examination volumes. Even
using multi-slab techniques it is problematic and
extremely time consuming to depict the entire
vessel tree from the aortic arch to the circle of
Willis. Studies comparing TOF and CE-MRA
proved the superiority of CE-MRA (WETZEL et al.
2001; WILLIG et al. 1998). CE-MRA provides a high
sensitivity and no false positive findings in con-
trast to TOF-MRA, since turbulence and velocity
variations do not remarkably influence the images
(STEHLING et al. 1997). To date, however, defini-
tive standards for the technical performance of
CE-MRA have not been established (SUNDGREN et
al. 2002). While some examiners prefer sequences
with very short acquisition times to avoid venous
contrast overlap, a much better signal-to-noise
ratio and spatial resolution are provided by longer
data acquisitions in conjunction with a very exact
contrast bolus timing. High spatial resolution
techniques are necessary to depict short and high-
grade stenoses with very complex flow patterns
(Fig. 5.13) and to avoid unwanted signal distur-
bances in physiologically narrow vessel bends.
Tandem stenoses of the ICA can thus also be reli-
ably diagnosed (Fig. 5.14).



Fig.5.13a,b. Detailed depiction of a rather complex carotid
stenosis with several sharp plaques and an ulceration (arrow)
on CE-MRA (b) to an extent matching DSA (a)

Fig. 5.14. Tandem stenoses of the left ICA demonstrated with
CE-MRA. Approximately 80% proximal stenosis and high
grade distal stenosis near the carotid canal (arrows)
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Using MRA techniques with high spatial resolu-
tion, the correlation with DSA in the estimation of
stenosis grades is excellent, with a tendency towards
mild overestimation (CosoTTINI et al. 2003). By
means of physical principles, however, a quantifica-
tion of atherosclerotic stenoses with CE-MRA alone
is not exactly possible. Even if there are no signal
losses within a voxel, the spatial resolution is not
sufficient to transfer the NASCET and ESCT quan-
tification criteria to MRA. If, however, MRA is com-
bined with ultrasound, the grading of carotid ste-
nosis is reliable (FRIESE et al. 2001a). A remaining
limitation of CE-MRA is still the diagnosis of very
short, web-like stenoses (Fig. 5.15).

Subtotal stenoses greatly reduce post-stenotic
flow and are called pseudoocclusions, since they
are difficult to differentiate from true occlusions
even with Doppler ultrasound (without the use of
ultrasound contrast media). There are only a few
studies on this problem with limited numbers of
patients. In the majority of cases, CE-MRA could
differentiate stenosis from occlusion (FRIESE et al.
2001a; REMONDA et al. 2002) (Fig. 5.16). In these

Fig.5.15. High grade, very short web-like stenosis of ICA on
high resolution CEMRA (b) compared to pre-interventional
DSA (a). MRA depicts abnormality , but fails to sufficiently
delineate the web. DSA indication should be discussed if ultra-
sound and MRA do not match
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Fig.5.16. Typical pseudoocclusion on CE-MRA. Note subtotal
left proximal ACI stenosis (arrow). The distal vessel is col-
lapsed and very thin, but relatively visible up to the circle of
Willis

cases, it is less difficult to detect slow flowing blood
in the distal ICA than not to confuse tiny extra-
intracranial collaterals with residual post-stenotic
flow in the ICA. This problem also occurs prefer-
entially in MRA techniques with low spatial resolu-
tion. Thus, more false positive than false negative
results occur.

After stent PTA, metallic artifacts hinder evalu-
ation of restenosis due to metallic artifacts with all
MRA sequences. Even with detailed knowledge of
artifacts, areliable assessment is possible only in few
cases. The severity of artifacts is mainly dependent
onstent material (Fig. 5.17) where steel stents disturb
imaging more than those from nitinol (CAvAGNA et
al. 2001; TENG et al. 2004).

Although MRI also depicts vessel walls, the
detection of an intravascular thrombus remains a
diagnostic dilemma. On CE-MRA the intraluminal
signal gap due to a thrombus can not be distin-
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guished from a plaque under certain conditions.
This is especially true for the carotid bifurcation.
In suggestive examination situations, conventional
spin echo sequences could provide the evidence of
thrombus. These sequences, however - including fat
signal suppression and presaturation pulses - are
time consuming and are not principally scheduled
in standard examination protocols. Furthermore,
the results are not always conclusive. Without the
use of specially designed HF coils and sequence
protocols the differentiation of thrombus against
plaque remains difficult (Figs. 5.8, 5.9). Vessel wall

Fig.5.17. Post-stent CE-MRA. Substantial signal loss due to
metallic artifacts (a steel containing wall-stent was used). Note
typical ring-like extinctions at proximal and distal tips of the
stent. While CE-MRA did not really contribute to the problem
of in-stent restenosis, ultrasound was normal in this case
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lesions that have a configuration and localiza-
tion untypical for a plaque should be suspected as
thrombus. Intramural hematomas in cases of arte-
rial dissections are much easier to recognize, as
described later.

5.3.1.3
Intracranial Stenoses

The depiction of intracranial arterial stenosis by
MRA requires a high sensitivity resolution tech-
nique, while the importance of an exact grading by
MRA is not defined yet. A preventive anti-calcula-
tion for stenosis of proximal intracranial segments
exceeding 50% is still a matter of debate (SHERMAN
2002).

In the diagnosis of intracranial stenosis, TOF-
MRA is definitely superior to PC-MRA protocols.
OELERICH et al. (1998) found a sensitivity of 87% for
3D TOF-MRA in intracranial stenoses. The correla-
tion with DSA was 78%, and other authors found a
correlation with MRA up to 88% (DAGIRMANJIAN
et al. 1995). While sensitivity is relatively high, false
negative findings are rare, so that with sufficient
examination quality, a good negative prediction is
reached.

Despite high anatomical resolution TOF-MRA
does not allow an authentic quantification of
intracranial vessel stenoses. Stenoses are com-
monly overestimated, especially in small vessels
(Figs. 5.18, 5.19). Turbulences and velocity dis-
placement effects depending on flow velocity and
the tortuosity of a vessel cause false positive ste-
noses. Typical localizations of pseudostenoses are
the carotid siphon and the bent entrance into the
carotid canal. In CE-MRA the contrast medium
limits spin saturation effects and very short echo
times reduce the negative signal effect of turbu-
lent flow patterns, whereby false positive intracra-
nial stenosis can be identified (GoTTSCHALK et al.
2002). Currently, the spatial resolution of CE-MRA
as obtained with sufficient signal-to-noise ratio
and without relevant venous contrast overlap in the
limited acquisition time, is still significantly lower
than that of TOF-MRA. Therefore, CE-MRA should
be used intracranially as an add-on and not as a
substitute for TOF-MRA.

In many instances TOF-MRA provides indirect
indicators on collateral circulation at the level of the
circle of Willis. While the anatomic conditions for
collateral circulation can be studied, the recognition
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Fig. 5.18a-c. TOF-MRA versus DSA correlation in intracranial
stenoses. Occlusion of the right MCA and only mild stenosis
of the left one on DSA (b, ¢), while signal loss on CE-MRA (a)
should not lead to an overestimation of stenosis grade

of collateral flow itself is limited (HOKSBERGEN et
al. 2003).

Preliminary studies of collateral circulation in
high grade stenoses or occlusions using ultra fast
dynamic MRA with temporal resolution in the range
of a second did show delayed contrast enhancement
in the affected vascular territory, but did not provide
relevant additional information compared with con-
ventional MRI and perfusion techniques probably
due to the reduced spatial resolution (WETZEL et al.
2001). A dedicated analysis of collateral circulations,
especially extra-intracranially, is still the domain of
DSA as far as the exact depiction of anatomical con-
nections is of importance. If the exact anastomotic
vascular anatomy is not of primary interest, the col-
lateral supply is better determined by MR perfusion
techniques.
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Patients with atherosclerosis present with steno-
ses and irregularities of vessel walls and elongated
and ectatic arteries. Extreme dilative atherosclerotic
pseudoaneurysms can typically occur with wall
adherent thrombus. The differentiation of flow and
thrombus signal can be difficult, although its age
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can fairly be estimated from the signal intensity in
T1- and T2*-weighted images. If a high T1 signal of
thrombus interferes with flow signal of TOF-MRA,
then post-contrast TOF or post-contrast spin echo
sequences or a CE-MRA should be performed in
addition (Fig. 5.20).

Fig. 5.19a,b. Multiple intracranial stenoses: TOF-MRA (a,b) with Doppler ultrasound correlation. High grade
stenosis of left MCA (M1) was confirmed (>400 cm/s), suspected right M2 stenosis was estimated as mild by

ultrasound and a left PCA stenosis was suspected only on MRA

Fig.5.20a-d. Subacute thrombus formation
in a large fusiforme aneurysm of the basilar
artery. Parts of the thrombus are still isoin-
tense to brain, while others are moderately
hyperintense on spin echo T1-weighted image
(a). Residual flow within the vessel is outlined
against thrombus much better on post-con-
trast T1-weighted spin echo (c) and post-con-
trast TOF-MRA (d) than on unenhanced TOF-
MRA (b)
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5.3.2
Arterial Dissection

In young patients, non-atherosclerotic lesions of
intra- and extracranial vessels are relevant causes
for strokes (BoGoussLAVSKY and PIERRE 1992). An
arterial dissection is an intimal lesion with hemor-
rhage into the vessel wall. A constriction of the vessel
lumen can range from a minimal stenosis to total
occlusion. Dissections occur post-traumatically or
spontaneously, in conjunction with hypertension or
with migraine, often with fibromuscular dysplasia
or with other connective tissue diseases (GUILLON
etal. 1998). In contrast to atherosclerosis the carotid
bulb is spared in most cases and the manifestations
occur near the skull base or intracranially. Multiple
simultaneous dissections of the ICA and vertebral
arteries are possible. Besides the ICA , intracra-
nial dissections can affect the MCA, the vertebral
arteries and the basilar artery in rare instances.
The typical angiographic image of a dissection is
characterized by an increasing vessel stenosis. In
typical localizations, the image is often suggestive,
but not proof of an underlying dissection. Occasion-
ally a false lumen, a pseudoaneurysm or a minimal
lesion with intimal flap is detectable. Dissections
can cause acute or subacute ischemic strokes and
persisting pseudoaneurysms can remain as a source
of embolism.

The examination strategy in MRA has to concen-
trate not only on the depiction of the vessel lumen by
CE-MRA in analogy to DSA. The evidence of a dis-
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section on MRA is given rather by the assessment of
an intramural hematoma. Using noninvasive angi-
ographies, dissections are recognized with best sen-
sitivity in TOF-MRA (LEVY et al. 1994; OELERICH et
al. 1999). The depiction is easy, if a mural hematoma
is already signal intense on T1-weighted images and
provides a typical falciform configuration on axial
slices below the skull base. An additional fat satu-
rated T1 spin echo sequence facilitates the correct
diagnosis (Fig. 5.21). Hematomas, however, provide
short T1 signal not in the early phase, but only after
4-6 days. Acute hematomas are isointense on T1-
weighted spin echo images and in the source images
of TOF-MRA compared with brain and soft tissue
and need to be analyzed accurately (Fig. 5.22). In
cases of vessel occlusion or high grade stenosis, CE-
MRA may demonstrate a pointed tapering of the
vessel (CARR et al. 2002).

Intheclinical setting, one should start with a TOF-
MRA and an unenhanced T1-weighted sequence
with fat saturation if possible, subsequently fol-
lowed by a CE-MRA. It is important to mention that
projection images and even single source images
of CE-MRA constantly fail to show the intramural
hematomas with high signal, even if very bright on
TOF images (CE-MRA sequences are principally T1-
weighted, but they are optimized for very short T1
values as they occur during the first pass of arterial
contrast boluses). The typical bright signal of intra-
mural hematoma is only seen on spin echo images or
the source images of TOF-MRA (Fig. 5.23). Stenoses
in patients without risk factors or in unusual distal

Fig.5.21a,b. Subacute dissection of the
extracranial right ICA. Spin-echo TI-
weighted images pre- (a) and post-fat
saturation (b)
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Fig.5.22a-d. Time course of
post-traumatic carotid dissec-
tion. Spin echo T1-weighted
(a,c) and TOF single slices
(b,d). The typically bright
hematoma and stenosis are
well seen 12 days after the
trauma (c,d). On day 4, how-
ever, (a,b) there is already
stenosis on both images, but
signal intensity of hematoma is
not yet markedly increased

Fig. 5.23a-c. Carotid dissection.
While the characteristic intra-
mural hematoma is easily rec-
ognized as bright on TOF-MRA
source images (a) and MIP (b),
CE-MRA (c) outlines the long
high grade stenosis of the distal
extracranial vessel, but not the
hematoma itself
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localizations should always raise the suspicion of
dissections and therefore be examined with the
above mentioned adequate methods.

Smooth dissections (Lucas et al. 2000) or less
impressive vessel lesions, especially in elongated
vessels of the posterior circulation, are diagnosti-
cally problematic. In these cases, a DSA is some-
times necessary. False positive findings arise if
vascular steps in secondary reconstructions of MR
angiographic data sets are mistaken as pathologic
wall lesions, which predominantly occur with insuf-
ficient spatial resolution.

5.3.3
Fibromuscular Dysplasia

Fibromuscular dysplasia (FMD) is a disease of
medium-sized vessels, beginning in young to
middle-aged patients with a predominance among
females (BEGELMAN and OLrIN 2000). The exact
etiology is not clear, an association with a lack of
alpha 1-antitrypsin is discussed as an indicator to
a genetically mediated risk (SCHIEVINK et al. 1996).
The radiological appearance of FMD depends on the
histological type of disease and affects mainly the
muscularis media, more rarely isolated the adven-
titia or the intima. FMD manifests through dissec-
tions or hyperplasia of the vessel walls with result-
ing stenosis. Stenosis and dilations with thinning
of vascular walls alternate over longer distances,
occasionally with aneurysms or luminal duplica-
tions. On DSA, this type of lesions was described
as “string of beads”. The carotid artery is often
affected bilaterally, mostly sparing the bifurcation.
There is an elevated incidence of intracranial aneu-
rysms and additionally arteriovenous fistulae can
occur (METTINGER and Ericson 1982; OsBORN and
ANDERSON 1977; ZIMMERMAN et al. 1977).
Compared to high-resolution examinations of the
vessel wall for plaque imaging there are no dedicated
studies for the analysis of vessel wall alterations in
FMD. MRA can provide evidence of dissections with
high sensitivity and of alternating arterial dilatation
and stenosed vessels. MRA may also to help iden-
tify the string of beads pattern. In source images of
TOF-MRA, segmental changes in arterial wall thick-
ness, however, are detected to only a limited extent.
If the analysis is performed on the basis of CE-MRA
source images, one should consider the restricted
spatial resolution. Reconstruction artifacts have to
be excluded, which can simulate vessel wall pathol-

ogy.
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MRA is recommended for FMD, particularly with
regard to the cervical region (HEISERMAN etal. 1992;
LINK et al. 1996), but due to the frequently subtle
lesions, DSA should still be considered for EMD (see
Fig. 5.10) (HURST 1996).

5.3.4
Moya Moya Phenomenon

Moya Moya disease is a chronic cerebral arteri-
opathy with progressive stenoses of the distal ICA
mainly found in children and young adults (CHIU
et al. 1998; GIrROUD et al. 1997). This idiopathic dis-
ease is rarely found outside of Asia. Typically, the
progressive occlusion of the distal intracranial ICA
causes the dilatation of small cloud-like collateral
vessels around the circle of Willis. The angiographic
image, however, is not specific for the idiopathic dis-
ease, but rather displays an etiologically unspecific
pattern of collateral circulation, which can always
develop when a stenosis of the distal ICA slowly pro-
gresses. This is specifically true for atherosclerosis
and FMD. Since the grading of the stenosis is crucial
for radiological diagnosis and very tiny collaterals
have to be studied, a definite and reliable evalua-
tion is most suitable with DSA. Nevertheless, MRA
can also show stenoses and depict the collaterals
to a certain degree (Fig. 5.24), if these vessels are
dilated. In many of these cases with significantly
slowed down flow with pre- and post-stenotic signal
decrease, TOF-MRA is not able to sufficiently define
the precise degree of stenosis nor to differentiate
high grade stenosis from an occlusion (Fig. 5.25).

5.3.5
Vasculitis

With regard to the classification of primary and
secondary forms of CNS vasculitis and the difficul-
ties of confirming the diagnosis, we refer to specific
literature (YOUNGER 2004). The amount of vascular
alterations might be relevant for the diagnosis, but
the role of the pattern of vascular lesions for dif-
ferential diagnosis is of different importance. The
disease becomes manifest in different localizations
and in differently sized group of arteries.
Takayasuarteritis affects medium-sized and large
arteries, specifically the aorta and the supraaortic
branches. The disease is usually not seen in intra-
cranial vessels nor in the temporal artery. Although
for a long time DSA was accepted as a diagnostic
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Fig. 5.24a-c. Moya Moya syndrome. TOF-MRA demonstrates on source images (a,b) and MIP image (c ) multiple small collateral
vessels and distal occlusions of the carotids

gold standard, MRI and MRA obviously provide the
advantage not only to depict stenoses, but also to
provide signs of inflammatory vessel disease. This
provides new criteria for therapy monitoring. An
appropriate examination consists of a CE-MRA, as
well as acquisition of spin echo images (ANDREWS
et al. 2004).

Primary angiitis of the CNS causes inflamma-
tion particularly in small leptomeningeal vessels,
whereas larger vessels can also be affected. Systemic
variants of vasculitis and secondary arteritis of the
CNS affect mostly small or medium-sized arteries
to different degrees, and occasionally the venous
system is also afflicted as in Behcet disease. Segmen-
tal stenoses are frequently found, often not includ-
ing bifurcations and alternating with arterial dilata-
tions. This pattern is not definitively specificand can
also be seen in atherosclerosis. Even with an optimal
MRA technique, DSA still remains necessary for the
depiction of tiny vessel lesions (Fig. 5.26).

5.3.6
Stenoses of Other Etiologies

Vasospasms following subarachnoid hemorrhages
are a frequent and highly relevant complication with
significant morbidity. Spasms occur in the proximal

Fig. 5.25a,b. Moya Moya syndrome. Due to limited resolution as well as turbulence,
TOF-MRA (a) and CE-MRA (b) do not enable definitive quantification of obstruc-
tions at the level of the distal intracranial carotids: TOF might be diagnosed as
left occlusion and right high grade stenosis, while CE-MRA demonstrates bilateral
enhancement of MCA branches
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vicinity around the circle of Willis or far distally on
peripheral segments. Although proximal spasms can
be detected with high sensitivity by MRA (GRANDIN
et al. 2000), this technique is - especially in the
scope of bedside ultrasound facilities - of secondary
importance due to its limited ability to objectively
quantify flow obstructions. If an exact definition of
stenosis and of the pattern of spasms is needed in
order to schedule endovascular therapeutical mea-
sures, DSA still should be performed. The advantage
of noninvasive MRI techniques on the other hand
is rather seen in perfusion measurements (HERTEL
et al. 2005).

Some congenital diseases such as Marfan syn-
drome or Ehlers Danlos syndrome (type 4) can cause
arteriopathies of cranial cervical vessels. In Ehlers
Danlos syndrome, elongations, dissections, dilata-
tion and aneurysms, as well as fistula in large and
mid-size arteries, are found. Cystic medial necrosis
(UeDA et al. 1999) leads to aortic dissections which
can include supraaortic vessels (Fig. 5.27)

Cervical irradiations can yield carotid wall
damage as an important delayed complication of
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Fig.5.26a-c. Vasculitis. After an atypical frontal hemorrhage,
TOF projections (a,b) are slightly superimposed by short T1
blood, and they depict some vessel irregularities of the A3 seg-
ments. Due to limited spatial resolution a diagnosis cannot be
made. DSA (c) reveals the findings of vasculitis with narrowed
and widened vessel lumen and a small dissecting aneurysm on
the callosomarginal artery

tumor treatment. This would result in arterial scle-
rotic alterations with stenosis or vessel wall necro-
sis. Significant high grade stenosis, bilateral carotid
stenoses and carotid occlusions have been described
(STEELE et al. 2004). The angiographic image itself
is not specific, but the localization of stenoses is rel-
evant since they correlate with the irradiation fields
(Fig. 5.28). CE-MRA can be used as the primary
method as in atherosclerotic stenosis.

5.3.7
MRA in Clinical Protocols

As shown above, MRA techniques are susceptible to
artificial effects. High resolution time consuming
measurements such as TOF-MRA are usually not
suitable for the agitated patient suffering from acute
stroke. Very fast and robust measurements, on the
other hand, might be less detailed. In acute stroke
with suspected arterial occlusion, the question of
localization in the anterior or posterior circulation
is of particular significance.
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While theoretically CE-MRA could be the method
of choice, there are currently no sufficient studies
relating to MRA in acute vertebrobasilar occlusion.
The emergency situation and the difficult manage-
ment of patients with impaired consciousness still
cause many examiners to begin their diagnostic
investigations with DSA. If the therapeutic decision
depends on a non-invasive method, then CT angiog-
raphy might be preferred as less susceptible to arti-
facts, robust and an extremely fast method. On the
other hand MR parenchymal imaging including dif-
fusion and perfusion parameters provides relevant
information rather than angiography.

For the acute occlusion in the anterior circula-
tion, no large comparative studies have been carried
out to date to validate MRA, perhaps because thera-
peutic decisions were not dependent on evidence of
an arterial occlusion or from its exact localization

Fig. 5.28. Radiogenic carotid stenosis. CE-MRA depicts atypi-
cally located proximal high grade stenosis of the right common
carotid artery
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Fig.5.27a,b. Cystic medial necro-
sis. Due to the high grade proximal
stenoses, test bolus measurement
prior to CE-MRA failed in this
case, leading to superimposition
of venous contrast (a). Evaluation
is nevertheless possible on original
source slices (b), showing stenoses
and aneurysms along the proximal
supraaortic vessels (arrows)
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within the anterior circulation (HACKE et al. 1999;
HAckE et al. 2004). L1u et al. (2004) applied 2D PC-
MRA as a fast technique in acute stroke cases. The
lack of flow signal in the MCA correlated well with
impaired diffusion and perfusions, but the authors
did not prove the validity of arterial occlusion
using other diagnostic modalities. SCHELLINGER et
al. (2005) transferred the CT characteristics of the
“arterial hyperdense media sign” (TomsIck et al.
1996; voN KUMMER et al. 1996) to MRI and defined
an “early MR imaging vessel sign in hyperacute
stroke”. These vessel signs correlated in MRA with
occlusion of the middle cerebral artery, but they
could not predict the clinical outcome, eventual
recanalization, nor the incidence of cerebral hemor-
rhage. The accuracy of MRA in this regard has not
been tested.

5.3.8
Limitations and Pitfalls of MRA

Although MRA projection images may look much
like classic DSA, they are based upon completely dif-
ferent facts. MRA provides a wide variety of exami-
nation techniques for different diagnostic purposes.
Evaluation and interpretation require experience
in the physical basics of the respective method in
order to understand potentialities and limitations of
MRA. It is particularly important to understand the
origin of typical pitfalls and artifacts, which have
been pointed out above.
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Compared with DSA, spatial and dynamic
information is also limited. Flow phenomena,
however, influence vessel depiction markedly and
lead to overestimation or even false positive depic-
tion of stenoses. If the contrast bolus in CE-MRA
does not exactly match the timing of the particular
readout technique, false contrasts are generated at
anatomic edges, which can simulate intraluminal
thrombus (see Fig.5.6). It is mandatory to rec-
ognize the technical origin of a finding like this
and rather to repeat the examination than to trust
imperfect images. While TOF-MRA depicts intra-
mural short T1 hematoma in arterial dissections
with high signal intensity, CE-MRA shows only
the luminal abnormality in these cases and hema-
toma signal often does not differ from that of sur-
rounding tissue even on single slices (Fig. 5.23). In
clinically or radiologically suspicious cases, addi-
tional spin echo or TOF images are indispensable.
One of the main problems with 3D inflow-MRA is
spin saturation, which affects not only slow flow,
but also recirculating flow. Large aneurysms for
instance, whether saccular or fusiform, present
with multiple recirculations of intraaneurysmal
blood and appear therefore often largely obscured
in TOF-MRA. Contrast agent administration
makes the full extent of these aneurysms visible
(Fig. 5.29). The high sensitivity of TOF sequences
for short T1 tissue, on the other hand, also brings
with it the risk of misdiagnosis, when intravas-
cular signal due to thrombus is taken for inflow
signal (Fig. 5.30).

- ) |

Fig.5.29a,b. Giant aneurysm of the posterior communicating artery in an infant. Due to recirculating blood, there is marked
spin saturation within the aneurysm on unenhanced TOF-MRA (a). The entire aneurysm is visualized after contrast enhance-

ment (b)
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Fig.5.30a-d. TOF-MRA pitfall. Although the TOF projection (a)
could erroneously be taken for a distal intracranial stenosis of the
left ICA, the correct diagnosis is complete occlusion of this vessel.
High signal intensity of the vessel is not caused by inflow, but is
due to short T1 of the subacute inravascular thrombus. Note the
similar signal of inflow and short T1 thrombus on TOF source
image (c) and respectively the flow void of the right artery on
spin echo image (d). CE-MRA proves complete occlusion of the

vessel (b)
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6.1

Introduction

Blood flow in the vascular network, particularly
within the capillaries, may be severely disturbed
as a result of an occluded cerebral artery, but may
also be impaired in case of hemodynamic infarction
caused by high grade stenosis of cervical arteries. Up
to the early 1990s, it was not possible to determine
such changes in cerebral blood flow on the basis of
radiological imaging techniques in clinical routine,
despite the fact that Axel had developed a technique
in 1980 using iothalamate sodium as contrast agent
and computed tomography (CT) for visualization
of the contrast agent bolus (AXEL 1980; NORMAN
et al. 1981). This method has not become a routine
technique before multislice CT was developed, but
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it has constituted the methodological basis for the
development of dynamic susceptibility contrast-
enhanced (DSC) MRI, which is often falsely referred
to as perfusion weighted MRI (PWI), but is better
designated as MR perfusion imaging (PI).

6.2
Perfusion Measurements with the Dynamic
Susceptibility Contrast-Enhanced Method

After the advent of MR systems with powerful gradi-
ent hardware, dynamic scans with a repetition rate
of at least one image or image stack per 2 s have
become possible. By use of such sequences it has
become feasible to visualize the transit of a bolus of
paramagnetic or superparamagnetic contrast agent
through the brain (MOSELEY et al. 1990; ROSEN et al.
1990). For DSC, the bolus is injected intravenously.

In contrast to conventional MR imaging, the
contrast agent is not visualized on the basis of the
T1 signal change, because the signal alteration in
T1-weighted images is rather small in brain tissue
with intact blood-brain barrier (BBB). This is due
to the fact that T1 relaxation of water molecules is
only changed, if a contrast agent molecule is pres-
ent in the immediate vicinity. This means that water
molecules in the extravascular compartment do not
“see” the contrast agents in the case of intact BBB;
only intravascular water molecules, which are about
3%-5% of the total tissue water, contribute to the T1
signal change.

A much larger signal change can be observed
during contrast agent passage, if T2*-weighted
(T2*w) sequences are used. The concentration dif-
ference between intravascular and extravascular
contrast agent (conc;,, >0, conc,,,, =0 for intact
BBB) leads to local magnetic field gradients, which
in turn results in a decrease of T2* signal. Therefore,
in T2w sequences a distinct signal drop can be seen
during bolus passage through the capillaries (FI1sEL
et al. 1991).
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Thessignal decreaseinbrain tissuelargely depends
on the perfused cerebral blood volume: The signal
drop in gray matter (GM) exceeds that of white
matter (WM). Therefore WM is hyperintense rela-
tively to GM on the image data set acquired during
the bolus maximum (Fig. 6.1). In ischemic tissue,
where only a small amount of contrast agent passes
the capillaries, the signal intensity during bolus
maximum passage is even brighter than normally
perfused WM. If perfusion has dropped completely,
the signal during bolus passage equals the pre-con-
trast signal (Fig. 6.2).

6.3
Sequences for Dynamic Susceptibility
Contrast-Enhanced Imaging

For PI, basically all fast and strongly T2*w sequences
can be used. In the early days of PI, measurements
were performed using fast, T2*w gradient-echo
sequences, particularly the fast low angle shot
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(FLASH) sequences. A small flip angle should be
chosen (10-20°) to reduce flow effects. Furthermore,
echo time (TE) should exceed 20 ms to ensure strong
T2*-weighting, whereas repetition time (TR) should
not exceed 30 ms to enable a high image repetition
rate. This sequence type, however, has the disad-
vantage, that with a required minimum image rep-
etition rate of one image per 2 s it is limited to the
acquisition of one slice only; even in-plane resolu-
tion has to be reduced to meet the demands of high
time resolution.

Nowadays, echo planar imaging (EPI) sequences
are widely used for DSCimaging. The general advan-
tage of this sequence type over FLASH sequences is
their ability to acquire multi-slice datasets within the
required time resolution. They do, however, require
an advanced gradient hardware with a maximum
gradient of > 25 mT/m and a slew rate of > 50 mT/m/
ms. There are basically two types of EPI sequences
using different RF excitation schemes: gradient-echo
EPI sequences and spin-echo EPI sequences. Gradi-
ent-echo EPI sequences are strongly T2*-weighted
and therefore produce the highest signal drop for a

Fig. 6.1. Source images
of a dynamic susceptibil-
ity contrast-enhanced
series in a healthy vol-
unteer, acquired 20-50 s
after bolus injection:
during the bolus pas-
sage the signal decrease
in gray matter is more
prominent than that in
white matter. After the
bolus passage, the signal
returns to normal
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given contrast agent concentration within the ves-
sels (HEILAND et al. 1998). This sequence type, how-
ever, is sensitive to contrast agent in both capillaries
and larger vessels. The T2*-weighting of spin-echo
EPI sequences is less than that of gradient-echo EPI
sequences; spin-echo EPI sequences are predomi-
nantly T2-weighted. The signal-time course there-
fore shows a much smaller signal drop compared
to that of gradient-echo EPI; this signal drop is,
however, largely related to contrast agent molecules
in capillaries, whereas contrast agent in larger ves-
sels produces much less signal changes (SPEcK et al.
2000). Therefore spin-echo EPI sequences are well
suited to study perfusion selectively in capillaries.
The TR of EPI sequences equals the time resolu-
tion of the dynamic scan and should not exceed 2 s.
To ensure a high sensitivity for the contrast agent
and a reasonable signal-noise ratio (SNR) echo time
should be chosen between 50 and 70 ms in case of
gradient-echo EPI, whereas for spin-echo EPI it
should be slightly longer (70-100 ms) (BOXERMAN
et al. 1997).
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Fig. 6.2. Source images
of a dynamic susceptibil-
ity contrast-enhanced
series in a patient with
focal cerebral ischemia,
acquired 20-50 s after
bolus injection: within
the ischemic territory in
the left hemisphere the
signal decreases later and
less than in the normal
tissue (arrows)

6.4
Postprocessing of Dynamic Susceptibility
Contrast-Enhanced Data

The visual analysis of the dynamic signal change
gives the radiologist initial information about the
existence of focal alterations in cerebral perfusion;
tissue with very low or no perfusion, in particular,
can be well distinguished from normal tissue. If one
needs more detailed information about the cerebro-
vascular parameters, however, some mathematical
operations need to be done. At first, from the signal-
time-course - either determined in a user-defined
region of interest (ROI) or on a pixel-by-pixel basis
(Fig. 6.3) - the time course of the (relative) contrast
agent concentration is calculated by

c -0
S
where C(t) is the relative concentration of the con-
trast agent within the ROI or the respective voxel,
S(t) is the signal intensity and S is the mean signal
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Fig.6.3. Signal-time course in normally perfused gray and
white matter: The signal drop of gray matter is larger than
that of white matter

intensity before the bolus appears within the region
of interest. This equation has been proposed by
numerical simulation (F1seL et al. 1991) and verified
by in vivo measurements (ROSEN et al. 1990).

In the concentration time curve the first pass of
the bolus appears after the pre-contrast baseline
(Fig. 6.4a). After the first pass, concentration does
not return to zero, but remains increased (Fig. 6.4b).
This effectis due to contrast agent molecules remain-
ing within the capillary network and to second pass
effects. One way to avoid these effects is to fit a
gamma-variate function to the measured values of
contrast agent concentration (BELLIVEAU et al. 1991;
THOMPSON et al. 1964) (Fig. 6.4c):

AT, P 12,

C.()=
r® 0 N

The parameters A, B, D and T, are determined
using a least squares fitting procedure. While A, B,
and D are phenomenological parameters, T, equals
the so-called time to arrival which is the time
between contrast agent injection and appearance of
the first contrast agent molecules within the ROI.

Some MR manufacturers use numerical algo-
rithms to process the concentration-time curves. In
such algorithms, user interaction is mandatory for
definition of the end of the first pass. The numeri-
cal algorithms, however, are much faster than algo-
rithms based on curve fitting, because they avoid
the time-consuming non-linear fitting procedure.

6.4.1
Semiquantitative Parameters

From the time course of relative contrast agent con-
centration several cerebrovascular parameters can
be calculated. They reflect different physiological
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Fig. 6.4a-c. Postprocessing of the signal-time curve. a The
baseline is determined from the signal before bolus arrival.
During first pass, there is a sharp signal decrease. The first
pass is often followed by a second pass, with a signal decrease
that is less steep than in the first pass. b From the signal-time
curve, the time course of the relative contrast agent concen-
tration is calculated. ¢ A gamma variate function is fitted to
the curve to avoid effects of persistent contrast agent and of
the second pass

parameters and make it possible to diagnose and
monitor pathophysiological processes. Figure 6.5
visualizes how these parameters are calculated from
the concentration-time curve.

Indicator-dilution theory (AXeL 1980; ROSEN et
al. 1989) leads to the formula for calculation of the
relative regional cerebral blood volume (rrCBV)
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rrCBV = [ " C,(t) di
Tl

and rrCBY = [ C (0 dr = Di

B+l

T(B+1)

when using the numerical algorithm and the curve
fitting algorithm, respectively. Ty is the interac-
tively determined end-point of the first pass. A, B,
and D are the fitting parameters of the gamma vari-
ate function I'.

A second, very important parameter is the nor-
malized first momentum of the concentration time
curve, which corresponds to the relative mean tran-
sit time (rMTT). This parameter is defined by
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when using the numerical algorithm and the curve
fitting algorithm, respectively (THoMPsoN et al.
1964).

Parallel to rMTT, the parameter time to peak
(TTP) is widely used:

ITP=T

mux

T

Tpnay is the time-point when the bolus maximum
passes the region of interest, while Ty, is the time-
point of contrast agent injection.

Furthermore, the time to arrival (TTA) can be
calculated as time difference between appearance
of the first contrast agent molecules in the tissue of
interest and contrast agent injection. When using
the curve fitting method, TTA equals T,.

Although the cerebral blood flow (CBF) is defined
as

CBV

CBF = >
MTT

assuming that the bolus is an ideal &-shaped
function, the relative regional cerebral blood flow
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Fig. 6.5a-d. Various cerebrovascular parameters can be calculated from the concentration-time curve.a rrCBV is defined as the
area under the concentration-time curve. b TTA is the time between contrast agent injection and arrival of the first contrast
agent molecules within the region of interest. c rtMTT is the first momentum of the curve. d TTP is the time between contrast
agent injection and the maximum contrast agent concentration within the region of interest
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(rrCBF) cannot be calculated on the basis of rMTT
and rrCBV as shown by WEISSKOFF et al. (1993).
This is because rMTT is contaminated by the
bolus dispersion on its way between injection site
and brain. The parameter rMTT, however, yields
indirect information about the change of blood
flow: An increase in rMTT indicates that CBF has
decreased.

6.4.2
Quantification

The parameters mentioned above are only semi-
quantitative values, i.e. focal changes of these
parameters can be depicted by comparing the
parameters within the lesion to those in normal
tissue. If one is interested in quantitative values,
knowledge about the arterial input function (AIF)
is mandatory. When using gradient echo sequences
for DSC imaging, measurement of the AIF needs a
special sequence design, because two slices must be
acquired simultaneously: one within the interesting
tissue and one on the level of major feeding vessels
(PERMAN et al. 1992; REmPpp et al. 1994). If DSC
imaging is performed with EPI sequences, one does
not need to acquire additional slices to determine
AIF, because normally the stack of slices contains
several major feeding vessels. The AIF can be mea-
sured both in the carotid arteries and the middle
cerebral arteries. Although it has been shown to
be advantageous to determine the AIF within the
carotid arteries (SCHOLDEI et al. 1999), it has turned
out that it is more convenient to use the middle
cerebral arteries for AIF determination, because the
image data mostly contain these vessels.

Voxels that represent the AIF must meet the fol-
lowing conditions: (a) The maximum signal drop
is larger, (b) the TTA is shorter, and (c) the rMTT is
lower than that of normal brain tissue (Fig. 6.6). Fur-
thermore only voxels in the vicinity of the feeding ves-
sels are considered, whereas voxels within the feeding
vessels suffer from pulsation artifacts and therefore
cannot contribute to the calculation of AIF.

When the AIF and the concentration time curve
within the tissue are determined, quantitative values
of the cerebrovascular parameters can be calculated
by deconvolution under consideration of the rela-
tionship:

C(t)="L--CBF -(AIF (1)® R(t))

H

S. Heiland

where p is the density of brain tissue, ky; is a parameter
that accounts for the hematocrit difference between
large vessels and capillaries, CBF is the cerebral blood
flow and R(t) is the residue function. For deconvolu-
tion, several methods have been used, but the singular
value decomposition (SVD) has turned out to be the
most reliable method (OSTERGAARD et al. 1996a,b).
Although it would be methodologically correct to
determine the AIF of all major feeding arteries and
to use these AIFs separately for deconvolution of the
concentration time curves measured in their respec-
tive territory, this is not done in clinical routine due
to practicability reasons. This, however, leads to
systematical errors in patients with pathologies of
the feeding arteries, e.g. unilateral high grade steno-
ses: Because both MTT and CBF are influenced by a
potential delay of the AIF (CALAMANTE et al. 2000),
the CBF of the ipsilateral tissue may be underesti-
mated by more than 50% and MTT may be overesti-
mated, if the AIF is determined on the contralateral
hemisphere (LYTHGOE et al. 2000; CALAMANTE et al.
2002). Determination of the AIF on the ipsilateral
side leads to correct CBF and MTT values of the ipsi-
lateral hemisphere, but this in turn produces sys-
tematic errors on the contralateral side. Also other
factors, as partial volume effects and the orientation
of the vessel, that is used for AIF determination,
with respect to the magnetic field, lead to system-
atic errors in quantification (BOXERMAN et al. 1995;
vaN OscH et al. 2001). Although some work has been
done to correct for these errors, it is important to
be aware of the limitations of the methods used for
quantification; otherwise over-interpretation or
misinterpretation might be the result.

——AIF
—=—tissue

0‘?5 TrrrrrrTrrrrTrr T TrrT T rrrrTrrrrTTTT
O A B Al oAb gD gk 9B ol oAb D ph B
time (s)

Fig. 6.6. Signal-time curves determined in normal tissue and
in the feeding arteries (AIF). The signal drop in the arteries is
much larger than in tissue
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6.5
Diagnosis of Cerebrovascular Diseases
with DSC

In most cerebrovascular diseases, the semiquantita-
tive Parameters MTT, TTP, TTA and rrCBV provide
important diagnostic information for prognosis and
decision about therapy.

Even shortly after artery occlusion, the territory
supplied by the respective artery can be defined by
means of the change in rMTT and TTP, respectively.
Both rMTT and TTP are increased significantly due
to the decline of CBF (HEILAND and SARTOR 1999;
SCHELLINGER et al. 2000b) (Fig. 6.7). Patient studies
have shown that rMTT is an important parameter for
prognosis of the lesion growth: If recanalization ther-
apy is not performed or is not successful, the infarc-
tion is likely to comprise the whole volume of initial
hypoperfusion (BAIRD et al. 1997). In the very early
phase of ischemia, the volume of hypoperfused tissue
often exceeds the volume of the ischemic core, where
tissue injury is irreversible. The latter can roughly
be delineated by diffusion-weighted MRI (DWI)
(MoseLEY et al. 1990; SCHELLINGER et al. 2001, see
Chap. 7). This has lead to the “mismatch-concept”:
The decision, whether or not a thrombolytic therapy
is applied in a patient, depends on the size of the
tissue volume, that is hypoperfused, but not yet irre-
versibly damaged (JANSEN et al. 1999): presumably,
only patients with a perfusion-diffusion mismatch
are likely to benefit from recanalization (MARKS et
al. 1999; SCHELLINGER et al. 2001, see Chap. 3). For
follow-up examinations, rMTT and TTP are also well
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suited to assess whether reperfusion has occurred
(SCHELLINGER et al. 2000a). Even if magnetic reso-
nance angiography (MRA) shows re-opening of
the artery, this does not necessarily mean that the
whole territory supplied by this artery is reperfused.
Depending on occlusion time and collateralization,
the lumen of the capillaries might be blocked due to
endothelial cell swelling after a longer period of isch-
emia (REITH et al. 1995; KEMPskI and BEHMANESH
1997). Some groups have studied whether there is a
threshold for TTP and rMTT in order to depict the
ischemic lesion in patients with hyperacute stroke.
NEUMANN-HAEFELIN et al. (1999) have found that
the area showing a TTP delay of >6s compared to
the contra-lateral hemisphere corresponds well to
the infarcted tissue volume in follow-up scans, if
the patient is not treated (NEUMANN-HAEFELIN et
al. 1999). Although this method has worked well in
the patients examined by NEUMANN-HAEFELIN et al.
(1999), there is a major methodological concern with
regard to this method: TTP and rMTT are only semi-
quantitative parameters and they depend strongly on
the circulation parameters (e.g., pulse rate, cardiac
output) and on the injection rate as well as the con-
trast agent dosage. Even if injection rate and contrast
agent dosage is kept constant, the interindividual
variability of the circulation parameters does not sup-
port the approach to use an absolute threshold. Addi-
tional to the interindividual variations, the change in
rMTT after artery occlusion or high grade stenosis is
different for gray and white matter (KLUYTMANS et
al. 1998). This again leads to systematic errors in the
method of NEUMANN-HAEFELIN et al. (1999).

Fig.6.7. Maps of rMTT (upper row) and rrCBV (lower row) in a patient with occlusion of the left middle cerebral artery. The
territory with decreased CBV is smaller than the territory with increased MTT. In the periphery of the infarction core, CBV is
slightly increased. This is due to compensatory vasodilatation as a response to the decreased perfusion pressure
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While rMTT can depict changes in cerebral
hemodynamics, which are due to vessel occlusion of
cerebral arteries and the respective compensation
mechanisms, the time to arrival of contrast (TTA) is
sensitive to vessel diseases, which are more upstream
of the arterial flow, most commonly high grade ste-
noses or occlusions of the carotid arteries. In such
patients, blood flow in the hemisphere ipsilateral to
the stenosis is mainly supplied by the contralateral
carotid artery via the circle of Willis. Due to this
detour, TTA is prolonged in the ipsilateral hemi-
sphere (REITH et al. 1997). At the same time, rMTT
may be prolonged in the ipsilateral hemisphere
resulting from decreased blood flow (DORFLER et al.
2001). If TTP is calculated instead of MTT, the effect
of the bolus delay cannot be separated from that of
the perfusion decrease, because TTP is influenced
by both rMTT and TTA.

Studies in animals have shown, that rrCBV within
the ischemic core decreases immediately after occlu-
sion and is likely to raise to values above the baseline,
if early reperfusion is achieved (HAMBERG et al. 1994).
Studies in patients have shown, however, that rrCBV
does not depict the ischemic lesion reliably (ToNG et
al. 1998). Particularly in very small ischemic lesions
(< 1cm?®) the map of rrCBV does not show distinct
signal changes (FLACKE et al. 1998). In tissue with
increased rMTT or TTP, particularly within the pen-
umbra, rrCBV is likely to increase due to compensa-
tory vasodilatation as a response to the decreased per-
fusion pressure (TSUCHIDA et al. 1997) (Figs. 6.7, 6.8).

CBV of the ischemic penumbra and of reperfused
tissue might be overestimated by PI, particularly
in measurements after successful reperfusion. One
possible explanation is the fact that the gadolinium
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Fig. 6.8. Time course of the contrast agent concentration deter-
mined in non-ischemic tissue and in ischemic tissue (penum-
bra). The maximum concentration in the ischemic tissue is
significantly lower than that in normal tissue, and the peak
is delayed. The area under the curve of the ischemic tissue
is larger than that of the normal tissue, being a sign of the
increased CBV within the penumbra
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chelates that are normally used for DSC are so small,
that they can passage through a capillary, even if
corpuscular blood flow is no longer possible due to
endothelial cell swelling (REITH et al. 1995). This
shows that rrCBV measured by DSC represents the
vasculature, where the plasma flow is restored or is
still possible. Another potential source of systematic
errors is the fact, that gradient-echo EPI sequences,
which are widely used for DSC in the clinical set-
ting, do not only measure the blood volume within
the capillaries, but also in the larger vessels. On CBV
maps, high values that arise from larger arteries and
arterioles may mask a CBV deficit in adjacent capil-
laries that is due to endothelial cell swelling.
Quantification is not necessarily needed for
the diagnosis of acute stroke, because the decision
whether or not the patient should be treated can
be made on the basis of the volume with prolonged
rMTT or TTP (Fig. 6.7). Animal studies suggested,
however, that the amount of perfusion deficit corre-
lates with the cellular damage. VEXLER et al. (1997)
have compared PI and histology and found that the
perfusion deficit correlates with the number of the
apoptosis-positive cells during occlusion. Patient
studies have shown that quantitative parameters,
particularly CBF, help to predictinfarction growthin
hyperacute stroke and to select the patients who will
profit from therapy (SMITH et al. 2000a; GRANDIN
et al. 2001, 2002; RosE et al. 2001). GRANDIN et al.
(2001) examined patients with acute stroke and
compared CBF and CBV values in different regions
that were defined on the basis of follow-up exami-
nations: the area of the initial infarction core, the
area of infarction growth, the area with disturbed
perfusion that remained viable and the contralateral
healthy tissue. They found that the CBF in the area
of infarction growth [CBF=36%20 ml/(min-100 g)]
was significantly lower than CBF in the tissue with
transiently perfusion disturbance [CBF=50+17 ml/
(min-100 g)]. Additionally they found that CBV in
the infarction growth region (CBV=8.9£3.1%) was
lower than in the oligemic tissue (CBV=11.2£3.0%).
Compared to this, CBF and CBV in the initial infarc-
tion core were significantly lower (CBF=28+16
ml/(min-100 g); CBV=6.9£2.7%). From these obser-
vations they propose using a multiparametric anal-
ysis with thresholds of CBF,, .,=35 ml/(min-100 g)
and CBV,..=8.2% to predict the evolution of
infarction (GRANDIN et al. 2001). Based on another
patient study, FIEHLER et al. (2002) found that the
presence of a tissue volume 50 mL with a CBF value
12 mL/100 g per minute (50 mL CBF,,) was predic-
tive for further lesion enlargement in acute stroke
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patients. (FIEHLER et al. 2002). Other groups found
the best sensitivity and accuracy by definition of
thresholds based on ratios of CBF and CBV relative
to the contralateral hemisphere (RosE et al. 2001),
based on ratios of CBF and MTT (RoHL et al. 2001;
BuTcHER etal. 2003), and based on the peak contrast
agent concentration and TTP (GRANDIN et al. 2002).
The contradictory results of these studies show that
there is up to now no reliable, site-independent pro-
cedure for prediction of infarction growth by using
quantitative perfusion parameters. The reason for
the huge differences between the results of these
studies might be the different methods used for data
acquisition and post-processing. This in turn shows
that CBF, CBV and MTT measured by PI are not
really ‘quantitative’ parameters in the way of site-,
operator- and method-independent parameters that
do exactly correlate to the physiological parameters.
CBV for example is influenced by the sequence used
for DSCimaging and by the post-processing method:
if a gradient-echo EPI sequence is used, not only the
capillary network, but also the feeding and drain-
ing vessels contribute to the measured CBV, whereas
spin-echo EPI sequences comprise only the volume
of the capillaries (SPEcK et al. 2000). Therefore CBV
and CBF measured with gradient-echo EPI will in
general overestimate the capillary CBV dramatically
by a factor 2 to 3 (SIMONSEN et al. 2000); the degree
of this overestimation, however, is not constant but
is highest in the vicinity of larger vessels, and is low
in the territory of an occluded artery.

Also the method used for post-processing can
influence the CBV: The reliability and stability of
the results depend among other things on the fact,
whether or not curve fitting is used to fit the con-
centration time curve of tissue and arterial input
function (SMITH et al. 2000b). As long as there is no
universally accepted procedure for PI measurement
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and post-processing, all thresholds for prediction of
infarction growth will therefore be of very limited
value, because these thresholds can only be used
in the very exact hardware and software setting as
used for the respective study.

6.6
Practical Issues for DSC Imaging

In order to obtain reliable results, data acquisition
and post-processing needs to be performed in con-
sideration of methodological and technical con-
straints. Simulation studies based on signal-time
curves of patient examinations have shown that
there is a variety of factors that influence the quality
and significance of the cerebrovascular parameters
such as dosage and concentration of the contrast
agent, sequence type and time resolution, and the
post-processing method used (SmITH et al. 2000b;
BENNER et al. 1997).

6.6.1
Contrast Agent

One of the most important factors influencing the
reliability of the estimated cerebrovascular param-
eters is the maximum signal drop during bolus pas-
sage through the capillaries. BENNER et al. (1997)
have shown that the maximum signal drop should
be at least 20%. The signal drop depends on the
contrast agent concentration within a voxel, which
in turn is influenced by dosage and concentration
of the injected contrast agent as well as by the injec-
tion rate. Among these factors, the most important
is the contrast agent dosage (HEILAND et al. 2001).

Fig. 6.9a-c. Maps of (a) CBE, (b) CBV and (c) MTT of a patient with an occlusion of the left middle cerebral artery. The maps
were calculated based on both the tissue concentration-time curve and the AIF
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It is, however, impossible to make a recommenda-
tion that is universally valid. This is because the
optimum contrast agent dosage depends on other
factors such as the field strength and the T2*-
weighting of the sequence. There are several dose
finding patient studies performed at 1T with FLASH
sequences. The low field strength and the fact that
the echo time and hence the T2*-sensitivity of this
sequence type is limited, are the reason for the
optimum contrast agent dosage being 0.3 mmol/kg
bodyweight (ERB et al. 1997; BENNER et al. 2000).
Nowadays, the most common setting to perform
PIis to use gradient-echo EPI sequences on a 1.5-T
scanner; under these circumstances patient exami-
nations are normally performed using 0.1 mmol/
kg bodyweight, although a multicenter study has
found that 0.2 mmol/kg bodyweight is the opti-
mum dosage (BRUENING et al. 2000). If a spin-echo
EPI sequence is used instead of a gradient-echo
EPI sequence, the contrast agent dosage should be
increased to compensate for the lower T2*-sensi-
tivity of the spin-echo EPI sequences (HEILAND et
al. 1998; MARSTRAND et al. 2001). In quantitative
perfusion measurements it is important to limit
the contrast agent dosage, because the signal drop
corresponding within or adjacent to the arteries
is much higher than that within the tissue. The
signal drop in the region used to determine the
AIF should not exceed 70% (BENNER et al. 1997),
because otherwise the linear relationship between
contrast agent concentration and logarithmic
signal decrease is no longer valid, which in turn
leads to systematic errors in the calculated cere-
brovascular parameters.

Compared to the effect of the contrast agent
dosage, contrast agent concentration has only a
minor effect upon maximum signal drop and hence
the reliability of PI. It has been shown in animal and
patient studies, that measurements performed with a
higher concentrated contrast agent lead to a smaller
bolus width and a higher maximum contrast agent
concentration (HEILAND et al. 1997; TOMBACH et al.
2003). These effects, however, are very small.

For contrast agent injection an MR compatible
power injector should be used to ensure a high and
reproducible injection rate. Injection rate should be
atleast 3 ml/s. Injection should be started parallel to
the dynamic scan. This ensures a sufficient number
of measurements for calculation of the pre-contrast
baseline and guarantees that the whole first pass
is comprised, if the scans are repeated for at least
1 min.

S. Heiland

6.6.2
Time Resolution

Another important factor influencing the reliabil-
ity of the calculated cerebrovascular parameters is
the repetition rate of the dynamic scan. It has been
shown by a simulation study, that at least eight mea-
surements have to be performed during the first
pass to limit the inaccuracy of the cerebrovascular
parameters to less than 10% (BENNER et al. 1997).
The width of the first pass within the brain tissue
ranges from 12 to 20 s; therefore, the image repeti-
tion rate should be atleast one image (or image stack)
per 1.5 s. This in turn restricts the number of slices.
If PI is performed to calculate quantitative values,
one has to choose an even higher repetition rate,
because the width of the AIF is smaller than that of
the concentration-time curve in tissue. This leads
to an optimum image repetition rate of one image
(or image stack) per second. A further increase of
the repetition rate is not advisable, because the SNR
drops dramatically for TR less than 1.

6.6.3
Data Postprocessing

The postprocessing methods described above (non-
linear fitting, numerical integration, quantification
by deconvolution algorithms) are time-consuming.
Some MR manufacturers provide post-processing
algorithms that avoid these time-consuming proce-
dures but do instead need user interaction to define
the bolus arrival and the end of the first pass. These
methods, however, are highly susceptible to system-
atic errors by second pass- and re-flow effects. A
further disadvantage of these methods is that they
yield only phenomenological parameters, which do
not have a physiological correlate and are influenced
by circulation parameters and sequence parameters.
Some studies have shown that maps of phenome-
nological parameters as the maximum concentra-
tion, or the percentage of baseline at peak are well
correlated to physiological parameters such as the
CBV and yield similar diagnostic results in special
applications (BERCHTENBREITER et al. 1999; TENG
et al. 2001). In general, however, the quantitative,
automatic deconvolution methods are superior all
other methods, because they are highly sensitive to
lesion even in presence of a steno-occlusive disease
(PERKIO et al. 2002; YAMADA et al. 2002). A stan-
dardized, fully automated post-processing method
is desirable, particularly in evaluating and defin-
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ing thresholds for prediction of infarction growth,
because only such methods will allow an inter-site
comparison of clinical results.

6.7
Perfusion Measurements with Arterial Spin
Labeling

DSC is not the only MRI technique that enables
perfusion measurement. An alternative technique
is arterial spin labeling (ASL). In ASL, the blood
is used as an intrinsic contrast agent (DETRE et al.
1992, ZHANG et al. 1993). Special pre-pulses invert
the spins of brain supplying vessels. The labeled
spins in the blood cause a change of tissue magne-
tization and relaxation in the downstream areas,
because there is a magnetization exchange between
spins in the blood compartment and spins in the
tissue compartment even if the BBB is intact. Fast
imaging techniques, usually EPI, acquire images of
the interesting area in brain tissue. The labeling pre-
pulse does not only cause changes in magnetization
of the water spins in blood, but influences the mag-
netization of the macromolecules within the tissue.
Therefore one has to perform a control experiment
with a saturation slice that is equidistantly sepa-
rated from the imaging slice, but does not cover the
supplying vessels (Fig. 6.10).

There are two ways to perform arterial spin label-
ing experiments: The first one is the continuous spin
labeling (CASL), where the blood is continuously
inverted upstream. Therefore the magnetization
within the tissue is in a steady state (WILL1AMS et al.
1992). The second class of ASL techniques is pulsed
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spin labeling (PASL), where a short pulse is used to
invert the spins in a thick slab. After the inversion
there is a time gap, TI, before the image acquisition
of the interesting slices starts. During TI the labeled
blood flows to the region of interest and exchanges
magnetization with the tissue. In both methods, one
can calculate CBF by comparing the magnetization
of the control experiment and the magnetization of
the experiment, where spin labeling has been per-
formed. However, the calculation methods depend
on the labeling scheme.

For both PASL and CASL there is a variety of
sequence types, which differ in the pulse scheme
used for labeling and in the way the control experi-
ment is performed. Commonlylabeling and imaging
are performed using the same coil, but there are also
techniques using a separate coil for labeling. Due to
this diversity of sequence schemes, a large number
of acronyms exists for ASL techniques, e.g. FAIR,
UNFAIR, EPISTAR, PICORE, QUIPSS (BARBIER et
al. 2001).

The main advantage of ASL is that it allows mea-
suring CBF quantitatively. There are, however, some
methodological problems that lead to systematic
errors in CBF at high flow rates (> 80 m1/100 g/min).
Particularly the variability of the BBB permeability
to water in different species and different patholo-
gies and the subtotal magnetization exchange at
high flow rates are factors that limit the accuracy
of ASL. Nevertheless, validation studies have shown
that low and medium CBF can accurately be deter-
mined by ASL (WALSH et al. 1994).

It is of further advantage that ASL does not need
any contrast agent. Therefore, ASL measurements
can be repeated several times. This makes ASL a
useful method for measuring CBF changes during
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Fig. 6.10a,b. Schematic diagram of an ASL experiment. Labeling experiment (a) and control experiment (b). The imaged slices
are marked in red, the inversion slab is marked in green for the labeling experiment and in blue for the control experiment
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Fig.6.11. CBF map calculated from an ASL experiment in a
healthy volunteer. Images were acquired with a CASL sequence
(labeling duration: 2.2 s, post-labeling delay 1 s) on a 1.5-T MR
scanner

brain activation, for animal studies with repeated
perfusion measurements and for pharmacological
studies.

The disadvantage of ASL is the low signal change,
which in turn results in high statistical errors in CBF
and therefore in poor quality of the calculated CBF
maps. The use of high-field MR systems may help to
overcome this problem: As T1 increases with the mag-
netic field strength, less relaxation takes place between
labeling and imaging. This leads to a higher concen-
tration of labeled spins in the region of interest.
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Molecular Basis of Disturbed Proton
Diffusion

7.1.1
Basics of Diffusion

Diffusion is a physical process that involves the
random motion of molecules as they collide with
other molecules (Brownian motion) and, on a mac-
roscopic scale, move from one part of a system to
another. The average distance that molecules move
per unit time is described by a physical constant
called the diffusion coefficient, D (in units of mm?/s).
In pure water, molecules diffuse at a rate of approxi-
mately 310 mm?s! at 37°C. The factors influenc-
ing diffusion in a solution (or self-diffusion in a
pure liquid) are molecular weight, intermolecular
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interactions (viscosity), and temperature (BEAULIEU
2002; LE BrHAN 2003; MoseLEY and ButTs 1999).
For comparison, at 20°C the diffusion coefficient of
water is approximately 2x10~° mm? s\,

In MRI, water protons are of principal interest
due to their abundance and dominant contribu-
tion to the MR signal. The remainder of this chapter
will focus on physiological and pathophysiological
aspects of water proton diffusion, although it should
be mentioned that proton diffusion of other metabo-
lites has also been investigated with MR spectros-
copy (NICOLAY et al. 2001).

In the brain, diffusion of water molecules is sub-
stantially slower than in pure water. This is in part
due to cellular membranes and fiber tracts hinder-
ing the free movement of water molecules. In addi-
tion, even in the extracellular space where diffusion
is less restricted than intracellularly, there exists a
matrix consisting of “sticky” macromolecules such
as proteoglycans and glycosaminoglycans leading
to slower diffusion than in pure liquids. Therefore,
it is the apparent diffusion coefficient (ADC) that
is measured in biological tissue and not the physi-
cal diffusion coefficient as measured in pure lig-
uids. The ADC in normal brain (as measured with
MRI) varies between 0.67 and 0.83x10° mm?* s in
gray matter and 0.64 and 0.71x10> mm?s™! in white
matter (FIEHLER et al. 2002a). During diffusion
times of about 50-100 ms, as they are used in diffu-
sion imaging with MRI, water molecules move in the
brain on average over distances around 10-15 pm,
bouncing into, crossing or interacting with many
tissue components (LE BiHAN and vaN Z1jL 2002).

If there is a systematic (i.e., highly ordered) tissue
substructure such as in white matter, diffusion is
usually more restricted in one than in another direc-
tion, i.e., the molecular mobility of water is not the
same in all directions. In white matter, diffusion
is less restricted parallel to than perpendicular to
fiber tracts. If diffusion is different along various
directions, then it is termed anisotropic diffusion.
In stroke imaging the avoidance of the confound-
ing effects of anisotropy is a common goal. However,
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diffusion anisotropy can also be exploited (with dif-
fusion tensor imaging) to map out the orientation of
white matter tracts, assuming that the direction of
the fastest diffusion indicates the overall orientation
of the fibers (LE BiHAN and VAN Z1jL 2002).

The molecular basis of diffusion anisotropy
in white matter is still only partially understood,
although numerous studies have provided a better
understanding of the relationship between diffu-
sion and the underlying microstructural compo-
nents (for review see BEAULIEU 2002). Anisotropic
diffusion is clearly related to the ordered arrange-
ment of myelinated fibers in nerve and white matter.
However, the relative contributions of various struc-
tural components of white matter are not known
in detail. Experimental work indicates that axonal
membranes are critical structures determining the
degree of anisotropy. Myelination can modulate the
degree of anisotropy, but is not necessary for signif-
icant anisotropy. Other structural or physiological
components such as neurofilaments and microtu-
bules as well as fast axonal transport are probably
not critical for diffusion anisotropy (BEAULIEU
2002).

7.1.2
Molecular Pathophysiology of Restricted
Diffusion During Cerebral Ischemia

During cerebral ischemia, water proton mobility
declines rapidly, which may be measured with dif-
fusion-weighted imaging (DWI) or other methods
(N1cHoLsoN and Sykova 1998). In animal models
of focal ischemia, the ADC declines by about 30%-
50% starting within a few minutes following onset
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of ischemia, the exact time course depending on the
severity of ischemia. In global ischemia models (in
particular cardiac arrest models), where the degree
of ischemia can be controlled better than in focal
ischemia models, a pronounced drop of the ADC
occurs at 1-2 min following complete circulatory
arrest and occurs at the time of anoxic depolariza-
tion, which in turn is the result of energy failure.
The rapid and pronounced drop of the ADC is pre-
ceded by an earlier, more modest ADC decline (of
only ~ 5%), which occurs almost immediately and
may reflect intracellular water shifts from a grad-
ual predepolarization leakage of sodium ions or a
gradual build up of intracellular lactate, resulting
from anaerobic metabolism (DE CRESPIGNY et al.
1999, 2001). The time course of diffusion changes
during ischemia is probably very similar in humans,
although data on the initial phase of stroke are
limited. In humans, diffusion changes have been
found as early as ~ 39 min following stroke onset
(NEUMANN-HAEFELIN et al. 2000Db).

Pathophysiologically, the pronounced ADC
decline during ischemia occurs at the same time as
anoxic depolarization. Anoxic depolarization is the
consequence of energy failure with secondary fail-
ure of ion pumps (in particular Na*/K*-ATPase),
which are necessary to maintain ion gradients over
cell membranes. The resulting influx of Na*-ions is
accompanied by a water shift from the extra- to the
intracellular space (cytotoxic edema) without a net
uptake of water (Fig. 7.1).

While this association between the ischemia-
associated ADC decline and energy failure/anoxic
depolarization is undisputed, it is still a matter of
debate what exactly leads to the restriction in water
proton diffusion. As already mentioned above, water

Fig.7.1. Pathophysiology of abnormal
diffusion in cerebral ischemia. Cas-
cade of metabolic changes leading to a
decrease in diffusion of water protons
in cerebral ischemia. The main steps

leading to significant diffusion reduc-

tions are shown, while modest changes
may also be found with incomplete
energy failure. [Reproduced with per-

mission from NEUMANN-HAEFELIN and

MOSELEY (2003)]
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diffusion in the extracellular space (ECS) is faster
than in the intracellular space (ICS). Thus, the shift
of water from the fast-diffusing ECS compartment
to the slow-diffusing ICS could be responsible for
the net decrease of the ADC (BENVENISTE et al. 1992;
MOSELEY et al. 1990a; VAN DER TOORN et al. 1996a,b;
VAN GELDEREN et al. 1994). This initial hypothesis
has been the most popular one in the past. Alter-
natively, assuming that water diffusion in the ECS
dominates the ADC signal, the changes of the ECS
could theoretically explain the ADC decrease during
ischemia. The ECS shrinks by about 50% during
the early phase of ischemia (from 20% to 10% of a
given volume) and is associated with a parallel ICS
increase from 80% to 90%. This ECS shrinkage leads
to an increase in tortuosity, which could potentially
explain part of the ADC decrease during ischemia
(LATOUR et al. 1994; Sykova et al. 1994). Recent
studies, however, using methods that allow separate
determination of extra- and intracellular ADC, indi-
cate that the ICS contribution to the ADC dominates
the DWI signal, both under normal conditions and
during ischemia, while the decrease of extracellular
ADC from ~ 1.6 mm?s to 1.3 mm?s™ cannot (fully)
explain the global ADC decrease during ischemia
(DuonG et al. 1998; SiLva et al. 2002).

On a cellular level, there is evidence that the ICS
contribution to the ADC is in part an active process
including energy-dependent “cytoplasmic stream-
ing” (WHEATLEY 1985), i.e., - from a cellular point
of view - a purposeful movement of cytoplasm
within the cell rather than passive diffusion. Hypo-
thetically, energy failure during ischemia may result
in a sudden termination of this process abruptly
stopping active intracellular water movements. The
relative contribution of the various processes to
the ADC decline during ischemia will need further
investigation; fortunately, although interesting from
an academic point of view, the exact mechanisms
underlying disturbed diffusion at the cellular level
are of only limited relevance for the clinical inter-
pretation of diffusion changes, which may be safely
viewed as an indicator of severe tissue compromise
during ischemia.

Disturbances of proton diffusion are not unique to
cerebral ischemia. Reduced diffusion has also been
found in various experimental conditions including
spreading depression (BuscH et al. 1995) and peri-
infarctdepolarizations (GYNGELLetal. 1994; ROTHER
et al. 1996), hypoglycemia (HASEGAWA et al. 1996),
following cortical application of noxious substances
[blockers of the Na*-/K"-ATPase (BENVENISTE et
al. 1992), excitotoxins (VERHEUL et al. 1994)] and
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after electrical cortical stimulation (PRICHARD et
al. 1995). In humans, reduced diffusion has been
reported in patients with seizures by several groups,
mostly in status epilepticus (LANSBERG et al. 1999).
In addition, visual stimulation as typically used in
fMRI experiments was shown to lead to minimal
ADC reductions (DARQUIE et al. 2001; FLACKE et al.
2000). The common feature of these non-ischemic
states is that they are associated with relative energy
failure and disturbances of cellular ion homeostasis
leading to (at least some degree of) cell swelling.

71.3
Relationship Between Restricted Diffusion and
Cerebral Blood Flow

The relationship between ADC change and regional
cerebral blood flow (rCBF) has been studied in detail
(for review see HossMANN and HOEHN-BERLAGE
1995). In experimental studies low ADC (~ < 80%
of normal) was found in areas with severely reduced
rCBF and depletion of high energy phosphates (i.e.,
ATP) (HoEHN-BERLAGE et al. 1995). Moderately
reduced ADC (~ 90% of normal) was found in areas
with less severe rCBF reduction and tissue acido-
sis (mainly due to lactate accumulation). Different
perfusion thresholds for ADC changes have been
reported, ranging between 15 to 20 ml/100g/min in
gerbils (Busza et al. 1992) and 34-41 m1/100 g/min
in rats (KoHNoO et al. 1995). Partially, this differ-
ence may be due to species differences, but may
also reflect differences in defining thresholds for
ADC change. In addition, the perfusion threshold
for ADC changes has been shown to increase as a
function of time.

Recent studies in humans have largely confirmed
the (non-linear) relationship between ADC and
rCBF found in experimental studies. After a grad-
ual decline (with the ADC not falling below 90%
of normal), an abrupt drop occurs below an rCBF
threshold of 15-24 ml/100 g X min, depending on
the time after symptom onset (Fig. 7.2) (LIN et al.
2003). However, these rCBF threshold values are
based on perfusion measurements with MRI and
the reliability of absolute perfusion measurements
with MR perfusion imaging (PI) is still debated
(CALAMANTE et al. 2002). Assuming the thresholds
are correct, ADC may drop below 90% when rCBF is
still in the penumbral range (~12-22 ml/100 g /min).
This is in line with a back-to-back MRI and positron
emission tomography (PET) studies (GuADAGNO et
al. 2004) showing that some areas with reduced dif-
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Fig.7.2. Relationship between relative (rADC) and cerebral
blood flow (CBF). ADC drops to below normal at CBF values
around 15-24 ml/min/100 g, as shown in a pixel-wise compar-
ison between diffusion and perfusion imaging in acute stroke
patients. A lower threshold (15 ml/min/100 g) was found for
patients imaged earlier (up to 4 h; ¢) compared to the value
(24 ml/min/100 g) of those patients imaged between 4.5 and
6.5 h (H). The data show that the ADC threshold increases with
time. [Reproduced with permission from LIN et al. (2003)]

fusion may have increased oxygen extraction frac-
tion (OEF), which is a clear indicator of tissue via-
bility and a characteristic finding of the penumbra.
Together with the studies correlating CBF measure-
ments with DWI, these findings conclusively show
that reduced diffusion does not necessarily mean
irreversible tissue damage.

7.2
Imaging of Diffusion

7.21
Diffusion-weighted Imaging

Historically, the first diffusion-weighted NMR
pulse sequences were described as early as 1965 by
STEJSKAL and TANNER, long before MR imaging was
introduced. The theoretical foundations of DWI and
the introduction as a clinical imaging technique
were laid out in the mid-1980s (for review see LE
BiHAN 1995), by combining MRI pulse sequences
with methods that had been previously developed
to encode molecular diffusion effects through the
use of pairs of magnetic field gradient pulses. In
1990, MoseLEY and coworkers first demonstrated in
two land-mark articles (MOSELEY et al. 1990a,b) that
DWI could detect regional ischemia (in cats) earlier
than conventional MRI techniques. In subsequent
years, WARACH and coworkers ( 1992, 1995, 1996a),
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as well as others (MARKS et al. 1996; SORENSEN et al.
1996), demonstrated successful application of DWI
to human stroke patients. Particularly the devel-
opment of ultra-fast imaging techniques (such as
echo-planar imaging, EPI) and improvements in
MR hard- and software have now lead to a situa-
tion where DWI is a very fast and robust technique
that is easily applicable in the acute stroke situa-
tion [for general reviews on DWI in acute stroke
see BAIRD and WARACH (1998); BEAUCHAMP et al.
(1999) NEUMANN-HAEFELIN et al. (2000b)].

The vast majority of DWI studies are still per-
formed by adding “Stejskal Tanner” pulse gradients
to a spin-echo imaging sequence (Fig. 7.3). These
extra gradient pulses are located symmetrically
before and after the 180° refocusing pulse of a spin-
echo sequence. The first gradient pulse causes mole-
cules to acquire phase shifts, while the second gradi-
ent pulse will cancel the phase shifts by rephasing the
(stationary) spins. In the case of moving spins, signal
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Fig.7.3a,b. Diffusion-weighted imaging. a A typical pulse
sequence is shown with two strong diffusion-sensitizing
gradients arranged symmetrically around the 180° radio-fre-
quency pulse. The first of the two diffusion-sensitizing gra-
dients leads to dephasing of water protons, while the second
gradient leads to an exact rephasing, provided the water pro-
tons do not move between the gradients. If the water protons
change their location between the two gradients, as in diffu-
sion, the second gradient will lead to incorrect rephasing (b).
Therefore, the spins will not perfectly realign after the second
gradient, which results in a smaller signal. Conversely, if dif-
fusion is restricted, the spins will rephase more accurately,
leading to a stronger signal on the diffusion weighted images.
[Reproduced with permission from NEUMANN-HAEFELIN and
MOSELEY (2003)]
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amplitude is attenuated by the incomplete rephas-
ing during gradient 2 of the dephasing induced by
gradient 1. For thorough recent reviews on technical
aspects of DWI see BAMMER et al. (2003); HUISMAN
(2003); RoBERTS and ROwLEY (2003).

The degree of diffusion weighting can be quan-
tified by a parameter known as the b-value and is
influenced by characteristics of the diffusion gradi-
ents including their strength (G), duration () and
the interval between the two gradients (A). The rela-
tionship between signal intensity (SI) on DWI and
the b-value is characterized by the following equa-
tion:

SI = SI, x eP, with (7.1)

b = 1282G2(A-1/39) (7.2)

where SIis the signal intensity on the T2-weighted
image without diffusion weighting, D the diffusion
coefficient and y is the gyromagnetic ratio. As can
be seen from Eq. 7.1, SI in DWT1 is equal to the signal
intensity on a T2-weighted image (or b =0 image)
decreased by an amount of signal drop related to
the diffusion coefficient and the applied b-value. In
clinical practice, DWI is typically performed with a
b-value of around 1000 s/mm?.

To calculate ADC maps (by solving Eq. 7.1 for D),
at least one corresponding set of images is required
with alow b-value (near to 0) to determine SI,,. Clini-
cally, ADC maps are useful to absolutely quantify the
severity of diffusion abnormalities. In addition, they
are used to rule out that high signal on DWI images
is due to “T2 shine-through”. This phenomenon is
due to the residual T2 contrast in DWIimages, as the
sequence rests on a T2-weighted sequence. Thus, if
there is a strong signal on T2-weighted images, the
signal drop induced by normal (or even supranor-
mal) diffusion in DWI may not suffice to reduce the
DWTI signal to levels lower than normal.

On modern scanners diffusion gradient pulses
can be applied in (at least) three orthogonal sam-
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pling directions (x, y, z), resulting in images selec-
tively sensitized to diffusion along these directions.
In acute stroke, DWI is often performed with dif-
fusion-sensitizing gradients applied in all three
orthogonal directions, followed by averaging of the
resulting images to suppress effects due to anisot-
ropy (Fig. 7.4). The average images are commonly
termed “trace” images, although - in a strict sense
- the “trace” is a measure derived from diffusion
tensor imaging characterizing the average diffusiv-
ity after removal of effects due to anisotropy and
fiber orientation. The use of “trace” images is par-
ticularly useful in small subcortical lacunar stroke
close to fiber tracts, since these lesions may other-
wise be obscured by high signal due to anisotropic
diffusion.

Another method to optimize image contrast
includes the addition of an inversion recovery pulse
before the typical SE sequence to suppress signal
from cerebrospinal fluid (CSF). This yields so-
called fluid-attenuated inversion recovery (FLAIR)-
or CSF-suppressed DWI images or ADC maps. With
this approach, the partial-volume effect of cerebro-
spinal fluid can be substantially reduced, which
is particularly relevant in cortical regions due to
the frequent CSF contribution to individual voxels
(LaTour and WARACH 2002). The technique may
enhance lesion conspicuity in the vicinity of CSF and
has been shown to be of value in research studies uti-
lizing pixel-wise analyses to predict tissue fate. The
technique is not yet implemented in many centers,
although this may change in the near future.

DWI based on SE-sequences can be combined
with different read-out strategies, but single-shot
echo planar imaging (EPI) is by far the most widely
used method clinically. With this ultra-fast imag-
ing approach, in which the entire k-space is filled
with a single read-out train, images can be acquired
in fractions of a second. A DWI study covering the
whole brain (~ 20 slices) with diffusion sensitiz-
ing gradients applied in three directions and two
b-values will typically take less than 1 min. Earlier

Trace ADC

Fig.7.4.“Trace” ADC maps. Averaging of
ADC maps obtained with diffusion gra-
dients applied in the three orthogonal
directions in space (x, y, z) yields “trace”
ADC maps with relative suppression of
anisotropic diffusion. (Courtesy of Prof.
M. E. MOSELEY, Stanford University)
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problems with motion artifacts are no longer a rel-
evant issue.

However, EPI is susceptible to off-resonance
effects, such as main field inhomogeneity, local
susceptibility gradients, and chemical shift, which
all may lead to severe image degradation (BAMMER
2003). Image distortions due to susceptibility arti-
facts affect particularly brain regions near air cavi-
ties, such as around the posterior fossa and the skull
base. Several strategies have been developed to over-
come this problem, including parallel imaging using
techniques such as SENSE as well as optimized ways
of sampling k-space such as PROPELLER and spiral
imaging. A detailed discussion of these imaging
methods has been published (BAMMER 2003).

7.2.2
Diffusion Tensor Imaging

Diffusion tensor imaging (DTI) is a “sophisticated”
form of diffusion imaging that is not yet routinely
used in clinical stroke. However, it is becoming
increasingly popular as aresearch tool (SoTAk 2002),
particularly in small lacunar stroke (GILLARD et al.
2001; L1k et al. 2004) and in patients with ischemic
leukoaraiosis (O’SULLIVAN et al. 2001, 2004), and
will, thus, be shortly described here.

In DTI, diffusion is no longer described by a
single diffusion coefficient, but by an array of nine
coefficients that fully characterize how diffusion in
space varies according to direction (BASSER 1995).
With this approach, diffusion anisotropy can be
exploited to provide details on tissue microstruc-
ture and fiber tracts (LE BraaN 2003). To obtain
sufficient information on the direction of diffusion,
the full diffusion tensor needs to be sampled [for a
review on theoretical foundations of DTI see BASSER
and JoNEs (2002)].

The tensor has three degrees of freedom and is
represented by a 3x3 symmetric matrix (Dxx, Dxy,
Dxz, Dyx, Dyy, Dyz, Dzx, Dzy, Dzz) (see Fig. 7.5a).
To obtain the full diffusion tensor, diffusion mea-
surements in all of these directions are required
(minus those that are mathematically the same, i.e.
Dxy=Dyx); therefore, the diffusion gradients need
to be applied in at least six different non-collin-
ear directions (at high b-values) to sample the full
tensor data plus an additional image that needs to
be sampled at a low b-value.

As it is difficult to display tensor data, the con-
cept of “diffusion ellipsoids” has been proposed (LE
BiHAN 2003). An ellipsoid is a three-dimensional
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representation of the diffusion distance covered in
space by molecules in a given diffusion time. This
ellipsoid may also be viewed as a three-dimensional
vector. The form of the ellipsoid may vary in tissue:
isotropic diffusion is best represented by a sphere,
while anisotropic diffusion may result in cigar- or
pancake-shaped ellipsoids.

DTI data contains specific information not only
on the magnitude of diffusion, but also on the rela-
tive contribution of anisotropic vs. isotropic diffu-
sion, as well as on the direction of diffusion. Each
of these features of DTI data can be analyzed and
displayed separately. First, the magnitude of overall
diffusion within individual voxels may be displayed
by maps showing the “mean diffusivity”. Secondly,
the relative contributions of isotropic and anisotro-
pic diffusion can be calculated and depicted in maps
displaying various mathematically different, but
qualitatively similar anisotropy indices, such as the
fractional anisotropy (FA), relative anisotropy (RA)
and volume ratios (VR) (see Fig. 7.5a); for informa-
tion on the mathematical derivation of these indices
from the diffusion tensor refer to LE BIHAN et al.
(2001). As may be expected, higher anisotropy indi-
ces are found in white matter, particularly in fiber
tracts. Finally, the spatial direction of anisotropic
diffusion can be color-coded on eigenvector-maps,
with different colors assigned to the three main
orthogonal directions in space (typically: red for
predominant left-right, green for anterior-posterior
and blue for superior-inferior directions).

Finally, one of the most interesting extensions
of DTI is the potential to track fibers [“in vivo MR
tractography” (BAMMER et al. 2003; MorI and VAN
Z1yL 2002)], by using the information on anisotro-
pic directionality contained in the diffusion tensor.
With these mathematically complex methods, it has
become possible to track fibers from an initial set of
seed points, which can be used to track the pyrami-
dal tract or corpus callosum as shown in Fig. 7.5b.

7.3
Diffusion-weighted Imaging (DWI)
- Pathophysiological and Clinical Aspects

7.3.1
Time Course of Diffusion Changes in Acute
Stroke

The time course of diffusion changes in acute cere-
bral ischemia has been studied in detail (LANSBERG
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Fig.7.5a,b. Diffusion tensor imaging (DTI). Example of a DTI study in a normal volunteer obtained at 3 Tesla. The tensor matrix
with diffusion gradients applied in six directions is displayed on the left. The three images in parentheses (yx, zx, zy) were not
acquired separately, as they are the same as those in the right upper part of the matrix (xy, xz, yz). From these images as well
as one b0-image (not shown), the full tensor can be calculated. Three common indices of anisotropy, which can be extracted
from the tensor, are displayed on the right side of (a). FA, fractional anisotropy; RA, relative anisotropy; VR, volume ratio. In
addition, the fiber orientation is displayed on the color maps in the middle with red for predominant left-right, green for ante-
rior-posterior and blue for superior-inferior directions (with color intensity based on the FA, RA and VR values, respectively).
b An example of fiber tracking is shown with the pyramidal tract depicted in red and the corpus callosum in yellow. (Images

acquired by Dr. C. Lienerth, Brain Imaging Center, Frankfurt)

et al. 2001; ScHLAUG et al. 1997; WARACH et al.
1996b). In human stroke, as a rule of thumb, ADC
remains low for about 1week, is pseudonormal
for another week and then becomes supranormal
(Fig. 7.6). Pseudonormal values may be found start-
ing from day four after symptom onset. On the
other hand, although there is substantial interindi-
vidual variability, it is relatively safe to assume that
lesions are less than 10 days old if the ADC is still
low (LANSBERG et al. 2001). On DWI images, how-
ever, signal intensity may remain increased beyond
10 days due to the T2 contribution to the diffusion

signal. Pathophysiologically, the subacute pseudo-
normalization of the ADC and subsequent increase
to supranormal values is believed to correspond to
cell lysis of necrotic neurons and astrocytes, asso-
ciated with an increase in extracellular space. This
increase in ADC is accompanied by a decrease in
diffusion anisotropy, particularly in white matter.
A more complex time course of ADC changes is
seenin the presence of earlyreperfusion (see Fig. 7.7).
In animal experiments, ADC abnormalities resolve
during the early reperfusion phase following isch-
emia of short duration (e.g., in the rat suture occlu-
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Fig.7.6a,b. Evolution of DWI, ADC, and FLAIR-ADC signal changes over time. a Example of T2-weighted images, DWI, ADC
and FLAIR-ADC in a single patient imaged at five time points during the first month following symptom onset. The area with
increased signal intensity on DWI corresponds to low signal on ADC and FLAIR-ADC maps. Note the pseudonormalization of
the ADC at 27 days despite persistently high signal on DWI due to “T2 shine-through”. b The average time course of DWI and
ADC changes over time for a group of acute stroke patients. rSI},,, relative signal intensity on DWI; rADC,,,, , relative signal
intensity on conventional ADC maps; rADCy; 4 » relative signal intensity on FLAIR-ADC maps. [Reproduced with permission
from LANSBERG et al. (2001)]
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Fig.7.7. Transient ADC recovery and secondary ADC decline. Time course of ADC changes in a rat model of focal cerebral isch-
emia, as shown in two examples (30-min and 150-min suture occlusion). After 30 min of ischemia both DWI and ADC changes
resolve during the early reperfusion period. This is followed by evolution of a secondary DWI abnormality at day 1 following
ischemia, which is associated with a lesion seen on T2-weighted imaging. In contrast, no resolution of DWI or ADC changes is
observed following 150-min occlusion (see lower part of the image). (The data were acquired in collaboration with A. Kastrup,
A. de Crespigny and M.E. Moseley, Stanford University)
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sion model after up to ~ 90 minutes) (L1 et al. 1999;
Lietal. 2000b; NEUMANN-HAEFELIN et al. 2000a). If
the duration of ischemia is very short (~ 10 min), the
ADC recovers permanently (L1 et al. 2000a). With
intermediate occlusion times, ADC may recover
initially and decrease again slowly during the fol-
lowing 24 h to values similar to those found during
ischemia (OLAH et al. 2000). This is in striking con-
trast to permanent ischemia (in rats), where areas
of diffusion abnormality reflect precisely the region
of histological injury, breakdown of energy metabo-
lism, and tissue acidosis at 7 h indicating comple-
tion of infarct evolution (BACK et al. 1994). A gener-
ally similar time course of ADC changes following
reperfusion has also been found in humans treated
with intraarterial recanalizing therapies (KIDWELL
et al. 2000, 2002). In humans, this pattern may be
seen with occlusion times of up to several hours,
probably due to the somewhat slower evolution of
ischemic changes in humans compared to rodents.
The pathophysiology behind the secondary ADC
decline following transient ADC recovery is not
fully understood. It is intriguing to speculate that
the initially ischemic tissue remains salvageable
during the phase of transient ADC recovery, since
this suggests a longer time window for (e.g., neu-
roprotective) treatment than commonly assumed.
Experimentally, normalization of ATP levels has
been found during the recovery period (OLAH
et al. 2001) as well as resolution of intraischemic
lactate accumulation (unpublished own observa-
tions). However, although this suggests metabolic
tissue recovery, subtle histological abnormalities
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are found during the early reperfusion period (L1 et
al. 2002; RINGER et al. 2001), and ADC recovery is
not associated with functional recovery, indicating
that there are ongoing tissue changes, which are not
detected with current imaging methods. Potential
mechanisms underlying the phenomenon include
apoptosis, deranged mitochondrial metabolism and
failure of protein synthesis.

7.3.2
Enlargement of DWI Lesions

Enlargement of diffusion abnormalities during the
acute phase of stroke (Fig. 7.8) occurs in a substantial
proportion of stroke patients. In a study by BAIRD et
al. (1997), almost half of the patients showed DWI
lesion enlargement. This lesion enlargement occurs
more frequently in patients receiving their first DWI
image very early during stroke evolution and was
found to be particularly prominent in patients with
proximal vessel occlusion (RORDORF et al. 1998).
DWTI lesion enlargement is not restricted to the
first few hours, but may occur over several days,
although the most prominent increases are found
at early time points.

Despite the frequent increase in DWI lesion size,
there is consensus that - at any given time point
- areas outside acute diffusion abnormalities,
although threatened in the presence of hypoper-
fusion, are still viable. Thus, the increase in DWI
lesion size reflects the evolution of tissue injury
during stroke.

FLAIR7d
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Fig.7.8a,b. DWI lesion enlargement in patients with M1 occlusion. DWI
lesion enlargement is frequent in patients with proximal vessel occlusion
(M1 occlusion). a A prominent example is shown with dramatic lesion
growth between the acute imaging time point and follow-up. b In addi-
tion to showing the lesion growth for unselected patients with M1 occlu-
sions (symptom onset < 6 h), the profound influence of early recanaliza-
tion is demonstrated (blue, all patients; violet, subgroup with persistent M1
occlusion; bright yellow, early recanalization within 24 h). (The data were
acquired in collaboration with O.C. Singer, Neurology, Frankfurt, and R. du
Mesnil de Rochemont, Neuroradiology, Frankfurt)
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DWI lesions expand into surrounding hypoper-
fused tissue (the DWI/PI mismatch). Lesion expan-
sion is much more frequent in patients witha DWI/PI
mismatch than in patients without mismatch. How-
ever, predicting the exact degree of lesion expan-
sion is still challenging. Several semiquantitative
perfusion parameters have been proposed includ-
ing measurements of bolus delay (“time-to-peak,”
TTP) (GRANDIN et al. 2002; NEUMANN-HAEFELIN et
al. 1999) and relative CBF (GRANDIN et al. 2002), in
an attempt to better define the severity of the perfu-
sion deficit and, thus, the risk of infarction in the
mismatch region. All studies found an association
between the severity of perfusion abnormalities in
the mismatch region and the likelihood of lesion
expansion, but defining the outer borders of tissue
at risk in individual patients is only possible with
a substantial degree of uncertainty. Absolute quan-
tification of PI, which would allow defining CBF
ranges that are known to correspond to tissue at
risk from PET studies, is still difficult (CALAMANTE
et al. 2002) due to theoretical problems with bolus
delay and dispersion (see Chap. 6), particularly in
the presence of proximal vessel occlusion.

In addition, factors other than the severity of
the perfusion deficit are known to influence lesion
dynamics (WARACH 2001). Several studies have now
shown thatlesion expansion maybe arrested by timely
reperfusion, either occurring spontaneously or as a
consequence of successful intervention (JANSEN et al.
1999; NEUMANN-HAEFELIN et al. 2004; SCHELLINGER
et al. 2001). In addition, there are many other factors
influencing lesion growth to a certain extent, such
as intrinsic tissue factors (preexisting determinants
of susceptibility), induced ischemic tissue tolerance
induced by preceding vascular events, age, gender,
serum glucose, temperature and blood pressure.
Thus, it is not surprising that predicting lesion devel-
opment is a complex issue.

7.3.3
Potential Reversibility of Diffusion
Abnormalities

One of the intensely debated issues during the past
few years was the issue of potential DWI lesion
reversibility. Initially, it was believed that DWI
abnormalities depict irreversibly damaged tissue in
humans, i.e., the ischemic core. Only few convincing
cases had been reported in the literature with reso-
lution of DWTI lesions (mostly small lesions, often
located in white matter). There is still no doubt that
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disturbed diffusion is a sign of severe ischemia and
that DWI lesions are a good predictor of final infarct
size. However, it became clear recently that - similar
to the situation in animals - DWI abnormalities can
also reverse in humans. Following the initial obser-
vation of DWI lesion reversal in patients treated by
intra-arterial thrombolysis (KIDWELL et al. 2000),
another study found DWI lesion reversal (defined
as shrinkage of the DWI lesion by more than 20%)
in roughly 20% of hyperacute stroke patients (< 6 h)
(FIEHLER et al. 2004). Only patients with early recan-
alization showed significant regions with ADC nor-
malization. Partial ADC normalization was much
more frequent in patients imaged very early (< 3 h)
indicating that time is the other important param-
eter determining potential viability of tissue with
disturbed diffusion. Taken together, it may be safe
to assume that only few patients will have diffusion
abnormalities containing viable tissue (“tissue at
risk”) beyond the first 3 h.

7.3.4
ADC as a Predictor of Infarction?

Predicting the fate of diffusion abnormalities
(infarction or recovery) during the first few hours
following symptom onset based on the severity of
the acute ADC decline (or other imaging parameters)
is not straightforward. It has been shown, both in
experimental and clinical studies, that a relatively
greater ADC decrease (compared to contralateral
tissue) is associated with a greater risk of infarction
(P1LLEKAMP et al. 2001). This confirms the general
experience that mild diffusion abnormalities - often
located in the lesion periphery - are the first to
reverse following reperfusion. However, there is no
ADC threshold below which tissue will progress to
infarction with certainty (FIEHLER etal. 2002b). Even
tissue with ADC reductions to 50% of contralateral
values can occasionally survive, but this is compara-
tively rare. On a voxel basis, ADC values combined
with CBF values (or other perfusion parameters) may
be better at predicting tissue fate (KIDWELL et al.
2003). In addition, various more complicated models
using combinations of parameters have been pro-
posed, but none of them are in widespread use. Pos-
sibly, in addition to current standard methods such
as DWI and PI, spectroscopic imaging will be helpful
in the future for the evaluation of tissue viability
within DWTI lesions; a recent study showed clear dif-
ferences in lactate accumulation within the region of
decreased ADC, again indicating that the severity
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of tissue injury is not uniform within DWI lesions
(N1coLr et al. 2003).

Clinically, assessment of tissue viability is most
important in acute stroke patients who are potential
candidates for thrombolysis. In this context, a rela-
tively common problem for stroke physicians is the
patient presenting in a time window acceptable for
thrombolysis, but with a large diffusion lesion. Is it
justified to treat these patients with extensive DWI
lesions with thrombolysis? Here, it would be crucial
to know the true extent of irreversible tissue damage
within the diffusion lesion. However, as mentioned
above, assessing tissue viability within DWI lesions
and predicting tissue fate is not possible with cer-
tainty yet. Nevertheless, several parameters may be
taken into consideration to make a rational guess:
(1) time from symptom onset, (2) degree of ADC
decline (or the brightness of the DWI signal) and
(3) severity of the perfusion abnormality. For exam-
ple, the chances of reversing a faint DWI lesion with
an ADC decline to 85% 1 h after symptom onset are
much better than those of reversing an ADC lesion
with reductions to 50%-60% at 5h after onset.
Although MR algorithms for selecting patients for
thrombolysis need to be evaluated more system-
atically in the future, these rough guidelines may
already be helpful in current patient management.

7.3.5
DWI as Part of Integrated MR Examinations
in Acute Stroke

In addition to DWI, integrated stroke examinations
typically consist of perfusion imaging (PI), T2*- or
susceptibility-weighted imaging (=bleed screen),
T2-weighted imaging and MR angiography. DWI
covering the whole brain can be performed in less
than 1 min, and complete stroke MRI examinations
take about 10-15 min on modern machines.

Although DWI is nearly always used in combi-
nation with other sequences, DWI alone will reveal
at least one lesion in the majority of acute stroke
patients, even in the first hours after symptom
onset. A low ADC identifies the acute (and often
clinically relevant) lesion and allows differentiation
from older infarcts.

Lesion conspicuity is often better on DWI than
on ADC maps, which is the reason why DWI images
are preferred by many neuroradiologists for clinical
image interpretation. DWI alone may be sufficient
in most cases, but differentiation from T2 shine-
through effects can be difficult, particularly with
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lesions located in white matter. From a practical
point of view, primary interpretation of DWIimages
followed by analysis of ADC maps in cases of doubt
is probably the most convenient approach.

DWT has been shown to yield clinically relevant
information in a substantial number of patients
even at subacute time points (i.e., after the first 6 h),
which are not apparent on standard MRI. In a careful
study on the additional benefit of DWI over standard
MRI, ALBERs and colleagues (2000) investigated
how often the following three combinations of find-
ings, which were viewed as being clinically relevant,
occurred in patients imaged between 6 and 48 h after
stroke onset: (1) the acute symptomatic lesion could
be identified only on DWI and it was in a different
vascular territory than expected clinically; (2) DWI
alone identified acute ischemic lesions in multiple
vascular territories suggestive of a proximal source
of embolism; or (3) DWI demonstrated that a lesion,
thought to be acute on conventional MRI, was not
acute. In this study, DWI demonstrated the symp-
tomatic lesion in a different vascular territory than
suspected clinically or by conventional MRI in seven
patients (18%) and showed acute lesions in mul-
tiple vascular distributions in five patients (13%).
In eight patients (20%), DWI clarified that lesions
thought to be acute on conventional MRI were actu-
ally old. Clearly, although most of the benefit of DWI
is believed to be due to the increased sensitivity in
the first hours after symptom onset, the information
obtained in the subacute period may also change
patient management.

7.3.6
DWI Negative Stroke

DWTI is a very sensitive technique for the detection
of ischemia. However, in a minority of patients pre-
senting with stroke-like deficits, normal DWI scans
are obtained, even though the clinical deficits are
(still) present. Ay et al. (1999) found DWI nega-
tive studies in ~ 3.5% (n = 27/782) of consecutively
investigated patients with stroke-like deficits; the
best final diagnosis in 63% of these patients was

“cerebral vascular event” including both reversible

ischemic attacks and stroke.

DWTI negative scans can be obtained in one of
three pathophysiological situations:

i) Hypoperfusion is present and can be detected
by PI, but is not severe enough to cause diffu-
sion changes. This situation represents a lesion
that consists of an isolated “mismatch” without
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Fig.7.9. Lacunar brain stem stroke. Typical example of a lacunar brain stem stroke that would be missed if only transverse DWI
images were obtained (“DWI negative stroke”). In this case, a faint DWI lesion was seen on coronal sections at the acute time
point, but both transverse and sagittal planes did not show an unequivocal lesion. PI, on the other hand, showed a clear-cut
perfusion deficit in the brain stem. Follow-up images confirmed a small infarct in the brain stem. (Images were acquired in col-
laboration with P. Sterzer, Neurology, Frankfurt, and R. du Mesnil de Rochemont, H. Lanfermann, Neuroradiology, Frankfurt)

a diffusion core. Probably, this is the underly-
ing pathophysiology in many patients with TIA
(although diffusion changes have also been
found in a relevant number of TIA patients
[KiDWELL et al. 1999]). At the time an “isolated
mismatch” is revealed by MRI, symptoms usu-
ally already persist for longer than 60 min (which
is the maximum duration of TIAs according to
a recent definition), and the fate of these regions
is hard to predict. Both spontaneous resolution
of perfusion changes with tissue recovery as well
as progression to infarction may occur.

ii) Hypoperfusion is present, but DWI and P1I fail to
detect it. This situation is rare and is most often
encountered in brain stem lacunar stroke. Due
to susceptibility artifact, the brain stem may be
difficult to assess on EPI images. Occasionally,
coronal DWI images may help to identify small
brain stem lacunar strokes that were missed on
standard axial sections (pseudo-negative DWI;
see Fig. 7.9). These brain stem lacunes may or may
not be associated with perfusion deficits on PIL

iii)Finally, the stroke-like deficits are due to a
non-ischemic cause (i.e., a stroke mimic, see
Chap. 19). In most cases no DWI or PI deficit is
seen, although PI deficits may be found in some
stroke mimics such as migraine with aura.

Thus, PI is a particularly important tool in DWI
negative vascular events and non-ischemic stroke-
like episodes and may, indeed, clarify the underly-
ing pathology. The majority of patients with DWI
negative scans can be classified correctly based on
PI as suffering from a cerebrovascular event or from
a stroke mimic. Negative DWI and PI studies should
intensify the search for non-ischemic conditions.
However, in the majority of stroke patients DWI
will reveal the clinically relevant lesion and has now
become the centerpiece of integrated stroke MRI
examinations.

References

Albers GW, Lansberg MG, Norbash AM, Tong DC, O’Brien MW,
Woolfenden AR, Marks MP, Moseley ME (2000) Yield of dif-
fusion-weighted MRI for detection of potentially relevant
findings in stroke patients. Neurology 54:1562-1567

Ay H, Buonanno FS, Rordorf G, Schaefer PW, Schwamm LH,
Wu O, Gonzalez RG, Yamada K, Sorensen GA, Koroshetz W]
(1999) Normal diffusion-weighted MRI during stroke-like
deficits. Neurology 52:1784-1792

Back T, Hoehn-Berlage M, Kohno K, Hossmann KA (1994) Dif-
fusion nuclear magnetic resonance imaging in experimen-
tal stroke. Correlation with cerebral metabolites. Stroke
25:494-500



Disturbed Proton Diffusion

Baird AE, Benfield A, Schlaug G, Siewert B, Lovblad KO, Edel-
man RR, Warach S (1997) Enlargement of human cerebral
ischemic lesion volumes measured by diffusion-weighted
magnetic resonance imaging. Ann Neurol 41:581-589

Baird AE, Warach S (1998) Magnetic resonance imaging of
acute stroke. ] Cereb Blood Flow Metab 18:583-609

Bammer R (2003) Basic principles of diffusion-weighted
imaging. Eur ] Radiol 45:169-184

Bammer R, Acar B, Moseley ME (2003) In vivo MR tractogra-
phy using diffusion imaging. Eur ] Radiol 45:223-234

Basser PJ (1995) Inferring microstructural features and the
physiological state of tissues from diffusion-weighted
images. NMR Biomed 8:333-344

Basser PJ, Jones DK (2002) Diffusion-tensor MRI: theory,
experimental design and data analysis - a technical review.
NMR Biomed 15:456-467

Beauchamp NJ Jr, Barker PB, Wang PY, van Zijl PC (1999) Imag-
ing of acute cerebral ischemia. Radiology 212:307-324

Beaulieu C (2002) The basis of anisotropic water diffusion
in the nervous system - a technical review. NMR Biomed
15:435-455

Benveniste H, Hedlund LW, Johnson GA (1992) Mechanism
of detection of acute cerebral ischemia in rats by diffu-
sion-weighted magnetic resonance microscopy. Stroke
23:746-754

Busch E, Hoehn-Berlage M, Eis M, Gyngell ML, Hossmann
KA (1995) Simultaneous recording of EEG, DC poten-
tial and diffusion-weighted NMR imaging during potas-
sium induced cortical spreading depression in rats. NMR
Biomed 8:59-64

Busza AL, Allen KL, King MD, van Bruggen N, Williams SR,
Gadian DG (1992) Diffusion-weighted imaging studies of
cerebral ischemia in gerbils. Potential relevance to energy
failure. Stroke 23:1602-1612

Calamante F, Gadian DG, Connelly A (2002) Quantification of
perfusion using bolus tracking magnetic resonance imag-
ing in stroke: assumptions, limitations, and potential impli-
cations for clinical use. Stroke 33:1146-1151

Darquie A, Poline JB, Poupon C, Saint-Jalmes H, Le Bihan D
(2001) Transient decrease in water diffusion observed in
human occipital cortex during visual stimulation. Proc Natl
Acad Sci USA 98:9391-9395

De Crespigny AJ, Rother ], Beaulieu C, Moseley ME, Hoehn
M (1999) Rapid monitoring of diffusion, DC potential,
and blood oxygenation changes during global ischemia.
Effects of hypoglycemia, hyperglycemia, and TTX. Stroke
30:2212-2222

De Crespigny AJ, Rother ], Beaulieu C, Neumann-Haefelin T,
Moseley ME (2001) Comparison of diffusion, blood oxy-
genation, and blood volume changes during global isch-
emia in rats. Magn Reson Med 45:10-16

Duong TQ, Ackerman JJ, Ying HS, Neil JJ (1998) Evaluation of
extra- and intracellular apparent diffusion in normal and
globally ischemic rat brain via 19F NMR. Magn Reson Med
40:1-13

Fiehler J, Fiebach JB, Gass A, Hoehn M, Kucinski T, Neumann-
Haefelin T, Schellinger PD, Siebler M, Villringer A, Rother J
(2002a) Diffusion-weighted imaging in acute stroke-a tool
of uncertain value? Cerebrovasc Dis 14:187-196

Fiehler J, Foth M, Kucinski T, Knab R, von Bezold M, Weiller
C, Zeumer H, Rother J (2002b) Severe ADC decreases do
not predict irreversible tissue damage in humans. Stroke
33:79-86

129

Fiehler ], Knudsen K, Kucinski T, Kidwell CS, Alger JR,
Thomalla G, Eckert B, Wittkugel O, Weiller C, Zeumer H,
Rother J (2004) Predictors of apparent diffusion coefficient
normalization in stroke patients. Stroke 35:514-519

Flacke S, Wullner U, Keller E, Hamzei F, Urbach H (2000)
Reversible changes in echo planar perfusion- and diffu-
sion-weighted MRI in status epilepticus. Neuroradiology
42:92-95

Gillard JH, Papadakis NG, Martin K, Price CJ, Warburton EA,
Antoun NM, Huang CL, Carpenter TA, Pickard JD (2001)
MR diffusion tensor imaging of white matter tract disrup-
tion in stroke at 3 T. Br ] Radiol 74:642-647

Grandin CB, Duprez TP, Smith AM, Oppenheim C, Peeters A,
Robert AR, Cosnard G (2002) Which MR-derived perfu-
sion parameters are the best predictors of infarct growth
in hyperacute stroke? Comparative study between relative
and quantitative measurements. Radiology 223:361-370

Guadagno JV, Warburton EA, Aigbirhio F, Smielewski P, Fryer
T, Day D, Price CJ, Gillard JH, Carpenter A, Baron J-C
(2004) Understanding the metabolic counterpart of the
DWI lesion in acute ischemic stroke: a combined MR / PET
study. Cerebrovasc Dis 17:1127

Gyngell ML, Back T, Hoehn-Berlage M, Kohno K, Hossmann
KA (1994) Transient cell depolarization after permanent
middle cerebral artery occlusion: an observation by dif-
fusion-weighted MRI and localized 1H-MRS. Magn Reson
Med 31:337-341

Hasegawa Y, Formato JE, Latour LL, Gutierrez JA, Liu KF,
Garcia JH, Sotak CH, Fisher M (1996) Severe transient
hypoglycemia causes reversible change in the apparent
diffusion coefficient of water. Stroke 27:1648-1655; discus-
sion 1655-1646

Hoehn-Berlage M, Norris DG, Kohno K, Mies G, Leibfritz D,
Hossmann KA. (1995) Evolution of regional changes in
apparent diffusion coefficient during focal ischemia of
rat brain: the relationship of quantitative diffusion NMR
imaging to reduction in cerebral blood flow and metabolic
disturbances. ] Cereb Blood Flow Metab 15:1002-1011

Hossmann K-A, Hoehn-Berlage M (1995) Diffusion and perfu-
sion MR imaging of cerebral ischemia. Cerebrovasc Brain
Metab Rev 7:187-217

Huisman TA (2003) Diffusion-weighted imaging: basic con-
cepts and application in cerebral stroke and head trauma.
Eur Radiol 13:2283-2297

Jansen O, Schellinger P, Fiebach ], Hacke W, Sartor K (1999)
Early recanalisation in acute ischaemic stroke saves tissue
at risk defined by MRI Lancet 353:2036-2037

Kidwell CS, Alger JR, di Salle F, Starkman S, Villablanca P,
Bentson J, Saver JL (1999) Diffusion MRI in patients with
transient ischemic attacks. Stroke 30:1174-1180

Kidwell CS, Saver JL, Mattiello J, Starkman S, Vinuela E, Duck-
wiler G, Gobin YP, Jahan R, Vespa P, Kalafut M, Alger JR
(2000) Thrombolytic reversal of acute human cerebral
ischemic injury shown by diffusion/perfusion magnetic
resonance imaging. Ann Neurol 47:462-469

Kidwell CS, Saver JL, Starkman S, Duckwiler G, Jahan R, Vespa
P, Villablanca JP, Liebeskind DS, Gobin YP, Vinuela E, Alger
JR (2002) Late secondary ischemic injury in patients receiv-
ing intraarterial thrombolysis. Ann Neurol 52:698-703

Kidwell CS, Alger JR, Saver JL (2003) Beyond mismatch: evolv-
ing paradigms in imaging the ischemic penumbra with
multimodal magnetic resonance imaging. Stroke 34:2729-
2735



130

Kohno K, Hoehn-Berlage M, Mies G, Back T, Hossmann KA
(1995) Relationship between diffusion-weighted MR
images, cerebral blood flow, and energy state in experimen-
tal brain infarction. Magn Reson Imaging 13:73-80

Lansberg MG, O’Brien MW, Norbash AM, Moseley ME, Morrell
M, Albers GW (1999) MRI abnormalities associated with
partial status epilepticus. Neurology 52:1021-1027

Lansberg MG, Thijs VN, O’Brien MW, Ali JO, de Crespigny
AJ, Tong DC, Moseley ME, Albers GW (2001) Evolution
of apparent diffusion coefficient, diffusion-weighted, and
T2-weighted signal intensity of acute stroke. AJNR Am ]
Neuroradiol 22:637-644

Latour LL,Warach S (2002) Cerebral spinal fluid contamination
of the measurement of the apparent diffusion coefficient of
water in acute stroke. Magn Reson Med 48:478-486

Latour LL, Svoboda K, Mitra PP, Sotak CH (1994) Time-depen-
dent diffusion of water in a biological model system. Proc
Natl Acad Sci USA 91:1229-1233

Le Bihan D (1995) Molecular diffusion, tissue microdynamics
and microstructure. NMR Biomed 8:375-386

Le Bihan D (2003) Looking into the functional architecture of
the brain with diffusion MRI. Nat Rev Neurosci 4:469-480

Le Bihan D, van Zijl P (2002) From the diffusion coefficient to
the diffusion tensor. NMR Biomed 15:431-434

Le Bihan D, Mangin JF, Poupon C, Clark CA, Pappata S, Molko
N, Chabriat H (2001) Diffusion tensor imaging: concepts
and applications. ] Magn Reson Imaging 13:534-546

Li E, Han SS, Tatlisumak T, Liu KF, Garcia JH, Sotak CH, Fisher
M (1999) Reversal of acute apparent diffusion coefficient
abnormalities and delayed neuronal death following tran-
sient focal cerebral ischemia in rats. Ann Neurol 46:333-
342

Li E, Liu KE, Silva MD, Omae T, Sotak CH, Fenstermacher JD,
Fisher M, Hsu CY, Lin W (2000a) Transient and permanent
resolution of ischemic lesions on diffusion-weighted imag-
ing after brief periods of focal ischemia in rats: correlation
with histopathology. Stroke 31:946-954

Li F, Silva MD, Sotak CH, Fisher M (2000b) Temporal evolution
of ischemic injury evaluated with diffusion-, perfusion-,
and T2-weighted MRI. Neurology 54:689-696

Li F, Liu KE, Silva MD, Meng X, Gerriets T, Helmer KG, Fenster-
macher JD, Sotak CH, Fisher M (2002) Acute postischemic
renormalization of the apparent diffusion coefficient of
water is not associated with reversal of astrocytic swelling
and neuronal shrinkage in rats. AJNR Am ] Neuroradiol
23:180-188

Lie C, Hirsch JG, Rossmanith C, Hennerici MG, Gass A (2004)
Clinicotopographical correlation of corticospinal tract
stroke: a color-coded diffusion tensor imaging study.
Stroke 35:86-92

Lin W, Lee JM, Lee YZ, Vo KD, Pilgram T, Hsu CY (2003) Tem-
poral relationship between apparent diffusion coefficient
and absolute measurements of cerebral blood flow in acute
stroke patients. Stroke 34:64-70

Marks MP, de CA, Lentz D, Enzmann DR, Albers GW, Moseley
ME (1996) Acute and chronic stroke: navigated spin-echo
diffusion-weighted MR imaging (published erratum appears
in Radiology 1996, 200:289). Radiology 199:403-408

Mori S, van Zijl PC (2002) Fiber tracking: principles and strate-
gies - a technical review. NMR Biomed 15:468-480

Moseley ME, Butts K (1999) Diffusion and perfusion. In: Stark
D, Bradley WG (eds) Magnetic resonance imaging. Mosby,
St Louis, pp 1515-1538

T. Neumann-Haefelin

Moseley ME, Cohen Y, Mintorovitch J, Chileuitt L, Shimizu H,
Kucharczyk J, Wendland MF, Weinstein PR (1990a) Early
detection of regional cerebral ischemia in cats: compari-
son of diffusion- and T2-weighted MRI and spectroscopy.
Magn Reson Med 14:330-346

Moseley ME, Kucharczyk J, Mintorovitch J, Cohen Y, Kurhane-
wicz J, Derugin N, Asgari H, Norman D (1990b) Diffusion-
weighted MR imaging of acute stroke: correlation with
T2-weighted and magnetic susceptibility-enhanced MR
imaging in cats. AJNR Am ] Neuroradiol 11:423-429

Neumann-Haefelin T, Wittsack HJ, Wenserski F, Siebler M,
Seitz R], Modder U, Freund H]J (1999) Diffusion- and per-
fusion-weighted MRI: the DWI/PWI mismatch region in
acute stroke. Stroke 30:1591-1597

Neumann-Haefelin T, Kastrup A, de Crespigny A, Yenari MA,
Ringer T, Sun GH, Moseley ME (2000a) Serial MRI after
transient focal cerebral ischemia in rats: dynamics of tissue
injury, blood-brain barrier damage, and edema formation.
Stroke 31:1965-1973

Neumann-Haefelin T, Moseley ME, Albers GW (2000b) New
magnetic resonance imaging methods for cerebrovascu-
lar disease: emerging clinical applications. Ann Neurol
47:559-570

Neumann-Haefelin T, Moseley ME (2003) MRI in acute stroke.
In: Hennerici M (ed) Imaging in stroke. Remedica, London,
pp 43-62

Neumann-Haefelin T, du Mesnil de Rochemont R, Fiebach
JB, Gass A, Nolte C, Kucinski T, Rother J, Siebler M, Singer
0C, Szabo K, Villringer A, Schellinger PD (2004) Effect of
incomplete (spontaneous and postthrombolytic) recanali-
zation after middle cerebral artery occlusion: a magnetic
resonance imaging study. Stroke 35:109-114

Nicholson C, Sykova E (1998) Extracellular space structure
revealed by diffusion analysis. Trends Neurosci 21:207-
215

Nicolay K, Braun KP, Graaf RA, Dijkhuizen RM, Kruiskamp
MJ (2001) Diffusion NMR spectroscopy. NMR Biomed
14:94-111

Nicoli F, Lefur Y, Denis B, Ranjeva JP, Confort-Gouny S, Coz-
zone PJ (2003) Metabolic counterpart of decreased appar-
ent diffusion coefficient during hyperacute ischemic stroke:
a brain proton magnetic resonance spectroscopic imaging
study. Stroke 34:e82-e87

Olah L, Wecker S, Hoehn M (2000) Secondary deterioration
of apparent diffusion coefficient after 1-hour transient
focal cerebral ischemia in rats. ] Cereb Blood Flow Metab
20:1474-1482

Olah L, Wecker S, Hoehn M (2001) Relation of apparent diffu-
sion coefficient changes and metabolic disturbances after
1 hour of focal cerebral ischemia and at different reperfu-
sion phases in rats. ] Cereb Blood Flow Metab 21:430-439

O’Sullivan M, Summers PE, Jones DK, Jarosz JM, Williams SC,
Markus HS (2001) Normal-appearing white matter in isch-
emic leukoaraiosis: a diffusion tensor MRI study. Neurol-
ogy 57:2307-2310

O’Sullivan M, Morris RG, Huckstep B, Jones DK, Williams SC,
Markus HS (2004) Diffusion tensor MRI correlates with
executive dysfunction in patients with ischaemic leuko-
araiosis. ] Neurol Neurosurg Psychiatry 75:441-447

Pillekamp F, Grune M, Brinker G, Franke C, Uhlenkuken U,
Hoehn M, Hossmann K (2001) Magnetic resonance predic-
tion of outcome after thrombolytic treatment. Magn Reson
Imaging 19:143-152



Disturbed Proton Diffusion

Prichard JW, Zhong J, Petroff OA, Gore JC (1995) Diffusion-
weighted NMR imaging changes caused by electrical acti-
vation of the brain. NMR Biomed 8:359-364

Ringer TM, Neumann-Haefelin T, Sobel RA, Moseley ME,
Yenari MA (2001) Reversal of early diffusion-weighted
magnetic resonance imaging abnormalities does not nec-
essarily reflect tissue salvage in experimental cerebral isch-
emia. Stroke 32:2362-2369

Roberts TP, Rowley HA (2003) Diffusion weighted magnetic
resonance imaging in stroke. Eur ] Radiol 45:185-194

Rordorf G, Koroshetz WJ, Copen WA, Cramer SC, Schaefer
PW, Budzik RF Jr, Schwamm LH, Buonanno E Sorensen
AG, Gonzalez G (1998) Regional ischemia and ischemic
injury in patients with acute middle cerebral artery stroke
as defined by early diffusion-weighted and perfusion-
weighted MRI. Stroke 29:939-943

Rother ], de CA, D’Arceuil H, Iwai K, Moseley ME (1996)
Recovery of apparent diffusion coefficient after ischemia-
induced spreading depression relates to cerebral perfusion
gradient. Stroke 27:980-986

Schellinger PD, Fiebach JB, Jansen O, Ringleb PA, Mohr A,
Steiner T, Heiland S, Schwab S, Pohlers O, Ryssel H, Orak-
cioglu B, Sartor K, Hacke W (2001) Stroke magnetic reso-
nance imaging within 6 hours after onset of hyperacute
cerebral ischemia. Ann Neurol 49:460-469

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

Silva MD, Omae T, Helmer KG, Li F, Fisher M, Sotak CH (2002)
Separating changes in the intra- and extracellular water
apparent diffusion coefficient following focal cerebral isch-
emia in the rat brain. Magn Reson Med 48:826-837

Sorensen AG, Buonanno FS, Gonzalez RG, Schwamm LH, Lev
MH, Huang-Hellinger FR, Reese TG, Weisskoff RM, Davis
TL, Suwanwela N, Can U, Moreira JA, Copen WA, Look RB,
Finklestein SP, Rosen BR, Koroshetz W] (1996) Hyperacute
stroke: evaluation with combined multisection diffusion-
weighted and hemodynamically weighted echo-planar MR
imaging. Radiology 199:391-401

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

131

Stejskal EO, Tanner JE (1965) Spin diffusion measurements:
spin-echo in the presence of a time dependent field gradi-
ent. ] Chem Phys 42:288-292

Sykova E, Svoboda J, Polak J, Chvatal A (1994) Extracellular
volume fraction and diffusion characteristics during pro-
gressive ischemia and terminal anoxia in the spinal cord of
the rat. ] Cereb Blood Flow Metab 14:301-311

Van der Toorn A, Dijkhuizen RM, Tulleken CA, Nicolay K
(1996a) Diffusion of metabolites in normal and ischemic
rat brain measured by localized 1H MRS. Magn Reson Med
36:914-922

Van der Toorn A, Sykova E, Dijkhuizen RM, Vorisek I, Vargova L,
Skobisova E, van Lookeren Campagne M, Reese T, Nicolay K
(1996b) Dynamic changes in water ADC, energy metabolism,
extracellular space volume, and tortuosity in neonatal rat
brain during global ischemia. Magn Reson Med 36:52-60

Van Gelderen P, de Vleeschouwer MH, DesPres D, Pekar ],
van Zijl PC, Moonen CT (1994) Water diffusion and acute
stroke. Magn Reson Med 31:154-163

Verheul HB, Balazs R, Berkelbach van der Sprenkel JW,
Tulleken CA, Nicolay K, Tamminga KS, van Lookeren Cam-
pagne M (1994) Comparison of diffusion-weighted MRI
with changes in cell volume in a rat model of brain injury.
NMR Biomed 7:96-100

Warach S (2001) Tissue viability thresholds in acute stroke: the
4-factor model. Stroke 32:2460-2461

Warach S, Chien D, Li W, Ronthal M, Edelman RR (1992) Fast
magnetic resonance diffusion-weighted imaging of acute
human stroke. Neurology 42:1717-1723

Warach S, Gaa J, Siewert B, Wielopolski P, Edelman RR (1995)
Acute human stroke studied by whole brain echo planar
diffusion-weighted magnetic resonance imaging. Ann
Neurol 37:231-241

Warach S, Dashe JE, Edelman RR (1996a) Clinical outcome
in ischemic stroke predicted by early diffusion-weighted
and perfusion magnetic resonance imaging: a preliminary
analysis. ] Cereb Blood Flow Metab 16:53-59

Warach S, Mosley M, Sorensen AG, Koroshetz W (1996b) Time
course of diffusion imaging abnormalities in human stroke
(letter; comment). Stroke 27:1254-1256

Wheatley DN (1985) Mini-review. On the possible importance
of an intracellular circulation. Life Sci 36:299-307



8 Ischemic Edema and Necrosis

SUSANNE WEGENER, MATHIAS HOEHN, and ToB1As BAack

CONTENTS

8.1 Vasogenic Edema and Necrosis Formation:
Pathophysiology 133
The Blood Brain-Barrier and Brain Edema
Subtypes 133
Vasogenic Edema and Necrosis after Cerebral
Ischemia 134
Temporal Profile of Vasogenic Edema Formation
in Experimental Ischemia 135
8.1.3.1 Permanent Occlusion Models 135
8.1.3.2 Transient Occlusion Models 136
8.2 Correlation of MRI Parameter Changes
to the Formation of Vasogenic Edema in Animal
Models 136

8.2.1  MRI Parameters with Sensitivity to Vasogenic
Edema and Necrosis 136

8.2.2  MRI Changes Corresponding to Vasogenic Edema
after Experimental Brain Ischemia 137

8.2.2.1 Permanent Occlusion Models 137

8.2.2.2 Transient Occlusion Models 139

8.2.2.3 Relaxation Time Changes and Function 140

8.3 Translation of Experimental Results to Human
Stroke 140

8.3.1  Correlation of MRI Changes to Human Brain
Pathology 140

8.3.2  Temporal Profile of Blood-Brain Barrier
Disruption 141

8.3.3  Temporal Profile of Ischemic Brain Edema 141

8.3.4  Probability Approach to Define Irreversible
Damage 142

8.4 Conclusions 144
References 145

S. WEGENER, MD

In-vivo NMR Laboratory, Max Planck Institute for Neuro-
logical Research, Gleueler Strasse 50, 50931 Cologne,
Germany

M. HoeuN, PhD

In-vivo NMR Laboratory, Max-Planck Institute for Neuro-
logical Research, Gleueler Strasse 50, 50931 Cologne,
Germany

T. BAck, MD

Department of Neurology, University Hospital Mannheim,
Ruprecht-Karls University Heidelberg, Theodor-Kutzer-Ufer
1-3, 68167 Mannheim, Germany

8.1
Vasogenic Edema and Necrosis Formation:
Pathophysiology

8.1.1
The Blood Brain-Barrier and Brain Edema
Subtypes

Ischemic injury of the brain initiates a cascade
of events that involves formation of brain edema
and culminates in tissue destruction (ENDRES and
DIRNAGL 2002). Brain edema is defined as swell-
ing of the brain tissue due to an increase in water
content. In 1967, KLATZ0 classified edema based on
the localization and biochemical features of fluid as
either cytotoxic (intracellular, plasma ultrafiltrate)
or vasogenic (extracellular, plasma filtrate includ-
ing serum proteins) edema (KLaTzo 1967). Disrup-
tion of blood flow to the brain results in energy
depletion and consecutive ion pump failure at the
cell membranes resulting in disturbance of ion and
water homeostasis, which in consequence leads to
cell swelling (for more details see Chap. 7). This
cytotoxic edema develops within minutes after the
ischemic onset and has emerged as the hallmark
of stroke due to its early detectability in diffusion-
weighted MRI (DWI).

Vasogenic edema occurs after various brain inju-
ries besides ischemia, such as in trauma, hemor-
rhage, encephalitis, and tumors. It is preceded by an
increase in permeability of the blood-brain barrier
(BBB). Specialized endothelial cells located on the
luminal side of capillaries constitute the BBB (Go
1997; RuBIN and STADDON 1999). These cells are
characterized by very few endocytotic vesicles and
so called tight junctions, composed of five-layered
structures tightly occluding the intercellular clefts.
Under normal, physiological conditions, the BBB
prevents passage of substances from the blood cir-
culation into the brain, and thereby governs influx
and efflux of fluids and solutes between the vascu-
lar system and the brain parenchyma. While gases
and small (especially lipophilic) molecules pass the
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BBB easily, molecules with a molecular weight above
500 Dalton are kept outside the barrier. Some ions
and particles needed for cell metabolism, such as
glucose, are actively shuttled through the BBB via
respective transporters. The amount of water and
other molecules crossing the BBB depends on the
cerebral blood flow (CBF) and hydrostatic as well as
osmotic forces.

8.1.2
Vasogenic Edema and Necrosis after Cerebral
Ischemia

After ischemia, the BBB breaks down and plasma
constituents enter the brain parenchyma through
the opened tight junctions. Up regulation of
matrix metalloproteinases (MMPs), zinc-contain-
ing enzymes directly degrading components of the
vascular basement membrane, and the thrombo-
lytic enzyme endogenous tissue-type plasmino-
gen activator (tPA) appear to be involved in the
early steps of BBB opening (ROSENBERG et al.
1996; YEPES et al. 2003). The brain tissue, swollen

S. Wegener et al.

because of the edema fluid, contains more water
with a higher Na* and a lower K* ion concentra-
tion. Due to the presence of plasma proteins, the
edema fluid has a high colloid-oncotic pressure. It
spreads within the intercellular tissue space, pref-
erentially along fiber structures in white matter.
Unlike the cytotoxic edema, the vasogenic edema
distributes anisotropically (i.e., parallel to the fiber
tracts) and leads to an increased compliance of
edematous white matter, probably the correlate of
the moist and soft macroscopic appearance of the
“Hirnédem” described by REICHARDT in 1904
(Kuroiwa et al. 1994a,b; REICHARDT 1904). This
excessive extracellular fluid can be cleared by re-
uptake into capillaries or glial cells, or drained into
CSF and the lymphatic system (KLaTz0 1967).
Experimentally, the BBB disruption can be
assessed by the administration of dyes (e.g., Evans
blue, Fluorescein) or radioactive tracers (e.g., ["*C]
sucrose) and visualization or measurement of their
distribution in the brain parenchyma on tissue sec-
tions (Fig. 8.1). To estimate brain water content, the
weight of a brain is determined with the “wet-and-
dry-weight method”, i.e., weighing the tissue speci-

Contra 100 X

Fig.8.1a-d. Evans blue extravasation 6 h after permanent middle cerebral artery occlusion (MCAO) in Sprague-Dawley rats.
Evans blue extravasation is shown in red and cell nuclei in blue labeled by 4’-6-diamidino-2-phenylindole (DAPI), a compound
that binds to DNA. (a) A low-magnification view of the entire ischemic area. (b) Evans blue extravasation from a vessel located
in the area adjacent to the ischemic area. (c) Electronic magnification of the box in (b) (arrow is pointing at a leakage of Evans
blue from the vessel). (d) No extravasation of Evans blue is seen in a vessel from the same section seen in (b) and (c) but
located in the corresponding region of the contralateral hemisphere Contra, contralateral. [Reproduced with permission from

YEPES et al. (2003)]
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men before and after drying in an oven at 90-100°C
(HatasHIiTA and HorF 1990; UvaMA et al. 1988).

When cerebral blood flow drops below a criti-
cal threshold for a longer period of time (e.g.,
10 ml/100 mg/min for more than 30 min in animal
models of cortical ischemia), necrosis is the con-
sequence (NEUMAR 2000). Necrosis refers to the
“accidental” form of cell death. It is characterized
by initial cellular and organelle swelling, membrane
disruption, and disintegration of nuclear structure
and cytoplasmatic organelles, ending up with extru-
sion of cell contents into the extracellular space.
Necrosis develops from 6 h up to 4 days following
ischemia and is further aggravated by inflamma-
tory processes such as secretion of toxic substances
by activated inflammatory cells and obstruction of
microvessels by these cells (DIRNAGL et al. 1999;
Garciaetal. 1993; PERssoN et al. 1989) (see Chap. 4).
For selective destruction of neurons after mild cere-
bral ischemia the term “selective neuronal necrosis”
has been coined (GARcIA et al. 1996), while in pan-
necrosis all cell types (neuronal, glial, endothelial)
are irreversibly damaged.

More recently, apoptosis has been described as
a mechanism of cell death, especially after mild
ischemia and in the lesion borderzone (DIRNAGL
et al. 1999; SNIDER et al. 1999). In this form of pro-
grammed cell death cell bodies are phagocytosed by
macrophages and therefore do not enter the extra-
cellular space, thus minimizing deleterious effects
on surrounding tissue. Both forms of cell death may
be found in coexistence.

During the days following the focal ischemic
event, macrophages and glial cells infiltrate the
lesion. After about 1-2 weeks, a loose connective
tissue matrix is formed along the infarct borders.
The necrotic cells have completely resolved 2 weeks
later, with macrophages remaining in the tissue
adjacent to the infarcted area (CLARK et al. 1993).

8.1.3
Temporal Profile of Vasogenic Edema
Formation in Experimental Ischemia

A number of animal models have been developed to
mimic cerebral ischemia experimentally. They can
be roughly categorized into global (bilateral arte-
rial occlusion) and focal (unilateral arterial occlu-
sion) cerebral ischemia models. Probably the widest
applied method is the middle cerebral artery occlu-
sion (MCAO), performed by transiently blocking
the arterial blood flow with a removable thread or
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clip, or by permanently occluding the artery (e.g.,
by ligation or electrical cauterization of the vessel)
(HossMANN 1998). Further factors influencing the
development of tissue injury are animal strain and
age as well as surgical procedure and duration of the
ischemic impact.

With respect to brain edema formation, differen-
tiation between transient and permanent vascular
occlusion models is very important. In the latter
approach blood flow into the ischemic area remains
cut off, while reperfusion is restored in the former,
similar to the clinical setting of successful throm-
bolysis or spontaneous reperfusion. Early reperfu-
sion can salvage tissue at risk of infarction (ischemic
penumbra). However, when tissue damage has pro-
gressed further, reperfusion can have detrimental
effects because more water drains from the circu-
lation through the damaged BBB into the already
edematous tissue. In consequence, the vasogenic
edema develops with a different temporal profile
and to a different degree in these cerebral ischemia
models.

8.1.3.1
Permanent Occlusion Models

Already 1 h after the onset of permanent ischemia,
activity of tPA increases in the ischemic territory,
particularly in the perivascular tissue within the
penumbra (YEPES et al. 2003). This then activates a
cascade of molecular events that finally lead to an
increase in permeability of the BBB. In an elaborate
study, HatasHiTA and HoFrF (1990) investigated
changes in BBB function after permanent ischemia
in rats. They found that edema fluid, as estimated
by the wet to dry weight method, is significantly
elevated already 1h after MCAO, with an inter-
mittent plateau at day 1, only to rise further to its
maximum after 3 days. From there it gradually
decreases again. They confirmed earlier findings
by ScHUIER and HossMANN (1980) in the cat MCA
occlusion model. It is of importance to note that
the early phase of ischemic brain edema is not an
isolated shift of water from the extracellular space
into neurons. A net uptake of water is observed
in brain regions with CBF below 10 ml/100 g/
min. Such a net uptake of water can be regarded
as a marker for irreversibly injured brain tissue.
Extravasation of the micromolecular dye sodium
fluorescein was first observed at 6 h, while Evans
blue, a dye that binds to plasma molecules and indi-
cates escape of larger molecules, was first noted
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in the extracellular space at 12 h after MCAO. To
analyze BBB permeability quantitatively, [I'%°]-
labeled bovine serum albumin (**I-BSA) and
[C']-labeled sucrose (*C-sucrose) were applied,
and transfer indices were calculated (radioactiv-
ity of brain tissue divided by that of blood). This
allowed estimation of serum protein (!°I-BSA) or
small molecular (14C-sucrose) extravasation. Both
transfer indices started to increase 12 h after isch-
emia onset and reached a maximal value around
day 8. These findings indicate that despite an early
increase in water content, the BBB remains imper-
meable to serum proteins for at least several hours
after MCAO. Permeability becomes maximal only
after the peak of edema fluid levels has already
been reached.

8.1.3.2
Transient Occlusion Models

In contrast to the gradually increasing BBB per-
meability in permanent ischemia, transient MCAO
has been reported to result in a biphasic opening
of the BBB (Kuroiwa et al. 1985). Kuriowa and
colleagues found leakage of Evans blue in cats sub-
jected to 1h of focal occlusion promptly (within
minutes) after reperfusion, but only in animals
with a severe CBF reduction during ischemia (CBF
below 15 m1/100 g/min) and pronounced increase in
blood flow after reperfusion (Kurorwa et al. 1985).
A “refractory period” in which no extravasation of
dye was observed, was followed by a second BBB
opening at about 5h after ischemia. Time to bar-
rier opening appears to depend on the duration of
vascular occlusion. Other groups suggested other
time frames, employing 2-h MCA occlusion [3h
and 48-50 h after reperfusion (BELAYEV et al. 1996;
ROSENBERG et al. 1998), or 30 min and 22-48 h after
reperfusion (HuaNG et al. 1999)]. The first phase
of BBB disturbance has been ascribed to reactive
hyperemia or damage through oxygen free radicals
after reperfusion. For the delayed, second phase of
BBB disturbance inflammatory processes have been
implicated, but mechanisms remain to be elucidated
(Kurorwa et al. 1985; NELSON et al. 1992).

It was noted in spontaneously hypertensive rats,
subjected either to permanent or transient (2-h)
MCAO that vasogenic edema and gliosis, as visual-
ized immunohistochemically, were more widespread
after transient occlusion although infarctions were
larger after permanent occlusion (NORDBORG et al.
1994).
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8.2

Correlation of MRI Parameter Changes
to the Formation of Vasogenic Edema in
Animal Models

8.2.1
MRI Parameters with Sensitivity to Vasogenic
Edema and Necrosis

MRI can provide valuable information on the pro-
gression of vasogenic edema and necrosis in the
living organism. “Free” and “bound” water (e.g.,
water in the ventricles vs. water bound to cellular
structures) can be discriminated based on differ-
ent T1 and T2 relaxation times (BAKAY et al. 1975;
NARUSE et al. 1982). Typical T1 and T2 relaxation
times of normal rat brain at 4.7 T are 869+145 ms
and 7242 ms (caudate putamen) and 928+117 ms
and 7342 ms (cortex), while more liquid structures
such as edematous tissue, cysts or CSF will lead to
significantly elevated T1 and T2 relaxation times
(HoEHN-BERLAGE et al. 1995).

In consequence, such increases in free, extracel-
lular water can be picked up on T1- and T2-weighted
(T1-w, T2-w) images (DUKHUIZEN and NICOLAY
2003; HOrRIKAWA et al. 1986). Proton density images
(PD) reflect the concentration of water protons in
tissue, and therefore indicate regions with a high
water content, such as in edema. When paramag-
netic contrast agents such as gadolinium chelates are
injected, their T1-shortening effect is used to visual-
ize BBB damage on T1-w MRI: signal enhancement
on these images indicates leakage of the tracer into
the brain parenchyma (RUNGE et al. 1985) (Fig. 8.2).
Magnetization transfer imaging (MT-MRI) is based
on magnetization exchange between “free” and
“bound” water protons. The broad resonance of
bound protons is saturated using a prolonged off-
resonance RF pulse, and only the free proton mag-
netization is observed. The increase in interstitial
water and breakdown of macromolecular structures
as it occurs in cerebral ischemia with vasogenic
edema are characterized by a reduction in the MT
ratio (ratio between free and bound proton pools)
(EwING et al. 1999; ORDIDGE et al. 1991). The reason
for only very few MT-MRI studies lies in the required
long RF pulse which causes the risk of unacceptably
high RF power deposits into the tissue. Diffusion-
weighted imaging (DWTI), the “classical” MR param-
eter to follow the cytotoxic edema after stroke, may
also indicate the areas of vasogenic edema by the
increased water diffusivity in the larger pools of
free water (Fig. 8.2). These regions display increased
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Fig.8.2. Coronal perfusion images (PI) and quantitative ADC and T2 relaxation time maps of rat brain at 1 h after embolic
stroke (left column) and 7 h after onset of tPA lysis (right column). Note the perfusion deficit in the early ischemic phase which
is reversed into a hyperperfusion by the thrombolytic treatment. The maps of the apparent diffusion coefficient show the lesion
as decreased ADC value in the right hemisphere (depicted in blue). The lesion persists despite the successful recanalization and
tissue reperfusion. The T2 parameter map is insensitive to the ischemic alteration in the early phase. At later times (7 h after
embolic stroke) a clear, pronounced increase in T2 is observed across the ischemic territory (as determined on ADC maps). At
7 h, a subtraction image of T1-weighted images after and before Gd-DTPA application (Gd-enhanced) shows an area of BBB
disturbance (arrow) as a strong hyperintensity in the right parietal cortex. Note that this area sticks out in the T2 map with the
highest T2 rise (arrow). The same region on the ADC map at the later time point is characterized by a pseudo-normalization
(arrow): the increasing water content of the vasogenic edema counteracts the ADC decrease caused by the cytotoxic edema,

thus leading to a re-increase from the early ADC minimum

values of the apparent diffusion coefficient (ADC)
(please see Chap. 7 for a closer description of DWT).
When effects of cytotoxic and vasogenic edema are
coexisting (at subacute timepoints), DWI may be
less conclusive because of the two counteracting
mechanisms (Fig. 8.2).

8.2.2
MRI Changes Corresponding to Vasogenic
Edema after Experimental Brain Ischemia

Earliest proof of an ischemic situation on MRI can
be obtained within seconds after stroke onset by per-
fusion imaging (PI), depicting the area of reduced
cerebral blood flow (Fig. 8.2; see also Chap. 6). This
is followed within minutes by a rapid delineation of
the early ischemic injury (cytotoxic edema) on DWIL.
Focus of this chapter will be on data acquired in
animal ischemia models, using PD-w, T1-w, and T2-w
MRYI, and their correlation with histopathology.

As discussed above, due to the influence of reper-
fusion, vasogenic edema develops differently in

permanent and transient ischemia models. There-
fore, we will also discuss MRI findings in these two
models separately (Fig. 8.3).

8.2.2.1
Permanent Occlusion Models

HoeHN-BERLAGE and colleagues (1995) investigated
changes in T1, T2, and proton density in compari-
son to DWI at an acute time period after perma-
nent occlusion. They demonstrated elevated T1- and
T2-values in the ischemic area as early as 2 h after
permanent MCAO (pMCAO), which continued to
rise during the observation period of 7 h, leading
to 29420% (T1) and 51%41% (T2) above control.
This was not paralleled by significant changes in PD,
although small increases were detectable in individ-
ual animals. Together with the early rise in T1 and
T2 relaxation times, before Evans blue leakage dem-
onstrates BBB disruption in histological studies, the
unchanged PD argues against vasogenic edema as
the source of relaxation time increase at this time.
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Fig.8.3. Schematic overview of T2-
weighted MRI changes and blood-brain
barrier (BBB) opening after experimen-
tal ischemia. The x-axis reflects the
evolution of events over time while the
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More likely, the “state” of water as “free” or “bound”
or other macromolecular restructuring processes in
the tissue early after ischemia must be assumed to
cause the observed parameter changes. The rise in
relaxation times was more pronounced in the cau-
date putamen than in the cortex. In concert with
absolute relaxation time values, lesion areas on T1
and T2 maps grew during the observation period.

Depending on the experimental setting, differ-
ent groups reported different time points of initial
changes in relaxation times after ischemia, ranging
from minutes (BRANT-ZAWADZKI et al. 1986, KAVEC
et al. 2004) up to about 4 h, rarely later (BosE et
al. 1988; HELPERN et al. 1993; KN1GHT et al. 1991,
1994; LouBINOUX et al. 1997). T1 has been found
to increase after T2, and changes to a lesser degree
(Bosk et al. 1988; VAN BRUGGEN et al. 1994).

In a photothrombotic stroke model, in which
thrombosis of cortical microvessels is initiated by a
laser beam through the intact skull activating rose
bengal, a substance that damages endothelial cells
and leads to microvascular occlusion, T2 values
were elevated at the lesion already 15 min after light
exposure (PIERPAOLI et al. 1993). However, this pro-
cedure, even though leading to permanent vascular
occlusion, is governed by different pathophysio-
logical mechanisms that make it difficult to com-
pare to MCAO approaches: the direct endothelium
damage in this model leads to rapid disturbance of
the BBB, thus explaining the fast T2 relaxation time
increase. There is general agreement about the fol-
lowing steady rise in T1 and T2 times, until a peak is
reached between 24-72 h (Bosk et al. 1988; HELPERN
et al. 1993; KNIGHT et al. 1991, 1994; LOoUBINOUX
et al. 1997; QuasT et al. 1993; vAN BRUGGEN et al.
1994). Over the following 1-2 weeks, this maximum
in relaxation time values gradually declines, but

y-axis illustrates relative intensity of the
variable under investigation. tMCAO,
transient middle cerebral artery (MCA)
occlusion; pMCAO, permanent MCA
occlusion

4 weeks

values remain above control levels (HELPERN et al.
1993; KNIGHT et al. 1991; QuasT et al. 1993). Proton
density was found to increase in a study by KN1GHT
and colleagues (1991) after pMCAO, but “lagged
behind” T1 and T2 times (rise after 24 h, maximum
at 96 h, return to control levels at 168 h). The same
group reported similar delayed increases in PD in
some rat brain regions (e.g., primary somatosensory
cortex), but no changes in other areas (e.g., medial
portion of caudate putamen) in a later work (KNIGHT
et al. 1994). Correspondingly, relaxation times rose
to a different degree and at different time points,
depending on the region of interest under investi-
gation. In addition to a region-specific macromo-
lecular structure of brain tissue, such as lipid-rich
myelin sheaths within subcortical areas, the degree
of ischemic severity may well vary within the brain.

Using 2,3,5-triphenyltetrazolium chloride (TTC)
stain for the mapping of tissue viability, Bose and
colleagues (1988) demonstrated a good correlation
of relaxation times with loss of TTC stain (which
matches loss of metabolic cell viability in vaso-
genic edema) earlier than with neuropathological
signs of cell damage. Histologically determined
brain swelling was estimated with high accuracy
from T2-w images in another study at early time
points (1-3 days) after pMCAO (BARONE et al. 1991;
LouBINOUX et al. 1997). Nevertheless, there is also
data suggesting that the MR parameters T1 and T2
do not reliably reflect histological tissue status after
pMCAO (KNIGHT et al. 1994). The appearance of
large numbers of shrunken, dark-stained eosino-
philic neurons (indicative of irreversible damage)
corresponded with peak T1 and T2 values, but no
significant correlation was found between histologic
score and MR parameter at any time point (KNIGHT
et al. 1994).
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8.2.2.2
Transient Occlusion Models

Temporary occlusion of an artery offers impor-
tant insights into the phenomenon of reperfusion.
Although transient MCAO (tMCAO) by a thread or
clip is a common approach, the injection of blood
clots and the consecutive attempt of a successful
clot breakdown with thrombolytic therapy is even
closer to the clinical situation (NIESSEN et al. 2002)
(Fig. 8.2). Varying temporary occlusion times have
been investigated with regard to histologic outcome
and MRI pattern of infarct evolution. The phenom-
enon of reperfusion injury and secondary energy
failure was described on diffusion-weighted images
and has drawn attention to more chronic observa-
tion time points for the characterization of isch-
emic injury (HATA et al. 2000; OLAH et al. 2000).
Furthermore, short-term arterial flow restriction
gave rise to the discovery of incomplete infarction
and selective neuronal death as injury mechanisms,
limited to a subpopulation of neurons, but poten-
tially growing at later time points (GARcCIA et al.
1996).

In a study by OraH and colleagues (2000), T2
relaxation times were followed for 10-h reperfusion
after 1h of MCAO. Similar to the earlier results
on permanent MCAO by the same group (HOEHN-
BERLAGE et al. 1995), T2 values increased steadily
starting within the first hour after reperfusion.
While relative T2 values (% preischemic control)
did not reach the level of corresponding observa-
tion times after permanent occlusion, the amount of
early T2 increase in a voxel was predictive of its later
chance for recovery. The major factor influencing
relaxation time dynamics in transient MCA occlu-
sion is occlusion time. When applying transient
MCA occlusion for 20, 30, 45, and 90 min to a distal
branch of the MCA, leading to cortical infarctions,
VAN LOOKEREN-CAMPAGNE and colleagues (1999)
found that 20 min did not induce MR parameter
changes, but that 90 min lead to profound increases
in T2 times at 6 h after reperfusion, culminating
towards 48 h. The intermediate occlusion times 30
and 45 minlead to a delayed increasein T2 24 h after
reperfusion, accompanied by a secondary decline of
the ADC on DWI. Infarctions of the 90-min occlu-
sion group were 50% larger compared to the 30- or
45-min occlusion group, when assessed histologi-
cally after 18 days (vAN LOOKEREN CAMPAGNE et
al. 1999). Other investigators observed time courses
of relaxation parameters after tMCAO that can be
summarized as follows: early (30 min-4.5 h) T1 and

139

T2 increases follow after longer (1-2.5 h) occlusion
times, while late (12-24 h) increases follow after
shorter (30-45 min) occlusion times. As in perma-
nent MCAO, peak changes of relaxation time values
are reached at around 48 h, after which the values
decrease over the following week, only to either
remain stable or to rise to a second peak around
2 weeks after ischemia (Fig. 8.3). This secondary
increase in T2 was correlated to “tissue liquifica-
tion” and cyst formation (IsHiI et al. 1998; L1 et al.
2000; LiN et al. 2002a,b; NEUMANN-HAEFELIN et al.
2000; PALMER et al. 2001; vAN DORSTEN et al. 2002;
VIRLEY et al. 2000). Proton density maps depicted
signal increases in some brain regions (VIRLEY et
al. 2000) only at time points (several days) much
later than T2. NEUMANN-HAEEELIN and colleagues
(2000) used contrast agent-enhanced T1-w MRI to
detect BBB damage after different occlusion times.
Their results demonstrate an early leakage of con-
trast agent in animals subjected to 2.5 h of MCAO,
that was not detected after a short occlusion time
of 30 min.

At longer survival times, it was noted by some
groups that T2-w MRI underestimated true infarct
volume to some extent (IsH1I et al. 1998; NEUMANN-
HAEFELIN et al. 2000), while others found a good
correlation with histology (PALMER et al. 2001). Fac-
tors that could potentially shorten T2 have been dis-
cussed: resolution of vasogenic edema and ischemic
tissue, accumulation of paramagnetic substances
(e.g., iron) in the lesioned area, or increased gliosis.
Closer investigation of this so-called MR fogging
effect by Lin and colleagues (2002a) revealed that a
decrease in water content rather than iron deposits
causes this partial T2 normalization. The issue is
still under debate, as others have found that T2 is
influenced by glial infiltration (Isu11 et al. 1998), and
own results using T2*-w MRI and histology demon-
strate the appearance of iron-loaded macrophages at
chronic ischemic lesions with effects on relaxivity
(WEBER et al. 2005). Since areas of selective neuro-
nal necrosis frequently appear normal (and there-
fore might be missed) on conventional T1-w and T2-
w MRI, application of T2*-w sequences could be a
way to reveal inflammatory changes involving iron
deposition in these ischemic lesions and facilitate
their detection.

Recent fast and quantitative relaxation time
studies led to new observations regarding relaxiv-
ity parameters after MCAO: within minutes after
occlusion a decrease in T2 and an increase in T1
were observed at 8.5T by CALAMANTE and col-
leagues (1999), bringing up other causes of relax-
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ivity changes, such as flow effects and the amount
of oxy- and deoxyhemoglobin (deoxyhemoglobin
accumulates) in tissue after ischemia. Support for
a region-specific lesion evolution, in analogy to
PMCAO, was also raised for transient occlusion
models (DIJKHUIZEN et al. 1998).

8.2.2.3
Relaxation Time Changes and Function

In transient MCAO models, T2 relaxation time
values and lesion sizes based on T2 changes have
been shown to correlate to somatosensory test
scores at different time points (PALMER et al.
2001; VIRLEY et al. 2000). This bears great clini-
cal relevance, because the alleviation of a patient’s
functional deficits is the primary motivation of
experimental stroke studies. However, reliable pre-
diction of functional impairment by MRI is not
undisputed. We noted positive striatal T2-w MRI
findings in the absence of functional deficits and
concluded dissociation between these two diagnos-
tic variables in certain stroke patterns (WEGENER
et al. 2005).

8.3
Translation of Experimental Results to
Human Stroke

Results obtained by MRI and MRS in the setting of
experimental stroke have to be translated to human
brain ischemia in order to apply new knowledge to
clinically important situations. This translation has
to take into account that the human cortex is much
more complex (e.g., number of gyri, cytoarchitec-
ture of cortical areas etc.) compared to rodent brain
or brains of other animal species. There are also con-
siderable differences in the density of neurons per
tissue volume and in the vascular anatomy that pro-
vides collateral circulation on different levels of the
brain-supplying arteries in the case of obstructed
perfusion. Animal experiments are frequently car-
ried out in healthy adults whereas stroke patients
often suffer from comorbidity (e.g., hypertension,
diabetes mellitus) and show signs of chronic and
widespread arteriosclerotic changes in various
vascular territories including the brain and heart.
Therefore, alarger variability of the temporal profile
and magnitude of changes visible on MRI may be
expected in human stroke pathology.
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8.3.1
Correlation of MRI Changes to Human Brain
Pathology

Inthe 1970s and 1980s, many investigations addressed
the histopathological changes associated with stroke
in man. The histological assessments aimed to char-
acterize the age of recent brain infarcts (CHUAQUI
and TaP1a 1993), to quantify the distribution and
frequency of microthromboemboli that were seen
also contralaterally to the main site of infarction
(HeEye and CERvVOS-NAVARRO 1996) and to corre-
late brain pathology to imaging results (PARISI et
al. 1988; NEDERGAARD et al. 1986). A stroke case
was reported that showed hyperdensity within the
infarct on a second CT scan taken 18 days after the
insult. Autopsy revealed no hemorrhage as suspected,
but early calcification of infarcted regions (PARISsI
et al. 1988). A small, but distinct transitional zone
between infarct and surrounding unlesioned tissue
was described in which necrotic neurons were seen
comprising a rim of maximal 10 mm width (Torvik
and SVINDLAND 1986). This infarct borderzone was
thought to represent regions that had suffered from a
lesser degree of ischemia compared to more centrally
located infarct areas. The direct comparison of CT
findings, tomographic measurement of CBF and neu-
ropathological sections was performed in one case of
a small old brain infarct (NEDERGAARD et al. 1986). A
peri-lesional reduction of CBF was described although
peri-infarct neuronal density seemed intact.

With the clinical availability of MRI compari-
sons have been drawn between CT and MRI find-
ings (BARBER et al. 1999; KUuCINsKI et al. 2002; SAUR
et al. 2003; WARDLAW et al. 2004). However, direct
comparisons between MRI changes and human
brain pathology are lacking. To date, clinicians
and researcher take it for granted that hyperinten-
sity on T2-weighted MRI (and/or hypointensity in
T1-weighted images) in the chronic phase of stroke
would represent destroyed tissue. However, there is
no correlative proof of this assumption to the best
of our knowledge. There may be good reasons to
assume such a relationship, but it remains unclear
from which time point post-insult onward this could
be valid. Also, it remains to be shown by correlative
autopsy studies whether reperfusion alters the cor-
relation of MRI findings to histological changes.
It may be expected from animal studies that early
reperfusion would reverse by part histological
changes, thereby increasing the percentage of scat-
tered neuronal injury in borderzone regions (Back
et al. 2002).
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8.3.2
Temporal Profile of Blood-Brain Barrier
Disruption

Several investigators have described the time course
of contrast enhancement with gadolinium chelate
in patients with ischemic stroke (CRAIN et al. 1991;
ELSTER 1991; EssiG et al. 1996; KARONEN et al. 2001;
Vo et al. 2003). Contrast-enhanced MRI on days 1,
2 and 7 post-stroke revealed two different patterns,
namely intravascular and parenchymal enhancement
of the contrast agent. Whereas intravascular enhance-
ment in the infarcted area was detected in 78% of the
cases on day 1 and in 30% of cases at 1 week, paren-
chymal enhancement was observed with increasing
frequency over 7 days (KARONEN et al. 2001).

The pattern of intravascular enhancement was
only seen in larger territorial infarcts that involved
regions with good collateral supply, notin regions that
are supplied by deep perforating end arteries (ELSTER
1991). The presence of intravascular enhancement
over a larger area than the infarcted core (as seen
on DWI) on the first day did not predict infarct
growth (KARONEN et al. 2001). It is widely accepted
that intravascular contrast enhancement is caused
by decreased blood flow in arteries surrounding the
ischemic tissue and resulting in decreased flow void
as a sign of acute ischemia (EssIG et al. 1996). Local
vasodilation may also contribute to this effect.

Of greater importance for the assessment of the
disturbed BBB are the patterns of parenchymal con-
trast enhancement. CT studies showed that paren-
chymal enhancement is commonly seen 2-4 weeks
after stroke, sometimes already during the first week
(NorToON et al. 1978). The higher spatial resolution
and sensitivity of contrast-enhanced MRI enabled
the detailed study of different forms of contrast
enhancement during the acute phase of stroke. Dis-
ruption of the BBB could be visualized by leakage of
contrast material into the brain parenchyma in 26%
(day 1),in 56% (day 2) and in 100% of stroke cases at
1 week (KARONEN et al. 2001). The changes observed
increased not only with regard to their incidence,
but also with regard to intensity of enhancement. In
a recent MRI study, 3 of 22 stroke patients showed
signs of ischemic tissue enhancement within 5 h of
symptom onset (Vo et al. 2003). Interestingly, two
of the three patients developed large symptomatic
hemorrhage after thrombolysis with tissue plas-
minogen activator. To compare experimental data,
breakdown of the BBB could be shown in about half
of animals subjected to embolic MCA occlusion
and investigated by contrast-enhanced T1-w imag-
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ing 3 h following the insult (NEUMANN-HAEFELIN
et al. 2002). The detection of disrupted BBB prior
to thrombolysis predicted the hemorrhagic trans-
formation of infarcts following tPA therapy in
those animals. It seems as if very early parenchy-
mal enhancement may be a predictor of increased
risk for subsequent symptomatic hemorrhage after
thrombolytic therapy, but this notion needs further
confirmation.

Also technical aspects may contribute to the vari-
ableincidence of parenchymal enhancementin acute
human stroke. With double dose contrast medium
and a time lag between injection and imaging, every
fourth stroke patient showed tissue enhancement
within 24 h of stroke onset (KARONEN et al. 2001).
Widespread parenchymal enhancement in Tl-w
images seems to gradually develop over the first
week when simultaneously the diffusion changes
tend to pseudonormalize. Without precise clinical
history confounding with tumor enhancement may
occur and should be ruled out by observation of the
time profile of MR contrast enhancement and DWI.

To summarize, BBB disruption occurs in humans
atearlier time points than previouslybelieved, devel-
ops progressively over the initial 7 days and, prob-
ably, is more dominant in stroke cases of permanent
ischemia. It should be regarded as a key event for the
development of vasogenic edema.

8.3.3
Temporal Profile of Ischemic Brain Edema

Asreviewed in Chap. 4, theischemicbrain edemaisa
mixture of cytotoxic and vasogenic edema elements.
Whereas the cytotoxic edema is not associated with
a marked net increase in brain water content, dis-
ruption of the BBB triggers the vasogenic compo-
nent of ischemic edema formation. This involves a
gradual increase in brain water content. Depending
on the magnitude of the territory affected, edema
formation leads to focal occupation of space. The
narrowing of CSF-containing compartments of the
brain (e.g., ventricles, basal cisterns) adjacent to
ischemic lesions is a well recognized sign of this
process visible on CT and MR scans. The exact time
course of edema formation in large brain infarcts
of rats has been determined by MRI showing that
edema peaks at 24 h post-occlusion (HOEMEIJER et
al. 2004). MR studies with quantitative assessment
of ischemic edema formation in humans are lack-
ing. However, it is clinically well established that
edema formation in territorial brain infarcts peaks
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between 3-5days post-stroke and can be readily
detected by MRI.

The development of “malignant” middle cerebral
arteryinfarctionassociated with a80% mortality can
be regarded as an extreme case of ischemic edema
progression. The intracranial spaceis surrounded by
tight bone structures that do not permit expansion,
and contains three compartments: brain, blood and
CSF (Monro-Kellie doctrine) (MoxRr1 2001). Since
blood and CSF are non-compressible liquids, the
volume increase of brain can be compensated for by
narrowing of CSF containing spaces. But when those
spaces are pressed out, further volume increases
lead directly to increased intracranial pressure
(ICP) finally resulting in herniation of brain and
brain stem compression. Mostly due to the proximal
obstruction of the MCA or the carotid T-branch, the
occurrence of malignant MCA infarction can be pre-
dicted by using quantitative analysis of early DWI
and PI. As strong MRI-based predictors the follow-
ing items were identified: ADC lesion size > 82 ml;
severe perfusion deficit size > 162 ml (defined by
increases in time-to-peak time >4 s); low ADC in
the infarct core (< 300 um?/s), and relatively small
diffusion-perfusion mismatch area (THOMALLA et
al. 2003). We may deduce that the larger and more
severe the perfusion deficit is, the more pronounced
the disruption of the BBB and subsequent vasogenic
edema formation. As a consequence, midline shift of
brain occurs as an important indicator of significant
hemispheric swelling. In a rat model of malignant
MCA infarction, the drop of contralateral (contra-
lesional) blood flow was observed upon the peak of
midline shift at 24 h post-occlusion (HOFMEIJER et
al. 2004). Therefore, formation of ischemic edema is
always associated with compensatory processes that
try to minimize an increase in ICP on the expense of
the blood or CSF containing compartments. Com-
pression of the capillary bed or larger brain vessels
(that both lead to reduced CBF) are sequelae of focal
brain edema. In order to interact with this type of
pathology, surgical procedures like hemicraniec-
tomy have been performed and been proven useful
in experimental settings (DOERFLER et al. 1996) and
in humans (SCHWAB et al. 1998).

8.3.4
Probability Approach to Define Irreversible
Damage

We have seen that MR parameters like T1, T2, proton
density, diffusion-weighting or apparent diffusion
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coefficient, and perfusion signals all follow different
time profiles of change that reflect different aspects
of ischemic injury. Histological correlations are only
available from animal experimentation confirming
those differential profiles (HELPERN et al. 1993). It
became clear that there is not one single MR marker
specific for tissue necrosis valid at all time points
after stroke (see Chaps.4 and 7). Especially after
reversible ischemia, whether prompted by therapy
or occurring spontaneously, MRI reveals compli-
cated signal changes that may involve partial rever-
sal as well as the eventual secondary appearance of
injury visible on T2-w or DWI. Also, infarct growth
as a regular phenomenon of developing territorial
stroke (BAIRD et al. 1997) complicates the prediction
of outcome by using early MRI measured within the
first hours after onset of symptoms.

If we put all this information together it is con-
ceivable to choose a multiparametric MRI approach
in order to predict irreversible damage on the basis
of probabilities of various MR signal changes. The
simplest strategy would be to start with one MRI
modality and look for tissue outcome subsequently.
OPPENHEIM et al. (2001) provide such an approach
for the early measurement of ADC within 6 h of
stroke onset. Follow-up MRIwas performed between
day 2 and 4 using fluid attenuated inversion recov-
ery (FLAIR) images to assess final infarct volumes.
The authors showed that ADC values gradually
increased from the infarct core to the periphery of
the ischemic lesion. There were distinct significant
differences in mean ADC values as measured within
the initial DWI hyperintense lesion (660 um?/s),
within the infarct growth area (780 um?/s), and in
the oligemic area that remained viable despite ini-
tially reduced perfusion (820 um?/s). The latter
values were nearly identical to contralateral normal
ADC. Of the total cohort of 48 patients, 14 patients
had an apparent infarct growth, 29 showed a stable
lesion, and the remaining five patientshad a partially
reversible lesion. Tissue damage could be predicted
if the initial ADC was < 750 um?/s, if relative ADC
was < 0.91, if local CBF was < 37 ml/100 g/min or if
mean transit time MTT was > 16.4 s (OPPENHEIM et
al. 2001) (Fig. 8.4). On the basis of the absolute or
relative ADC threshold values, 88% and 95% of the
final damage could be correctly predicted, respec-
tively. In this study, ADC-based prediction was
more accurate and robust than prediction based on
hemodynamic parameters.

A change in the perfusion state of ischemic tissue
may alter its response to ischemia as shown previ-
ously in this and other chapters (see Chaps. 4, 6
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Follow-up FLAIR

DWI 3D ROI

- IGR 3D ROI
- OLI 3D ROI

Fig.8.4a-e. A 4-h post-onset MRI (a, b, and d) and 3-day follow-up FLAIR (c) in a patient with acute right MCA infarction. Ini-
tially, the area of reduced perfusion on the apparent mean transit time map (apMTT, b) was larger than the DWT hyperintensity
(a) and larger than the final infarct on follow-up FLAIR (c). The large perfusion-diffusion mismatch was divided into an area
showing infarct growth (IGR) and an area with oligemia (OLI) and copied onto the initial ADC map (d, e). [Reproduced with

permission from OPPENHEIM et al. (2001)]

and 7). This is particularly true if reperfusion is ini-
tiated rapidly by thrombolytic therapy. Therefore,
in an alternative approach both data from DWI and
PThave been used to model and estimate stroke evo-
lution (Rosk et al. 2001). A novel automated strategy
for predicting infarct development was created the
validity of which was tested on novel patient data.
Regions-of-interest (ROIs) defining the initial dif-
fusion lesion and tissue with abnormal hemody-
namic function as defined by the mean transit time
abnormality were automatically extracted from
DWI/PI maps. Quantitative measures of cerebral
blood flow (CBF) and volume (CBV) along with
ratio measures defined relative to the contralat-
eral hemisphere (rCBF and rCBV) were calculated
for the MTT ROIs (Fig. 8.5). A parametric normal
classifier algorithm incorporating these measures
was used to predict infarct growth or lesion rever-
sal. The mean rCBF and rCBV values for eventually

infarcted MTT tissue were 0.70 and 1.20, respec-
tively. For recovered tissue the mean values were
0.99 (rCBF) and 1.87 (rCBV), respectively (ROSE et
al. 2001). Both measures were significantly different
in these two regions. Mean absolute measure of CBF
for the total infarcted territory was 34 ml/100 g/min
and for recovered MTT tissue 42 ml/100 g/min, also
being significantly different. Those CBF values cor-
respond to 58% and 71% of control. When testing
novel patient data, a sensitivity of 72% and a speci-
ficity of 97% was observed.

In this study, the authors state that optimal pre-
dictive efficiency was achieved if an eight-dimen-
sional model was applied utilizing the metrics of
rDWI, DWI, rMTT, MTT, rCBF, CBF, rCBV and CBV
(Rosk et al. 2001). A quantitative diffusion measure
like ADC was not applied and may have further
improved prediction if we regard the findings of
OPPENHEIM et al. (2001) as shown above.
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Fig. 8.5a-h. Diffusion and perfusion images acquired from a stroke patient 2 h after onset of symptoms. Top, left to right, (a) the
DWI scan showing a poorly defined diffusion lesion in the deep white matter in the left hemisphere, (b) the MR angiography
showing occlusion of the left middle cerebral artery, (c) the mean transit time (MTT) map with the extracted MTT mask given
in blue and (d) the composite MTT map. Bottom left to right, (e) cerebral blood flow map, (f) cerebral blood volume map, (g)
the follow-up T2-weighted scan with predicted lesion colored red and (h) the final lesion volume derived by subtraction of the
initial T2 image from the follow-up scan. [Reproduced with permission from ROSE et al. (2001)]

Finally, we would like to draw attention to another
approach combining MRI and positron emission
tomography (PET) technologies. HEiss et al. (2001)
investigated ten acute hemispheric stroke patients
by early (within 12h) PET measurements of CBF
and labeled flumazenil (FMZ) that binds as ligand to
benzodiazepine receptors and serves as a marker for
neuronal integrity (HEiss et al. 2001). Morphologi-
cal outcome was defined by late T1-w MRI 3 weeks
post-insult. ROIs were placed on co-registered maps
of CBF, FMZ binding, and T1-w images to identify
various subcompartments: a 55% portion of the final
infarct showed critically decreased FMZ binding
that predicted necrosis. In 21% of the final infarct,
CBF was in the penumbral range (< 14 ml/100 g/
min) and FMZ binding above the critical threshold
of irreversible damage. Only 13% of the final infarct
exhibited neuronal integrity and CBF values above
the penumbral range (HEe1ss et al. 2001) (Fig. 8.6).

Therefore, most of the final infarct is already irre-
versibly damaged at the time of the first evaluation

(i.e., within 12 h after symptom onset). A much smaller
portionisstill viable butsuffers frominsufficientblood
supply which may be salvaged by effective reperfusion.
Only an even smaller subarea is both viable and suf-
ficiently perfused, but eventually becomes necrotic,
mainly owing to delayed mechanisms. It represents
the target for neuroprotective drugs or other means
that prevent secondary damage.

8.4
Conclusions

Animal studies have substantially added to our
understanding of the creation and development of
vasogenic edema and necrosis after stroke onset.
T2 has emerged as the most commonly applied MR
parameter to study this aspect of infarct evolution in
animal as well as in human stroke (WArRAcH 2001).
Although MRI monitoring of vasogenic edema is
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Fig.8.6a-d. Various subareas within and
outside of the final brain infarction as deter-
mined by PET measurements of CBF and flu-
mazenil (FMZ) binding on benzodiazepine
receptors: extension of final infarct as seen
on MRI 3 weeks post-insult (a); subarea with
severely decreased FMZ binding (b); subarea
with CBF < 14 ml/100 g/min; combination of
(a), (b) and (c) showing infarct subareas with
decreased FMZ binding and reduced CBF in
relation to final infarction. [Reproduced with
permission from HEiss et al. (2001)]

infarct + FMZ < 3.4 + CBF < 141
infarct + FMZ < 3.4

D infarct + CBF < 14.1
infarct

. no infarct + CBF < 14.1

possible, there are still open questions as concerns
the conclusions about functional and tissue status
that can really be drawn from MRI for the indi-
vidual patient. Multiparametric MRI approaches
(e.g., combined diffusion- and perfusion-weighted
imaging) can be expected to greatly improve the
diagnostic value of the method by modeling and
predicting infarct evolution.
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9.1
Cerebral White Matter

The cerebral white matter (WM) surrounds the sub-
cortical gray matter (GM) and intervenes between it
and the cerebral cortex. The cerebral WM consists of
fibers of axons and their myelin sheaths. The whit-
ish color is given by the myelin content. Approxi-
mately half of the brain weight and volume is formed
by the WM. The WM is developed from the external
marginal zone of neural tube, as the marginal zone
consists of nerve cell processes that evolve into WM
when myelinated. Each neuron has a single axon
that may have a length of micrometers to over 1 m
and a diameter of 0.1 um to more than 20 um. Most
axons are covered by multiple concentric layers of
myelin, a lipid- and protein-rich insulating material
formed by oligodendrocytes in the central nervous
system. Their function is to provide neurons with
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structural support and maintain local conditions
for neuronal function. Myelinization starts about
the middle of fetal life; some tracts are not com-
pletely myelinated until 20 years of age. However,
most myelinization is completed by 18 months of
life. The phylogenetically oldest tracts myelinate
first (e.g. tracts within the spinal cord) whereas the
corticospinal tracts myelinate largely during the
first and the second years of life. The WM contains
less water and more lipid than the GM. While aver-
age cerebral blood flow (CBF) is approximated to
be 45-55 ml/100 g/min, it is about 80 ml/100 g/min
in the GM, and only 20 ml/100 g/min in the WM
(LASSEN 1985; Moobpy et al. 1990).

The dense intermingling of nerve fibers within
the WM connects different regions of the brain with
each other. Projectional fibers connect cerebral
cortex and subcortical structures as well as cerebel-
lum; commissural fibers connect homologous areas
between the two hemispheres of brain, and the asso-
ciation fibers connect various regions within the
same cerebral hemisphere. The major function of
the cerebral WM is simply to interconnect various
regions of brain and transmit signals in-between
them.

9.2
White Matter Changes (Leukoaraiosis)

9.2.1
What Is Leukoaraiosis?

Cerebral WM changes (WMC) are found in a
number of diseases of adulthood, such as the
debated Binswanger’s disease, multiple sclerosis,
acute demyelinating encephalomyelitis, posterior
reversible leukoencephalopathy syndrome, cere-
bral anoxia, leukodystrophies, and mitochondrial
encephalopathies, among others. The term leuko-
araiosis (LA) is applied for nonspecific WMC, pri-
marily in the elderly, that cannot be attributed to a
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specific disease. Several terms other than LA, such
as unidentified bright objects and incidental subcor-
tical lesions, are also used to describe these lesions.
In 1987, HAacHINSKI and coworkers used the term
leukoaraiosis (from the Greek; leuko = white and
araiosis = rarefied, of loose texture, or rarefaction)
to describe an abnormal computed tomography
(CT) appearance of the subcortical brain WM in
elderly or demented individuals, seen as bilateral
patchy or diffuse areas of reduced X-ray attenuation
(hypointense) with ill-defined margins, limited to
the periventricular regions or extended to the cen-
trum ovale (Fig. 9.1). On the contrary, LA appears as
hyperintense lesions in periventricular or subcorti-
calregions on T2-weighted or fluid attenuated inver-
sion recovery (FLAIR) magnetic resonance imaging
(MRI) sequences.

9.2.2
Epidemiology

The frequency of LA increases considerably with
age. Under 50 years of age, prevalence on CT is only
a few percent, and over the age of 50 the prevalence
increases two- to three-fold with every decade. LA
is a common finding, and its frequency in older
patient groups has ranged between 21% and 100%
depending on the imaging method used and on the
study population; its exact frequency is still under
debate since no agreement between the various
rating scales exists between centers, and CT and
different sequences of MRI detect LA differently. In
healthy subjects, it is found in 1%-10% when stud-
ied with CT and in 27% with MRI (BRETELER et al.
1994). In the Cardiovascular Health Study, among
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3660 community-living elderly participants, the
incidence of LA increased more rapidly with age
in the group of individuals with some risk factors
or findings of cardiovascular disease than in the
healthier subgroup (YUE et al. 1997). Furthermore,
the degree of LA was higher in women than in
men in both this and the later Rotterdam Scan
Study where 1077 subjects aged between 60 to 90
were randomly sampled from the general popula-
tion and evaluated by MRI (DE LEEUW et al. 2001).
In the Rotterdam Scan Study, only 5% of the indi-
viduals were completely free of LA (DE LEEUW et
al. 2001).

9.2.3
Pathophysiological and Clinical Aspects

Chronic cerebral ischemia and hypoperfusion due
to various reasons are thought to be the main etiolo-
gies for LA (PANTONI and GARCIA 1997). Some indi-
viduals, regardless of the severity of LA, remain neu-
rologically and neuropsychologically asymptomatic
for prolonged periods, while others develop cogni-
tive impairment, mood and psychiatric disorders,
gait disturbance, urinary dysfunctions, disability,
and even dementia. LA has been found to be associ-
ated with significantly lower scores on neuropsycho-
logical test batteries (BRETELER et al. 1994), and an
independent risk factor for dementia. As depicted in
the Cardiovascular Health Study (BRYAN et al. 1997)
and later in the Rotterdam Scan Study (VERMEER
et al. 2003), LA does seem to increase morbidity
and mortality, and to enhance the risk for ischemic
stroke even in neurologically asymptomatic elderly
patients.

Fig.9.1. Computed tomography (CT)
images of a 75-year-old patient with
widespread and symmetrical leukoara-
iotic changes
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In autopsy studies, leukoaraiotic regions have
been found to consist of periventricular venous col-
lagenosis, perivascular degeneration with widening
of extracellular and perivascular spaces, arterio-
lar tortuosity, lacunar infarcts, incomplete infarc-
tions, apoptosis, gliosis, axonal loss with loosen-
ing of the WM structure, and proliferation of glial
cells (Moopy et al. 1995; BRowN et al. 2000, 2002;
MurpocH 2000). Axonal loss leads to an increase
in water content of affected brain tissue. The find-
ings suggest that an inflammatory reaction, changes
in myelin, and compromised axonal transport, all
of which are affected in chronic ischemia, may play
important roles in the pathophysiology of LA. Fur-
ther support for the role of chronic ischemia comes
from the markers of chronic endothelial dysfunc-
tion and prothrombic changes in patients with LA
(HAssAN et al. 2003).

Wallerian degeneration, seen in the cerebral and
spinal WM, is the descending destruction of axons
and myelin sheaths resulting from more proximal
neuronal damage, such as that due to ischemic
infarction or hemorrhage and is different from LA.
It is characterized by disintegration of axonal struc-
tures within days after injury, followed by degrada-
tion of myelin due to infiltration of macrophages,
leading finally to fibrosis and atrophy of the affected
fiber tracts. In the chronic stage of Wallerian degen-
eration, the destruction of myelin sheaths can be
detected by CT. Conventional MRI detects varying
signal intensity changes during the time course of
Wallerian degeneration several weeks after theinjury.
Short phase of hypointensity of T2-weighted images
is followed by hyperintensity along the affected
tracts. However, in the first days and weeks, Wal-
lerian degeneration can be detected neither by CT
nor by conventional MRI. Instead, diffusion tensor
imaging, being particularly suitable for imaging
white matter tracts in vivo, seems to display charac-
teristic changes of water diffusion already within the
first weeks after the injury. A decrease of the frac-
tional anisotropy indicates disintegration of axonal
structuresand myelin (THOMALLA et al. 2004).

Many individuals with LA also harbor lacunar
and/or cortical infarcts. Presence of LA serves as an
intermediate surrogate both for ischemic stroke and
intracerebral hemorrhage as they all share similar
risk factors and similar pathophysiological mecha-
nisms (INz1TAR12003). LA iswidely foundin dement-
ing illnesses, such as Alzheimer’s disease, vascular
dementia, and cerebral autosomal dominant arteri-
opathy with subcortical infarcts and leukoencepha-
lopathy (CADASIL). Failure of blood supply in the
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small arteries of the brain, chronic brain ischemia
due to various reasons, diabetes mellitus, brain
blood pressure dysregulation, and especially high
systemic arterial blood pressure are associated with
LA (PaNTONI and GARCIA 1995).

9.3
Computed Tomography Findings

The application of CT for three decades revealed an
unexpected amount of LA in both healthy and cog-
nitively impaired individuals. Originally, the term
LA was introduced to describe the WMC in periven-
tricular or subcortical regions seen hypointense on
CT. Therefore, the term LA is originally described
based upon CT findings, and some of the findings
with MRI may be of doubtful significance. CT shows
the most pronounced findings of LA (Fig. 9.1), while
MRI detects the lesions in smaller and in earlier
stages (Fig. 9.2). In general, MRI is overwhelmingly
more sensitive than CT in detecting LA.

9.4
Conventional Magnetic Resonance Imaging
Findings

Conventional MRI detects LA with low specificity
but high sensitivity. However, most of the diseases
of the WM are far less frequent than leukoaraiotic
changes that are found usually in healthy but aging
brain and with cerebrovascular risk factors. Addi-
tionally, most of the diseases affecting the WM man-
ifest themselves with characteristic clinical features
unlike incidental LA.

T2-weighted, proton-density-weighted, and
FLAIR imaging are highly sensitive in the detec-
tion of LA. Since T2-weighted imaging is sensitive
to liquid, gliosis, and the effects of demyelination,
some of the lesions seen on T2-weighted imaging
may represent Virchow-Robin (VR) spaces instead
of leukoaraiotic lesions or have no neuropathologi-
cal correlates at all (Fig. 9.3). T1-weighted imaging is
the least sensitive, as leukoaraiotic changes are seen
as hypointense regions or no change at all.

VR space, or perivascular space, is an invagina-
tion of the subpial space surrounding a vessel going
into the brain. VR spaces surround arteries, veins,
arterioles, and venules. VR spaces enlarge and
become numerous by advancing age, hypertension,



152

]. Helenius and T. Tatlisumak

Fig.9.2. Fluid-attenuated inversion recovery (FLAIR, upper row) and T2-weighted (lower row) magnetic resonance images

demonstrating early small focal lesions of leukoaraiosis

and dementia (HEIER et al. 1989). The significance
of VR spaces is not to confuse them with lacunar
infarcts or with LA. Because perivascular spaces are
filled with extracellular fluid, their signal is similar
to that of cerebrospinal fluid on all pulse sequences.
On FLAIR images, the CSF is hypointense compared
to brain tissue and VR spaces also appear dark
(hypointense) whereas they appear bright (hyperin-
tense) on T2-weighted images (Fig. 9.3).

FLAIR is an inversion recovery sequence with
long repetition and echo times and an inversion
time that is tailored to null the signal from CSF. Most
pathologic processes including LA show increased
signal intensities on T2-weighted images and the
conspicuity of lesions located close to interfaces
between brain parenchyma and CSF may be poor
(RumBoLDT and MAROTTI 2003). Additionally, the

Fig. 9.3. Virchow-Robin spaces marked with arrows
on T2-weighted (left) and FLAIR (right) images.
They appear bright on T2-WI and can be differen-
tiated from pathological changes only when both
images are evaluated simultaneously

high signal of CSF on T2-weighted images makes
it difficult to differentiate VR spaces from true
lesions. FLAIR images are heavily T2-weighted with
CSF signal suppression, highlighting hyperintense
lesions and improving their detection when located
adjacent to CSF-containing spaces and differentiat-
ing VR spaces from lesions as these spaces appear as
hypointense like CSF on FLAIR images.

Previously, it has been thought that LA is limited
to the supratentorial part of the brain, and even in
that case they do not affect the internal capsule.
However, with advancements in neuroimaging and
research work, it recently became evident that simi-
lar lesions can be seen in the pons (Fig. 9.4) and the
internal capsule (Fig. 9.5). The LA lesions around the
horns of ventricles are usually homogeneous, while
those in other regions of WM tend to appear as mul-
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Fig. 9.4. Pontine leukoaraiosis appearing hyperintense on T2-weighted (left) and FLAIR (middle) images and on an ADC map

(right)

tiple smaller lesions unless LA is extremely severe.
The subcortical u-fibers and corpus callosum are
usually spared from LA changes due to their favor-
able blood supply.

9.4.1
Rating Scales for Leukoaraiotic Changes

The classification of LA according to its severity
and extent is a real challenge. Several rating scales
with varying approaches exist. Some make a dis-
tinction between different regions, while others use
an overall estimate of LA. The scales often refer to
definite pulse sequences or imaging methods. A pre-
viously validated rating scale utilizing MRI that was
developed at our hospital will be presented below,

Fig.9.5. T2-weighted (left) and FLAIR (right)
images demonstrating a leukoaraiotic lesion in
the left internal capsule (on the right side of the
image)

since it takes widely into account the number, size,
and shape of the leukoaraiotic lesions. Although the
numerous rating scales in the literature have differ-
ent approaches to evaluating the LA, comparison of
the results between studies has been deemed to be
reasonable.

WM lesions are rated separately in four WM
areas: periventricular, deep, watershed, and sub-
cortical WM. By definition, periventricular WM
foci have to be in contact with the ventricular wall,
deep WM foci separated from the ventricles by a
strip of normal-appearing WM and located out-
side watershed regions. Watershed regions are the
areas located between the territories of two of the
main cerebral arteries, like middle cerebral artery
and anterior cerebral artery or middle cerebral
artery and posterior cerebral artery. The subcortical
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region represents the area less than 5 mm beneath
the cortex. Foci, which affect some part of this area
and are located outside watershed regions, should be
rated as subcortical changes.

Periventricular hyperintensities (PVH) are clas-
sified based on size and shape into small cap, large
cap, and extending cap. Small cap is a hyperintensity
lesion of 5 mm or less in diameter, rounded and with
regular margins, large cap is 6-10 mm in diameter
and has mostly regular margins, while extending cap
is over 10 mm in diameter and has irregular margins
(Fig. 9.6). The size of the cap is measured in a direc-
tion parallel to the axis of the ventricular horn.

PVHs along the bodies of lateral ventricles are
classified based on thickness and shape into thin
lining, smooth halo, and irregular halo. Thin lining
is a hyperintense lining 5 mm or less and has regu-
lar margins, smooth halo is 6-10 mm broad and has
mostly regular margins, and irregular halo is over
10 mm broad, has irregular margins and extends
into the deep WM (Fig. 9.6).

Hyperintensities over other WM regions (HI) are
classified based on size and shape into small focal,
large focal, focal confluent, diffusely confluent, and
extensive WM changes. Small focal lesions are punc-
tate hyperintensities of 5 mm or less and are mostly
rounded. Large focal lesions are 6-10 mm in diam-
eter and are mostly rounded; focal confluent lesions
are 11-25 mm, have often various shapes and may
have irregular borders. Diffusely confluent lesions
are over 25 mm, mostly with irregular borders,
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while extensive WM changes are diffuse regions
without distinct focal lesions affecting the majority
of the WM area (Fig. 9.7). The number of each type
of leukoaraiotic change is counted, and extensive
WM changes are rated as absent or present.

PVHs are graded into four categories: 0, absence
of PVH; 1, small caps or thin lining; 2, large caps or
smooth halo; 3, extending caps or irregular halo. The
side, which is more affected, is taken into account.
HIs are rated separately in watershed, deep and sub-
cortical white matter into six grades: 0, absence of
HI; 1, only small focal lesions; 2, at least one large
focal, no confluent lesions; 3, at least one focal con-
fluent, no diffusely confluent lesions; 4, at least one
diffusely confluent lesion; 5, extensive HI lesions
(Table 9.1).

9.5

Diffusion-Weighted (DWI) and Diffusion
Tensor Magnetic Resonance Imaging
Findings

Diffusion-weighted magnetic resonance imaging
(DWI) provides an image contrast that is depen-
dent on the molecular motion of water (diffusion),
which is called Brownian movement. After Stejskal
and Tanner described a diffusion-weighted spin-
echo T2-weighted pulse sequence with two extra
gradient pulses equal in magnitude and opposite in

Fig.9.6a-f. Periventricular white matter changes (FLAIR images). a Small caps around the frontal horns of lateral ventricles.
b Large caps. ¢ Extending caps. d Thin lining along the bodies of the lateral ventricles. e Smooth halo. f Irregular halo
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Fig. 9.7a-f. White matter changes in regions other than the periventricular area (FLAIR images). a Multiple small focal lesions.
b Multiple large focal lesions. ¢ Multiple focal confluent lesions. d Diffusely confluent lesions irregular in shape. e,f Extensive

WM changes

Table 9.1. Rating scale for leukoaraiotic changes

Periventricular Hyperintensities (PVH)

Around frontal and occipital horns:
Small cap: < 5 mm, rounded, regular margins
Large cap: 6-10 mm, mostly regular margins
Extending cap: >10 mm, irregular margins

Along the bodies of lateral ventricles:
Thin lining: < 5 mm, regular margins
Smooth halo: 6-10 mm, mostly regular margins
Irregular halo: >10 mm, irregular margins

Hyperintensities in the Regions Other Than Periventricular White Matter (HI)

Small focal lesions: < 5 mm, mostly rounded
Large focal lesions: 6-10 mm, mostly rounded

Focal confluent lesions: 11-25 mm, various shapes, may have irregular borders
Diffusely confluent lesions: >25 mm, mostly with irregular borders
Extensive white matter change: diffuse hyperintensity without focal lesions

direction, it took several decades for that sequence
to become clinically feasible due to limitations of
early MR equipment. The methodology of DWTI is
discussed in detail in Chap. 7.

Axons transport materials from the cell body to
the synaptic terminals (anterograde transport) and in
the opposite direction (retrograde transport). Antero-
grade transport may occur slowly (a few millimeters/
day only) or fast (up to 400 mm/day), whereas retro-
grade transport is always fast. Diffusion in the per-
pendicular direction (not along axons) is much more
limited as the membranes and the myelin sheath form
obstacles. Therefore, diffusion is notisotropic (samein
all directions) in the WM. This phenomenon is known
as “diffusion anisotropy”. In contrast, diffusion is rel-

atively isotropic in the GM. Since only the molecular
displacement that occurs along the direction of gradi-
ent pulses is visible, the effect of diffusion anisotropy
can easily be detected by observing variations in dif-
fusion measurements after the direction of gradient
pulses is changed. With diffusion tensor imaging,
anisotropy effects can be extracted, characterized,
and exploited, which provides more detailed informa-
tion on tissue microstructure in healthy and diseased
brains. WM tracts can be followed from the cerebral
cortex to the spinal cord, and the diseases involving
these tracts can be studied. Among the many indices
that offer a numerical value for the degree of tissue
anisotropy, the relative anisotropy (RA) index is the
ratio of the variance of the eigen-values of their mean,
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and is equal to zero in a perfectly isotropic medium.
Fractional anisotropy (FA) is the ratio of the anisotro-
pic component of the diffusion tensor and is equal to
zero in a perfectly isotropic medium, but approaches
1 for a cylindrically symmetric anisotropic medium.
The FA maps demonstrate hyperintensity in regions
of brain with anisotropic diffusion, whereas regions
with isotropic diffusion will appear hypointense.
As diffusion is normally strongly anisotropic in the
cerebral WM and anisotropy decreases as a result of
LA, FA maps can quantify the degree of LA and may
also be useful in a number of other WM disorders. As
the WM disease progresses, the FA maps will become
darker (hypointense) and the numerical FA value will
decrease (Fig. 9.8).

DWTI and diffusion tensor imaging provide infor-
mation on the extent and formation of LA and elu-
cidates the mechanism of LA in vivo. The apparent
diffusion coefficient (ADC) value for healthy human
brain has been reported to be 0.8 and 1.4x107> mm?/s
for the cortical GM, and 0.6 and 0.9x10~> mm?/s for
the WM. However, we found significantly higher ADC
values for the regions of LA (0.92-1.27x107> mm?/s,
Fig. 9.9) and slightly but significantly increased ADC
values for the WM regions that appeared normal on
T2-weighted images from patients with LA (HELENIUS
et al. 2002). In the same study, ADC values of brain
infarction were found to be 0.33 to 0.44x10~> mm?/s
at 6 hours, 0.31 to 0.42x107> mm?/s at 24 hours, 0.45
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t0 0.57x1073 mm?/s at 1 week, 0.56 to 1.60 at 1 month,
and 1.26 to 1.93x10° mm?/s at 3 months after the
insult. Therefore, LA could easily be distinguished
from early and chronic infarcts, but not of 1-month-
old infarcts barely depending on ADC findings
(HELENTUS et al. 2002). Leukoaraiotic regions appear
hyperintense on ADC maps and hypointense on FA
maps (JONES et al. 1999; HELENIUS et al. 2002). Even
the normal-appearing WM regions on T2-weighted
imaging in healthy individuals with LA (HELENIUS et
al. 2002) and in patients with ipsilateral carotid artery
stenosis (SOINNE et al. 2003a) showed increased ADC
values. Thesefindings mayaccountforanearlychange
that might lead to LA in a long period of time, but yet
undetectable on conventional images. Furthermore,
the conventional images showed no change but ADC
values decreased slightly but significantly following
carotid endarterectomy in the latter patient group,
suggesting that this elevation in ADC values is partly
reversible (SOINNE et al. 2003a). We therefore coined
the term “pre-leukoaraiosis” to define this condition.
Long-term observational studies are needed to dem-
onstrate whether these WM regions actually go under
leukoaraiotic changes overtime.

According to the neuropathological investigations,
one of the consequences of LA is axonal loss, which
may lead to an increase in the water content of the
brain WM tissue, thereby increasing ADC values and
decreasing FA of the regions of LA. One may, there-

Fig.9.8a,b. Fractional anisotropy images and T2-weighted images of a healthy individual (a) and of a patient with leukoaraio-
sis (b). On the left (a) upper row demonstrates high anisotropy on FA maps and T2-weighted images on the lower row appear
normal. On the right side (b) FA maps on the upper row demonstrate substantially decreased anisotropy within the WM and on
the lower row T2-weighted images show widespread symmetrical leukoaraiosis. (Courtesy of Drs G. Thomalla and T. Kucinski,

Hamburg, Germany)
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Fig.9.9. FLAIR (left) and T2-weighted (middle) images, and apparent diffusion coefficient (ADC) map (right) of a patient with
leukoaraiosis. Multiple small and large focal lesions can be detected better on the FLAIR image than on the T2-weighted image.
Lesions appear hyperintense (bright) on the ADC map indicating increased diffusion

fore, hypothesize that the finding of a relationship
between severity of LA and increasing ADC values
reflects the extent of axonal loss (HELENIUS et al.
2002). The partly reversible, preoperatively elevated
ipsilateral ADC values in the WM and watershed
regions of the high-grade carotid stenosis patients in
our study suggest the concomitant existence of both
reversible and irreversible components in the patho-
genesis of LA, which is triggered and maintained by
severe carotid stenosis (hypoperfusion or chronic
ischemia). The net decrease observed in ADC values
following carotid endarterectomy in those regions
supports the hypothesis of a corrective effect on cellu-
lar-level mechanisms, one of which could be chronic,
ipsilaterally focused relative ischemia.

9.6
Perfusion Magnetic Resonance Imaging (PI)
Findings

Brain perfusion refers to the microcirculation of
the brain (see Chap. 6). Microcirculation comprises
the blood circulation in capillary networks and the
exchange of oxygen and nutrients between the blood
and the brain tissue. The effectiveness of brain per-
fusion depends on blood pressure, blood velocity,
characteristics of the capillary network, capillary
wall permeability, and diffusion rates of oxygen and
nutrients. In the healthy brain, perfusion is sym-
metrical, and is substantially higher in the GM than
in the WM. It has been approximated that the CBF is
about 80 m1/100 g/min in the GM, and 20 ml/100 g/
min in the WM. Brain perfusion is usually quanti-
fied in terms of ml/100 g (cerebral blood volume,

CBV), ml/100 g/min (CBF), or seconds (mean transit
time, MTT). The methodology of perfusion imaging
(PI) is discussed in detail in Chap. 6.

As the primary hypothesis for the etiology of LA
is chronic ischemia of the brain, PI appears to be a
suitable tool for investigating this state. Studies of LA
with PI are few, but some preliminary conclusions
can be drawn. The CBF seems to be the most sensitive
perfusion parameter for leukoaraiotic changes. It is
consistently lower both in leukoaraiotic regions and
in normal-appearing WM of subjects with LA than
in healthy controls (MARKUS et al. 2000; O’SULLIVAN
et al. 2002), supporting hypoperfusion and chronic
ischemia being involved in the pathogenesis of LA.
Findings in other perfusion parameters have, how-
ever, been more variable. High-grade carotid ste-
nosis leading to hypoperfusion and thus to chronic
ischemia of the brain has been suspected of induc-
ing LA, and some studies support this expectation
(OPPENHEIMER et al. 1995; YAMAUCHI et al. 1999;
SOINNE et al. 2003b). However, PI in LA is still in its
early days, and further studies are needed.

9.7
Management

Although the prognosis of an individual LA patient
is largely unpredictable, the prognosis of leukoara-
iotic patients in general, especially in the most severe
groups, is worse than for individuals of similar age,
but without this condition. Therefore, the need for
primary and secondary preventive measures is clear.
As the etiology and pathogenesis of leukoaraiosis
seem to be manifold, a single best course of treat-
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ment does not exist, but some basic guidelines can
be followed. Since chronic brain ischemia is the most
likely etiology, preventive and management methods
should be targeted against it. Antithrombotic agents,
such as aspirin with or without dipyridamole and
clopidogrel, may represent an important component
in prevention, especially in subjects with risk factors
for vascular diseases. Equally important is aggressive
treatment of risk factors for vascular diseases, such
as arterial hypertension, diabetes mellitus, dyslipid-
emia, and heart diseases, and all subjects should be
motivated to give up smoking and excessive consump-
tion of alcohol. Therapies that help to stabilize the
endothelium, such as statins and angiotensin convert-
ing enzyme inhibitors, may also have a role in treating
patients with LA. There is not yet scientific evidence
whether carotid endarterectomy in patients with co-
existing severe carotid artery stenosis and LA may be
beneficial in attenuating the progression of LA and/or
slowing down the cognitive decline process.
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10.1
Introduction

Intracranial hemorrhage in any form can produce
devastating effects. Neuroimaging plays a decisive
role in the management of patients with any type
of intracranial bleeding, by showing the presence,
the extent, the location and often the cause of the
hemorrhage. Traditionally CT scan has been used
as the imaging modality of choice to confirm or
exclude intracranial hemorrhage. However, while
in the acute setting CT performs admirably, it is
much less accurate in the identification of subacute
and chronic bleeds (WARDLAW et al. 2003). MRI is
known to be exquisitely sensitive to the presence of
stigmata related to old bleedings, and to malforma-
tions or other potential causes of hemorrhage, but
until recently has been considered unreliable in the
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diagnosis of hyperacute brain hemorrhage, a notion
that is becoming obsolete. This chapter addresses
the basic MR physical principles determining the
appearance of intracranial hemorrhage, the pathol-
ogy of various types of hemorrhagic cerebrovascu-
lar conditions and the relevant MR findings.

10.2
Types of Intracranial Hemorrhage (ICH)

Intracranial hemorrhages can be classified accord-
ing to their anatomic location (epidural, subdural,
subarachnoid, intracerebral, and intraventricular)
or to their etiology (spontaneous or traumatic).
Because of its frequency, higher than for any other
type of intracranial hemorrhage, and its complex
evolution from the hyperacute to the chronic stage,
spontaneous intracerebral hematoma (ICH) serves
as the paradigm for the systematization of the com-
plex MR appearance of intracranial bleedings. It will
therefore be treated in greater detail.

10.3
Spontaneous Intracerebral Hematoma (ICH)

Primary ICH is responsible for 10%-15% of all cases
of stroke in Western populations and for 20%-30%
of strokes among Asian and Black populations
(QurEsHI et al. 2001). An ICH typically presents
with the sudden onset of a focal neurological defi-
cit, which rapidly progresses over minutes to hours.
Headache, nausea, vomiting, elevated blood pres-
sure and decreased level of consciousness are more
frequently associated with ICH than with ischemic
stroke but are by no means pathognomonic. Imag-
ing is therefore mandatory for a proper diagnosis
of ICH. Expansion of the hematoma is the most
common cause of secondary deterioration within
the first few hours after onset (BRoTT et al. 1997).
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With only 38% of patients surviving the first year,
and only 20% of survivors capable of living inde-
pendently after 6 months (QURESHI et al. 2001), the
prognosis of ICHs is generally worse than that of
ischemic strokes.

Depending on the cause, spontaneous ICH is clas-
sified into primary or secondary. Primary hemor-
rhages account for 78%-88% of overall cases of ICH,
and occur from rupture of small vessels damaged by
either chronic hypertension (85% of primary ICHs)
or cerebral amyloid angiopathy (CAA) (15% of pri-
mary ICHs). The most frequent sites of hyperten-
sive ICH are putamen (50%), thalamus (15%), pons
(10%-15%), and cerebellum (10%) (BRODERICK
et al. 1999). On the other hand, CAA is the cause
of hemorrhage in more than 50% of patients with
lobar ICH above 70 years of age. Secondary ICH is
due to vascular malformations, tumors, impaired
anticoagulation, drugs, infections etc. ICH in young
patients (< 45 years) is often lobar in location and is
most commonly secondary to an underlying vascu-
lar malformation (QURESHI et al. 2001).

Primary ICHs arise from small arteries, which
have undergone degenerative changes from chronic
hypertension or CAA. Charcot and Bouchard attrib-
uted hypertensive ICHs to ruptured miliary micro-
aneurysms, but hemorrhage can originate from the
fragile perforators also without microaneurysm for-
mation. The bleeding initially results in mass effect
with compression of the adjacent microvasculature
(HuckMAaN et al. 1970). The blood then spreads along
white matter tracts causing compressive rather than
destructive tissue damage. Histology of early hema-
toma shows edema, neuronal damage, and inflam-
matory cell infiltration in the perihematoma region.
Edema is initially due to release and accumulation of
osmotically active serum proteins from the clot, and
later from vasogenic and cytotoxic phenomena (CAR-
HUAPOMA et al. 2002). Despite the presence of local
hypoperfusion, probably no ischemia develops in
the perihematoma region and neuronal death is pre-
dominantly necrotic. In fact, PET studies have shown
lack of elevation of oxygen extraction fraction in the
perihematoma region, a finding that is not compat-
ible with true ischemia (ZazuLiA et al. 2001).

Much of the current knowledge about ICH pathol-
ogy has been obtained from experimental works con-
ducted using various animal models. In a classical
study, ROSENBERG et al. (1990) were able to induce an
ICH in the rat brain using an intraparenchymal injec-
tion of the enzyme collagenase. At 24 h, the resulting
lesion consisted of a central zone showing a mixture
of red blood cells and normal brain parenchyma, and
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a peripheral zone with necrotic or viable neuronal and
glial cells. By 48 h polymorphonuclear infiltration was
observed at the periphery. By 1 week, intense macro-
phage activity was seen at the border of the periph-
eral zone with associated increased vascularity and
evidence of small vessel formation. Only a few mac-
rophages had hemosiderin within them. By 21 days,
the lesion was converted into a cavity filled with fluid
and traversed by delicate gliovascular trabeculae, that
contained variable numbers of hemosiderin and lipid
laden macrophages. It is likely that these findings can
be extrapolated with good approximation to the evo-
lution of a primary human ICH.

10.3.1
Determinants of MR Signals in ICH

The most important mechanism that underlies the
MR appearance of ICH is the transformation of ini-
tially oxygenated hemoglobin into a series of break-
down products (deoxyhemoglobin, methemoglobin,
and hemosiderin), that differ in terms of presence
and number of unpaired electrons of the heme iron.
Hereafter, we will discuss the influence of hemo-
globin and its metabolites on T1 and T2 relaxation
times. We will also briefly review the effects on MR
signals of other factors such as protein concentra-
tion, clot formation and retraction, and red blood
cell dehydration.

10.3.1.1
Paramagnetic Effects

Approximately 99% of biological tissues are dia-
magnetic, i.e. they do not interact significantly
with magnetic fields and therefore do not modify
T1 and T2 relaxation times. The characteristic of
diamagnetic molecules, like oxyhemoglobin, is the
lack of unpaired electrons in their outer orbital. On
the other hand, paramagnetic materials like iron or
gadolinium do have unpaired electrons in their outer
orbital, which induce significant shortenings of T1
and T2 relaxation times. Relevant to hemorrhage,
this paramagnetic effect is observed in the acute
phase with deoxyhemoglobin, in the subacute phase
with methemoglobin, and in the chronic phase with
hemosiderin (GomoORI et al. 1985).

The T2 shortening effect induced by paramag-
netic substances is known as the susceptibility effect,
which in hemorrhages is caused by the presence of
either deoxyhemoglobin, or intracellular methemo-
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globin, or ferritin/hemosiderin, but not of extracellu-
lar methemoglobin. Compartmentalization of deoxy-
hemoglobin or, at a later stage, methemoglobin inside
intact red blood cells, or finally of hemosiderin inside
the lysosomes of macrophages and astrocytes (BRAD-
LEY 1993) creates heterogeneously varying local field
gradients (GoMoR1 et al. 1987; BRooKks et al. 1989) and
induces phase shifts in the water protons as they dif-
fusethroughtheselocalgradients (GomoRietal. 1985).
The dephasing of the protons results in transverse
relaxation and produces signal loss on T2 (DELAPAZ
etal. 1984; GoMorl1 et al. 1985), and especially on T2*-
weighted images, the latter being the most sensitive
sequence for the detection of susceptibility-induced
effects (GoMoRI et al. 1987; HAYMAN et al. 1991). In
fast spin echo (FSE) sequences due to the shorter echo
spacing, the time available for diffusion of water pro-
tons is shorter. This leads to a lesser sensitivity of FSE
techniques in the detection of susceptibility effects
(FEINBERG and OsHIO 1991). T2 relaxation effects are
directly proportional to the square of the local field
gradients (GoMoORI et al. 1985). The T2 shortening
effect of high field is 100 times that of 0.15 T (low field)
and 9 times that of 0.5 T (intermediate field). At low
field (less than 0.5 T) acute hematomas may appear
isointense to brain parenchyma while subacute and
chronic hematomas appear hyperintense on all pulse
sequences (GOMORI et al. 1985). The preferential T2
proton relaxation enhancement of acute hematomas
and the hemosiderin rim are observed only with high
magnetic fields. In agreement with these principles, a
recent report indicates that the susceptibility effects
typical of acute and subacute hematomas are more
prominent at 3.0 T compared to 1.5 T, which, how-
ever, does not seem to translate into a significant
incremental diagnostic accuracy (ALLKEMPER et al.
2004).

The other important paramagnetic effect involves
the longitudinal relaxation. When a paramagnetic
ion is added to the water protons, the routine proton-
proton dipole-dipole interaction between water pro-
tons is converted to a proton-electron dipole-dipole
(PEDD) interaction (BARKOVICH and ATLAS 1988).
The efficient exchange of energy from this interaction
results in T1 shortening and consequently in bright
signals on T1-weighted images (BRADLEY 1993). This
phenomenon is also known as the relaxivity effect.
Even though deoxyhemoglobin is paramagnetic, it
does not promote PEDD interactions since the para-
magneticion is shielded by the hydrophobic pocket of
theglobin protein (GomoR1etal. 1985; BRADLEY 1993).
Hence, acute hematomas which contain deoxyhemo-
globin do not appear hyperintense on T1-weighted
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images (BRADLEY 1993). On the other hand, follow-
ing the oxidative denaturation of deoxyhemoglobin
to methemoglobin (BRADLEY 1993), the conforma-
tional change in the hemoglobin molecule makes the
paramagnetic heme move to the surface, where it can
be approached by water protons (GoMoRI et al. 1987).
The ensuing PEDD interaction is responsible for the
hyperintense appearance of hematomas containing
methemoglobin in T1-weighted images. Unlike sus-
ceptibility effects, PEDD interaction occurs regard-
less of whether the methemoglobin is intracellular or
extracellular. A further difference with susceptibility
effects is that the paramagnetic T1 shortening is less
dependent on field strength.

10.3.1.2
Other Effects

Proteins seem to provide some contribution to the
signal intensities of hemorrhage in all stages. How-
ever, the effect of proteins is more evident in the very
early phase, when paramagnetic effects are still mini-
mal. In the first few hours after the bleeding, the iso-
or mildly hypointense appearance on Tl-weighted
images and the hyperintensity on T2-weighted
images is mainly due to the high concentration of
proteins, predominantly oxyhemoglobin but also
cell membrane lipoproteins and fibrinogen (CLARK
et al. 1990). In the following days and weeks, the
influence of proteins on MR signals is overwhelmed
by paramagnetic effects. Packing of more RBCs per
unit volume of blood, formation and retraction of clot
matrix, and dehydration of RBCs are all phenomena
for which an effect on MR signals has been postulated
(HAaYMAN et al. 1991). This effect, however, is likely
to be only mild, especially at high field.

10.3.2
The Evolution of MR Signals in ICH

Based on the most mature form of the hemoglobin
present in the clot, five stages of evolving ICH have
been described (BRADLEY 1993). The hyperacute
stage lasts for 24 h, acute stage for 2-3 days, early
subacute stage for 3-7 days, late subacute stage up
to 2 weeks and chronic stage more than 2 weeks. The
evolution of an ICH is a complex and dynamic pro-
cess and the estimation of the time of onset based on
MRI findings may be inaccurate (ALEMANY RIPOLL
et al. 2004). However, the classification into five
stages still retains its practical utility.
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10.3.2.1
Hyperacute ICH

It was initially believed that on MRI an ICH of less
than 24 h duration could not be distinguished reliably
either from a mass lesion or from an acute infarct,
because of an unspecific pattern of isointensity in
T1 and slight hyperintensity on T2 imparted by the
predominance of oxyhemoglobin. However, due to a
reduced oxygen tension at the periphery of the clot,
some deoxygenation of hemoglobin occurs immedi-
ately after the bleeding, and several studies have dem-
onstrated that the resulting susceptibility effects can
be visualized very early on T2- and particularly on
T2*-weighted images as a hypointense rim (Fig. 10.1).
This finding may be less apparent or even not appar-
entatall with low-field systems, or if FSE T2 sequences
are used. LINFANTE et al. (1999) reported the ability
of high field MRI to reliably detect a spontaneous
ICH as early as 20 min after onset and schematized
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the appearance of the hyperacute hemorrhage as
consisting of three distinct concentric regions. The
center of the hemorrhage appears isointense or het-
erogeneously hyperintense on T2- and T2*-weighted
images, probably reflecting the presence of intact
oxyhemoglobin. The periphery is hypointense on
T2- and T2*-weighted images reflecting the suscep-
tibility effects due to deoxyhemoglobin, and finally
there is an outer rim that appears hypointense on
T1-weighted images and hyperintense on T2- and
T2*-weighted images, suggestive of edema. Such a
‘target-like’ pattern is also found on DWI sequences
(MRITA et al. 2002). Within a hyperacute ICH, per-
fusion imaging (PI) may reveal a different time-con-
trast curve compared to hyperacute ischemic stroke,
probably due to the early blood-brain barrier break-
down seen in ICH and to the consequent contrast
extravasation (WINTERMARK et al. 2002).

KipweLL et al. (2004) recently reported the
results of a prospective, multicenter study in which

Fig. 10.1. Patient with a large hyperacute
right frontotemporal hematoma and a
smaller left temporal hematoma in tran-
sition from the hyperacute to the acute
stage. Top left, T1; top right, T2; bottom
left, T2*; bottom right; DWI
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patients with focal stroke symptoms within 6 h of
onset underwent brain MRI followed by non-con-
trast CT. Four blinded readers evaluated acute intra-
cerebral hemorrhage and any intracerebral hemor-
rhage on gradient recalled echo MRI and CT scans
by a consensus. After 200 patients were enrolled, it
became apparent that MRI was detecting cases of
hemorrhagic transformation not detected by CT.
For the diagnosis of any hemorrhage, MRI was posi-
tive in 71 patients with CT positive in 29 patients
(p < 0.001). For the diagnosis of acute hemorrhage,
however, MRI and CT were equivalent (96% con-
cordance). In three patients, regions interpreted as
acute hemorrhage on CT were interpreted as chronic
hemorrhage on MRI. In one patient, subarachnoid
hemorrhage (SAH) was diagnosed on CT, but not
on MRI In 49 patients, chronic hemorrhage, most
often microbleeds, was visualized on MRI, but not
on CT.

These results indicate that, provided the appro-
priate imaging protocol is used, MRI can replace CT
as the imaging modality of choice in acute stroke
patients, if SAH is excluded.

10.3.2.2
Acute ICH

In the absence of rebleeding, deoxygenation of the
clot is completed in most cases by 24 h (BRoOKs et
al. 1989). At that time deoxyhemoglobin becomes
the predominant blood breakdown product in the
lesion. Due to its paramagnetic properties and its
compartmentalization within still intact RBCs,
deoxyhemoglobin exerts a strong susceptibility
effect, which makes acute hematomas appear dis-
tinctly and characteristically dark on T2 weighted
SE images (GoMoRI et al. 1985), and more so on
T2* weighted GRE images (HAYMAN et al. 1991).
On T1-weighted images, acute ICHs still appear
isointense or mildly hypointense, as in the hyper-
acute stage. The parenchyma surrounding the clot
exhibits a halo due to vasogenic edema and ini-
tial inflammatory reaction. The region of edema
has long T1 and T2 relaxation times and appears
hypointense on T1l-weighted images and hyper-
intense on T2-weighted images. Edema is better
shown by T2-weighted SE sequences than by T2*
sequences. By the 5% to 12" day the hyperintense
halo from edema begins to regress (BARKOVICH
and ATLAS 1988). These features of acute ICH last
for about 3 days, after which formation of met-
hemoglobin from deoxyhemoglobin begins and
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the clot evolves into the subacute stage (BRADLEY
1993).

10.3.2.3
Early and Late Subacute ICH

The appearance of methemoglobin in the clot marks
the transition from the acute to the subacute phase.
Too high or too low oxygen tension is likely to delay
methemoglobin formation and the expected evolu-
tionary changes of ICH (BARKOVICH and ATLAS
1988). Unlike deoxyhemoglobin, methemoglobin
allows water protons to approach the paramag-
netic ion. This is possible due to a conformational
change occurring in the structure of methemoglo-
bin, which brings the ferric ion to the surface of
the molecule. With this change PEDD interaction
becomes possible and leads to the shortening of T1
that is characteristic of subacute hematomas. Since
methemoglobin is formed initially at the interface of
the hematoma with the parenchyma of the brain, the
bright signals on T1-weighted images are observed
initially at the periphery of the clot (GoMoRI et al.
1985). Later, the bright signal extends centripetally
until the whole clot becomes hyperintense in TI.
This paramagnetic T1 shortening effect is observed
at all field strengths. In the early subacute phase,
methemoglobin is still compartmentalized within
red blood cells and hence generates local field gradi-
ents that maintain a T2 shortening effect similar to
that induced by deoxyhemoglobin. Therefore, in the
early subacute phase relaxivity effects and suscep-
tibility effects coexist, i.e. the clot appears bright in
T1, and dark in T2 and especially in T2*. This stage
is expected to last for approximately 1 week.

As the clot ages, progressive fragmentation and
osmotic phenomena damage RBC membranes until
they eventually lyse. Hemolysis releases methemo-
globin into the extracellular fluid compartment
of the hematoma. The resulting dilution of methe-
moglobin in the extracellular fluids eliminates the
biological field gradients (BARKOVICH and ATLAS
1988), and with them the susceptibility phenomena,
an effect that is observed initially at the periphery of
the clot. When all methemoglobin is extracellular,
the T2-shortening induced signal loss is no longer
observed, so that the late subacute ICH is predomi-
nantly hyperintense in both T1- and T2-weighted
images (Fig. 10.2). Focal brain lesions containing fat,
calcium, or high concentrations of proteins can also
appear hyperintense in T1 and T2 and therefore enter
in the differential diagnosis of ICH at this stage.
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10.3.2.4
Chronic ICH

The beginning of the chronic phase is character-
ized by the appearance of modified macrophages
(microglia), which phagocytose the ferritin and
the hemosiderin formed from the breakdown of
extracellular methemoglobin. These macrophages
accumulate at the periphery of the hematoma
and form a ring around the remnants of the clot.
Hemosiderin is highly paramagnetic as it has five
unpaired electrons. Its location inside the lysosomes
of macrophages is responsible for the creation of
field gradients and of marked T2 shortening. Hemo-
siderin is also insoluble in water, which prevents
PEDD interaction. In the absence of T1 shortening
no bright signals are observed from hemosiderin
on T1-weighted images. However, at the beginning
of the chronic stage there may still be free met-
hemoglobin in the center of the clot giving bright
signals on T1-weighted images. As a result, a chronic
ICH initially shows a hypointense peripheral hemo-
siderin rim completely surrounding a central area
hyperintense in all sequences due to the persistence
of extracellular methemoglobin. The hemosiderin
rim is less conspicuous on T1l-weighted sequences
and more conspicuous on T2- and T2*-weighted
sequences. With time, the macromolecules in the
hematoma cavity are slowly reabsorbed (BRoOKs et
al. 1989). This results in a gradual disappearance of
paramagnetic T1 shortening effects. With the elimi-
nation of all macromolecular components, the lesion
becomes more fluid and the signal intensity of the
inner part of the clot becomes isointense to CSF in
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Fig.10.2. Patient with late subacute
hematoma in the right basal ganglia.
Left, T1; right, T2%)

all sequences. Finally, the cyst-like cavity collapses
leaving a residual hemosiderin-containing scar.

104
Subdural and Epidural Hematomas

Chronic subdural hematoma (SDH) occurs in 1-2
per 100,000 people per year (FOGELHOLM et al. 1975)
and is mainly related to a head trauma. The bridg-
ing veins that run between the surface of the brain
and the intradural venous sinuses are torn from
either direct injury or indirect injury with accelera-
tion, which leads to accumulation of blood in the
potential subdural space. Non-traumatic SDHs are
rare. They may result from convexity vascular mal-
formations, hemorrhagic diathesis or brain tumors
such as meningioma or meningeal carcinomatosis
(MARKWALDER 1981). As the inner membrane of the
fluid collection lacks blood vessels, the expansion of
a SDH is believed to be due to recurrent microhe-
morrhages from the vascularized outer membrane.
Although the hyperattenuating acute phase of SDH
can be reliably identified on CT, the isoattenuat-
ing subacute phase may be missed unless a contrast
agent is used. CT may also be unable to reliably
differentiate a hypoattenuating chronic SDH from a
subdural hygroma (MARKWALDER 1981). Moreover,
beam hardening artifacts of CT may interfere with
diagnosis of posterior fossa SDH, and a routine axial
CT scan may miss those SDHs that spread along the
tentorium or along the inferior surface of cerebral
hemispheres. Finally, SDH may occasionally be con-
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fused with SAH on CT, and therefore erroneously
give a mandate for angiography (RABINSTEIN et al.
2003). For all these reasons MR imaging is increas-
ingly used in the assessment of possible SDHs.

The MR imaging features of acute and subacute
SDHs resemble the changes seen in ICH (FOBBEN et
al. 1989). However, the high oxygen tension found
in a SDH may delay the evolutionary appearance
on MRI. Acute hematomas (1 week) give dark sig-
nals in long TR/long TE images due to susceptibil-
ity effects. In the early subacute period (< 2 weeks)
peripheral bright signals with central hypointensity
may be observed on all sequences presumably due
to formation of extracellular methemoglobin at the
periphery. In the late subacute phase (> 2 weeks and
< 1 month) the clot becomes uniformly hyperin-
tense. Hemosiderin is infrequently observed in the
subacute phase as the subdural space is lying out-
side the blood-brain barrier, so that hemosiderin is
removed into the bloodstream. As the blood prod-
ucts are gradually absorbed, the signal intensity of
chronic SDH decreases on T1-weighted images and
appears hypointense or isointense relative to the gray
matter, but still more intense than the CSF probably
due to higher protein concentration. While this is
considered to be the typical pattern of chronic SDH,
TsutsuMI et al. (1997) reported that half the chronic
SDHs among 199 patients showed mixed signals in
T1. These authors also reported that chronic SDHs
featuring homogeneous hyperintense signals on T1-
weighted images were less likely to show recurrent
bleedings following surgical evacuation than hema-
tomas appearing predominantlyiso- or hypointense.
This may be related to the maturity of the outer vas-
cular membrane, with immature membranes being
more prone to bleeding (TsuTsumI et al. 1997).
Even though hemosiderin formation is uncommon
in chronic SDHs, large inhomogeneous hematomas
can show a dark band along the inner membrane on
T2*-weighted images (IMa1zuMI et al. 2003). The
dark band results probably from the accumulation
of hemosiderin-laden macrophages in the inner
membrane and can disappear soon after successful
evacuation of the hematoma. Finally, to differentiate
a chronic SDH from a subdural hygroma, proton-
density weighted sequences or FLAIR are required.
In fact, SDHs may occasionally exhibit CSF-like sig-
nals on T1- and T2-weighted SE sequences, but will
appear more intense than CSF on proton-density
weighted and FLAIR images (TsuTsumI et al. 1997).

Epidural hematomas show signal changes simi-
lar to SDH. The displacement of the T2-hypointense
dural membrane inward with lenticular shape of the
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clot is helpful in differentiating epidural bleedings
from SDH, even though one may encounter difficul-
ties in the acute phase since the clot and the dura
both appear dark.

10.5
Subarachnoid Hemorrhage

With an incidence rate in the general population of
around six cases per 100,000, SAH is responsible of
3% of all acute strokes and of 5% of stroke-related
deaths (SupLow and WARLOwW 1997; vAN GIJN and
RINKEL 2001). Rupture of intracranial saccular
aneurysm accounts for about 85% of cases of SAH.
Perimesencephalic bleedings, a distinct and more
benign type of SAH of probable venous origin, is
responsible for a further 10% of cases. The remain-
ing 5% of SAHs is due to miscellaneous conditions
like trauma, intracranial arterial dissection, vas-
cular malformations, vascular lesions of the spine,
mycotic aneurysms, pituitary apoplexy, and cocaine
abuse (VAN GUN and RINKEL 2001).
Prompt identification of SAH and of the underlying
aneurysm is crucial, as timely coiling or clipping
will prevent re-bleed and the related morbidity and
mortality. CT is considered the initial investiga-
tion of choice for diagnosis of acute SAH. Occa-
sionally, lumbar puncture can be needed when the
CT is negative in a patient whose clinical history is
strongly suggestive of SAH (MACDONALD et al. 2001;
vAN GrN and RINKEL 2001). CT shows the acute
SAH as high attenuation areas filling the cisterns
and sulci. About 90%-95% of CT will be positive
for SAH in the first 24 h. However, this percentage
drops to 80% at 3 days, to 70% at 5 days, to 50% at
1 week and to 30% at 2 weeks. After 3 weeks it is
difficult to detect SAH with CT (vAN GIJN and VAN
DONGEN 1982; ApAMs et al. 1983), but even in the
acute phase CT can miss the diagnosis if the amount
of SAH is small (NoGucHI et al. 2000). False nega-
tives at CT can also be due to isolated SAH in the
posterior fossa, where the hyperdense blood may be
masked by beam hardening artifacts (Woopcock et
al. 2001). Occasionally, a false positive diagnosis of
SAH on CT may be due to diffuse cerebral edema
(vAN GIyN and VAN DONGEN 1982). At least in these
situations MRI seems to hold an advantage over CT
in diagnosing or ruling out SAH.

T1- and T2-weighted MR images are insensitive
in the detection of acute SAH. In some cases T1
shortening effects from raised protein levels due
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to SAH may be visible on T1-weighted SE images as
signals relatively hyperintense to CSF and hypoin-
tense to brain parenchyma. However, as there is no
methemoglobin formation in the acute stage, bright
signals on T1-weighted sequence are not observed.
T2-weighted images may occasionally show signals
brighter than CSF (RUMBOLDT et al. 2003).

The skepticism on the ability of conventional
MRI in detecting SAH is giving way to optimism as
FLAIR imaging has been shown to be fairly accurate
in the detection of acute subarachnoid bleedings. In
fact, animal models suggest that FLAIR can be more
sensitive than CT in the evaluation of acute SAH
(Woobcock et al. 2001) even when the amount of
blood is very small and diluted by CSF (NoGucHI et
al. 2000). In FLAIR an inversion pulse is utilized to
null the bright CSF signals in T2-weighted images
with long TE. Due to its high protein concentration
and T1 shortening effect, the acute subarachnoid
bleeding will appear bright on FLAIR.

As with intraparenchymal bleeds, a T2*-weighted
GRE sequence may be expected to show signal loss
from susceptibility effects in the cisterns and sulci
in acute SAH. However, T2*-weighted sequences
may not be sensitive enough within the first 24 h,
either due to high oxygen levels in CSF which pre-
vents formation of paramagnetic deoxyhemoglobin
or to over hydration of RBCs (NoGUCHI et al. 1997).
Nevertheless, one may observe susceptibility effects
in the hyperacute stage in thick clots, where deoxy-
hemoglobin formation goes unimpeded.

While FLAIR may be very sensitive in the detec-
tion of acute SAH, its specificity for this disease is
suboptimal. All conditions causing an elevation of
CSF proteins, such as pyogenic meningitis, granulo-
matous meningitis, meningeal carcinomatosis etc.,
characteristically elevate the CSF protein levels and
give rise to bright signals on FLAIR. Fat from rup-
tured dermoid or previous introduction of oily con-
trast media may also mimic SAH on FLAIR due to
T1 shortening effects. Therefore, in order to confi-
dently made a diagnosis of SAH on FLAIR, a careful
appraisal of the clinical history is mandatory. Con-
trast may be helpful to exclude meningitis, while fat
may be identified using chemical shift artifacts or
fat saturation sequences. Another pitfall with FLAIR
sequences may be represented by the CSF pulsation
artifacts from inflow and misregistration effects
(NogucHI et al. 1997). These artifacts create bright
signals in the cisterns especially with fast FLAIR
sequences. Hence, FLAIR may not be suitable to
assess the posterior fossa SAH. IV propofol anesthe-
sia in children (FrLippi et al. 2001) or supplemental
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oxygen administered during anesthesia (DELIGANIS
et al. 2001; ANzATI et al. 2004) are further conditions
which can give rise to bright CSF signals on FLAIR.

Proton density-weighted images seem tobe as sen-
sitive as FLAIR in detecting SAHs of less than 24 h .
CSF flow artifacts in cisterns and ventricles are less
likely to be observed with proton density than with
FLAIR (WIESMANN et al. 2002). A recent report sug-
gests that proton-density weighted sequences allow
an accurate diagnosis of hyperacute SAH (FIEBACH
et al. 2004).

As the delay between SAH onset and imaging
increases, susceptibility effects appear and T2*-
weighted GRE images become more sensitive com-
pared to FLAIR. MITCHELL et al. (2001) have shown
94% sensitivity for T2* in the acute phase (less than
4 days) and 100% in the subacute phase (more than
4 days) compared to 81% and 87% for FLAIR. T2*-
weighted images may also help localize previous
SAH and locate the aneurysm. This may have an
implication in diagnosing aneurysms with minor
leak or to identify the culprit among multiple aneu-
rysms (IMa1zUMI et al. 2003). Finally, contrast stud-
ies may exceptionally reveal an actual leakage of the
contrast (KUKER et al. 1999).

10.6
Intraventricular Hemorrhage

Most intraventricular hemorrhages (IVHs) are sec-
ondary to ICH or SAH. Isolated IVH is rare and usu-
ally due to the rupture of underlying vascular malfor-
mations (ZHU et al. 1997). Angiography is therefore
strongly recommended for isolated IVHs (BRODERICK
et al. 1999). Few data on MR features of IVH are
available in the literature (BAKsHI et al. 1999). Based
on MR imaging, intraventricular bleedings have been
classified into clotted IVH, usually unilateral, and
layered IVH, usually bilateral. Since the CSF in ven-
tricles has a higher content in oxygen and glucose,
the layered form evolves more slowly compared to
the clotted form. The latter evolves at a rate similar
to ICH. However, in the chronic stage, unlike ICH,
IVHs do not show hemosiderin formation. Among
the conventional sequences, proton density depicts
IVH better than T1- and T2-weighted images. In the
acute stage FLAIR may have better sensitivity than
CT scan to demonstrate IVH. On FLAIR, in the initial
48 h IVH appears hyperintense, but one should be
aware of the CSF flow artifacts, which can mimic the
presence of blood. Also, conditions like pyocephalus
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or intraventricular tumors may exhibit signals simi-
lar to IVH. After the acute phase, IVHs may appear
iso- or hypointense on FLAIR. At this stage, a bright
signal on Tl-weighted images and a hypointense
signal on T2*-weighted image will mark the presence
of an IVH (BAKsHI et al. 1999).

10.7
Hemorrhagic Infarction

Hemorrhagic infarction (HI) may result either from
the hemorrhagic conversion of an arterial ischemic
stroke or, more rarely, from cerebral venous thrombo-
sis (CVT). Autopsy studies indicate that hemorrhagic
conversion occurs in 30% of recent ischemic brain
infarcts (HART and EasTon 1986). The pathophysi-
ological basis of hemorrhagic transformation is the
microvascular injury to the blood-brain barrier due to
ischemia and the subsequent reperfusion (DEL ZopPo
etal. 1998). The two main types of hemorrhagic trans-
formation are petechial hemorrhages (hemorrhagic
infarction proper) or parenchymal hematoma. Hem-
orrhagic transformation is more commonly observed
in the gray matter regions than in the subcortical
white matter (HORNIG et al. 1986).

The few existing studies on MR evaluation of HI
emphasize the importance of T2*-weighted GRE
sequences to detect hemorrhagic changes. HERMIER
et al. (2001) reported that these sequences are as
effective or more effective than CT in the detection
of acute HI. However, as for other types of parenchy-
mal bleedings, one should be aware of other causes
of signal loss on T2*-weighted images such as calci-
fication, flow void, cavernomas, etc. Even chronic
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cerebral microbleeds (discussed in the following sec-
tions) may mimic hemorrhagic conversion. However,
microbleeds usually measure less than 5 mm and are
expected to be located outside the area of infarction.

Brain MRI in combination with venous MRA is
considered as the gold standard for diagnosing CVT
(Lee and TERBRUGGE 2003, see chapter 18). Cortical
and subcortical bright (edema, necrosis) and dark
(deoxyhemoglobin) signals on FLAIR, T2-weighted
and especially T2*-weighted images not correspond-
ing to any arterial territory, in the background of an
appropriate clinical history (acute focal deficit, head-
ache, and seizures), are suggestive of venous infarcts.
The cortical veins or dural sinuses should be care-
fully scrutinized to identify the thrombosis. In the
acute stage the thrombus in the veins or sinuses
will appear iso- or hypointense on TIl-weighted
images and profoundly hypointense on T2-weighted
images, which may mimic flow in T2-weighted SE/
FSE sequences. It is often only after 3-7 days that the
thrombus becomes hyperintense in T1.

10.8
Cerebral Microbleeds

Cerebral microbleeds (MBs) are chronic hemo-
siderin deposits caused by minor extravasations
of blood from fibrohyalinized small arterioles
(FAzEKAS et al. 1999). They are increasingly being
recognized thanks to the increased use of T2*-
weighted GRE sequences in the clinical practice. CT,
but also conventional SE T2-weighted sequences, are
insensitive in the detection of such microhemor-
rhages (Fig. 10.3). MBs have a strong association

Fig. 10.3. Patient showing an unremark-
able T2-weighted image (right) and mul-
tiple microbleeds on the T2*-weighted
image (left)
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with leukoaraiosis (LEE et al. 2002) and with chronic
hypertension (LEE et al. 2004).

The incidence of these lesions among the healthy
elderly population varies from 3.1% (TsusHIMA et
al. 2002) to 6.4% (RooB et al. 1999). Among patients
with ICH, MBs have a frequency of 30%-80% (Tsu-
sHIMA et al. 2003). MBs generally coexist with
moderate-to-severe white matter changes (Kwa et
al. 1998), which is explained by the fact that both
leukoaraiosis and MBs have small vessel disease as
a common denominator. MBs are found mainly in
the basal ganglia, corona radiata, centrum semi-
ovale, brainstem and cerebellum. Cerebral amyloid
angiopathy (CAA) is another possible etiology of
MBs (Fazekas et al. 1999; KiNosHITA et al. 2000).
CAA-related MBs are located in the cortex and the
immediately subcortical white matter. The clinical
importance of MBs is that they may identify patients
prone to develop spontaneous ICH (LEE et al. 2004),
and especially patients at higher risk of ICH after
thrombolysis (KIDWELL et al. 2002) or during
chronic treatment with aspirin (Wong et al. 2003)
or oral anticoagulants.

MBs appear as small sharply defined signal loss
on T2*-weighted GRE sequences. They can also be
demonstrated by T2-weighted SE sequences, albeit
inconstantly and mainly at high field. Echo-planar
T2*-weighted sequences can demonstrate MBs within
seconds (KINOSHITA et al. 2000), but they may fail to
detect MBsat thebasal regions of cerebral hemispheres
and in the posterior fossa, due to susceptibility arti-
facts (TsusHIMA et al. 2003). T1-weighted images are
insensitive to MBs, as they contain only hemosiderin
and not other hemoglobin breakdown products.
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1.4

TH-MR Spectroscopy in Stroke - Insight into
Pathobiochemistry of Ischemic Brain

Only few of the complex pathophysiological and
pathobiochemical processes during acute hypoper-
fusion of the brain can be accurately monitored by
imaging techniques. The initial step in stroke can
be monitored by mapping of the hypoperfused areas
with perfusion MR imaging (PI). Resulting from
the interception in nutrition supply, a cascade of
biochemical events (Fig. 11.1) will finally cause cell
swelling (cytotoxic edema) in the affected areas. The
concomitant increase in the apparent water diffu-
sion coefficient (ADC) can be exploited to visual-
ize this area with diffusion weighted MR imaging
(DWI). Thus, two advanced MR imaging methods
are available to monitor either the initial or a rather
late phase of stroke, but these methods, which are
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based on the water proton signal, can not resolve
biochemical and physiological processes in between.
In contrast, MR spectroscopy, which detects signals
from water soluble metabolites provides information
on concentration changes of key metabolites involved
in ischemia (BEAUCHAMP et al. 1999). Oxygen deple-
tion will induce anaerobic glycolysis leading to an
increase in lactate production which will accumulate
especially in the presence of hypoperfusion. Lactate
can be observed with MRS providing a sensitive bio-
chemical marker for oxygen depletion due to hypo-
perfusion. Lactate accumulation and persisting lack
in energy supply will cause drop in ATP and pH, both
parameters are accessible by *'P MRS. The following
failure of Na*-K*-ATPase activity leads to Na* influx
which in principle can be monitored by **Na MRS
(HiLaL et al. 1983). Since this is causing the cyto-
toxic edema, it can also be visualized by the above
mentioned diffusion sensitive MRI method. Finally,
monitoring the neuronal marker NAA with 'H MRS
will probe for integrity of neurons providing infor-
mation on the last phase of infarcted tissue, the death
of severely damaged cells.

The two MRI methods are already part of an
advanced routine MRI stroke-protocol. At least, the
"H MRS study could be performed in the framework
of such a protocol without further equipment. As
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Fig. 11.1. Physiological and metabolic changes in stroke which
can be targeted with "H-MR spectroscopy
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will be discussed below, modern MRS methods are
now available, which allow the completion of such
an MRS study in less than 10 min, which makes
the examination acceptable even in the situation of
acute stroke. The aim of this article is to describe
the available methodology and discuss the benefits
of such an examination for the pathophysiological
analysis of stroke.

11.2
Introduction to MRS

Magnetic resonance imaging (MRI) depends on the
signal of water protons ("H nuclei) in the presence of
magnetic field gradients, which, together with phase
encoding, provides the localization. MRS detects
water soluble metabolites thus presenting a method
for in vivo monitoring of metabolic changes. Spec-
troscopy can be performed on all nuclei with a spin,
leaving #*Na, N, 13C, *'P, and 'H as main potential
targets for biological applications. '°N and !*C are at
low natural abundance and must be administered
as labeled compounds. At clinical magnetic field
strength, only the 'H nuclei show sufficient sensitiv-
ity to be detectable in small volumes (< 4 ml) within
reasonable acquisition time. However, measuring 'H
spectra requires efficient suppression of the domi-
nant water signal which exceeds the metabolite sig-
nals by approximately 10%. This can be achieved by
selective saturation of the water. The first in vivo 'H
spectra of rat brain were recorded in 1983 using a
surface coil in vertical bore high resolution NMR-
spectrometer at 8 T (BEHAR et al. 1983). Human brain
spectra were obtained in 1985 by BOTTOMLEY et al,,
which clearly demonstrated the superior sensitivity
of 'H nuclei compared to 3P nuclei.

The first in vivo spectra were recorded with sur-
face coils which detect signal from the entire region in
the vicinity of the coil. For application to pathological
lesions, it is required to obtain spectra from a targeted
region of the brain (e.g. the DWTI lesion). This can be
achieved by pulse sequences with selective excitation
of three orthogonal slabs resulting into spectra from
single cuboid volume element localized at the inter-
section of the slabs (single voxel spectroscopy, SVS).
Two methodsareavailable, either PRESS (BOTTOMLEY
1987; OrRDIDGE and VAN DE VYVER 1985) or STEAM
(FRAHM et al. 1989a), each having their advantages
and disadvantages as described by MOONEN et al.
(1989). The potential of measuring spatially resolved
spectroscopic information (i.e. obtaining a matrix of
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spectra as demonstrated in Fig. 11.5) by combining
spectroscopy with gradient phase encoding (spectro-
scopic imaging, SI or MRSI) was first demonstrated
by BRowN et al. (1982) for the *'P nucleus. MAUDSLEY
et al. (1983) applied the same method to 2*Na which
enabled HILAL et al. (1983) to map sodium increase
in ischemic cat brains. One of the first applications in
'H MRS in humans was focused on brain ischemia.
The first SVS 'H spectrum of stroke in humans was
presented in 1988 (BERKELBACH VAN DER SPRENKEL
etal. 1988) whereas DunyN et al. (1992) showed first 'H
spectroscopic images of stroke patients in 1992. Espe-
cially with the development of thrombolytic thera-
pies (HACKE et al. 1995; NINDS STROKE-TRIAL 1995)
there is a high demand for a thorough analysis of the
infarcted area. The concentration of key metabolites
could play a pivotal role. Since MR spectroscopy can
provide this information non-invasively in acute
stroke, a considerable amount of effort was put in
incorporating MRS into the MR examination proto-
col of acute stroke. However, technical demands and
physical limits have prevented a real breakthrough of
the method until today.

In the near future the signal to noise ratio (S/N)
will gain by increased field strength (from 1.5 to
3.0 T) for clinical scanners. Also, implementation of
fast SI techniques can reduce the acquisition time by
more than a factor of two, which would turn SI to an
applicable tool in a routine MRI protocol for stroke.

11.3
H-MRS Methodology

11.3.1
Single-Volume 'H-MRS Versus "H-MR Spectro-
scopic Imaging

Metabolic information of infarcted tissue can be
retrieved by selecting a single cuboid volume of the
pathological area for the spectroscopic examination
using one of the above described SVS spectroscopy
sequences. Results from an SVS MRS examina-
tion at 1.5 T with the PRESS sequence applying a
TE of 144 ms are shown in Fig. 11.2. As expected,
the infarcted area shows lactate which is visible as
two inverted peaks (doublet) around 1.33 ppm while
the contralateral tissue exhibits the spectrum of a
healthy white matter. To achieve sufficient S/N for
quantifiable SVS data from a 3 ml volume (approxi-
mately 1.5x1.5%1.5 cm?), the data acquisition time
will take approximately 4 min. This leads to a rather
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long total measurement time since more representa-
tive voxels are required to characterize the infarcted
area in size and severity, e.g. in Fig. 11.2 the area
in the vicinity of the diffusion lesion would be of
special interest. For 'P MRS the S/N is even worse,
which leaves this method - despite the expected high
diagnostic impact of the detectable parameters like
pH values, phosphocreatine and ATP concentration
- less applicable for acute stroke.

With thelack of other methods to obtain sufficient
information for a qualified choice of the position of
the spectroscopic voxel, spectroscopic imaging (SI)
techniques should be the method of choice. In SI all
spectra of a selected slice are acquired simultane-
ously applying encoding gradients between the exci-
tation pulse and the acquisition period. After spatial
Fourier transformation the spectroscopic image is
obtained as a matrix of the dimension AXB, where
A and B denote the number of phase encoding steps
in each direction within the slice. Each matrix ele-
ment consists of a spectrum. A spectroscopic image
can be visualized as a grid overlay on the anatomi-
cal image. The anatomical image, which should be
recorded with a field of view (FOV), angulations
and slice selection identical to the SI sequence, is
divided by the grid in AXB voxels each carrying the
respective spectroscopic information (Fig. 11.3).
Such a map of spectra provides a retrospective defi-
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Fig.11.2. 'H single voxel MR spectroscopy of
stroke. Data from a 60-year-old male were
obtained at 1.5T with 144 ms echo time.
Respective volumes of interest are marked on
T2-weighted image. Left spectrum, infarcted
area. Right spectrum, contralateral healthy
tissue. Note the appearance of lactate (two
negative peaks at 1.3 ppm) as the most signifi-
cant difference

nition of the center and the extension of infarcted
tissue, while at the same time reference spectra are
available from regular non-infarcted tissue. The
spatial distribution of biochemical changes within
the infarcted area can be exploited to discriminate
irreversible damaged tissue from tissue at risk.
Since Lac and NAA play a pivotal role for this dis-
crimination, '"H MRSI is already capable of adding
important information to the conventional imag-
ing techniques. SI can go down to resolution of
0.75x0.75%1.00 cm?, but requires phase encoding of
the respective matrix. Consequently, acquisition of a
data set with conventional CSI technique takes more
than 15 min (see below) which, in most cases, is not
tolerated by acute stroke patients especially when
performed in addition to the other modalities rou-
tinely applied in the MR examination of stroke. We
will discuss modifications of the basic CSI sequence
that can significantly reduce the data acquisition
time and details of biochemical and clinical aspects
of metabolic changes.

11.3.2
Impact of Fast Spectroscopic Imaging

For an in plane resolution of 7.5X7.5 mm?, the 32x32
matrix shown in Fig. 11.3 had to be recorded at a
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Fig.11.3. Spectroscopic imaging of stroke. Data from a 71-
year-old male were obtained at 3 T using conventional CSI
with 144 ms echo time (17 min acquisition time). Metabolite
intensities are plotted as color-coded overlay on diffusion-
weighted images. Intensities of SI maps of NAA and lactate
were obtained by time domain data fit using jJMRUI. Repre-
sentative spectra and fit results (red line) are shown in the
lower part of the figure. The arrows indicate the position of
the respective voxels. Low Lac values and persistent NAA sig-
nals in the posterior part of the area with increased signal on
the DWI image may be caused by early reperfusion of an M3
branch of the middle cerebral artery and consecutive washout
of Lac

240 mm? FOV. Acquisition of the entire k-space at
a repetition time of 1.5 s would take 1024x1.5 s or
26 min. Together with the preparation period (exten-
sive shimming, adjustments for water suppression),
the MRS examination may add another 45 min to
the conventional imaging examination. Sometimes,
our early studies needed even 70 min in addition to
the MRS protocol. Usually, patients with acute or
subacute stroke are severely sick and not very com-
pliant. Frequently, head movement during the MRS
occurred, which will corrupt data, spoiling or at
least complicating a reasonable evaluation. Reduc-
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tion of measurement time and optimized automatic
adjustments for the preparation period are therefore
essential for a successful MRS protocol. The latter
has been addressed in the modern scanners by use
of image guided shimming procedures and imple-
mentations of routines for automatic adjustments
of water suppression. These tools can reduce the
preparation time to less then 5 min.

The rather extensive acquisition times required
for the complete k-space can also be reduced. With-
out significant loss in spatial resolution, a 28x28
matrix can be recorded and extrapolated to 32x32
by adding zeroes before Fourier transformation,
which will reduce the total acquisition time to
20 min. Selection of a circular (elliptical in case of
rectangular FOV) k-space area centered around the
origin, will save another 25% of acquisition time
without seriously affecting the spatial resolution
(MAUDSLEY et al. 1994). The use of a rectangular
FOV could also save up to 30% (GoLAY et al. 2002)
resulting in a total acquisition time between 10 and
15 min. Further reduction in acquisition time can
be achieved with fast imaging techniques like echo
planar spectroscopic imaging (EPSI) (Possk et al.
1995) or multiple spin-echo spectroscopic imag-
ing (MSESI) (DUYN et al. 1995; DuyN and MOONEN
1993). These techniques scan more than one phase
encoding step for a single excitation pulse, provid-
ing the respective acceleration factors. In a recent
study (STENGEL et al. 2004), our group could show
that quantification of NAA and Lac concentrations
can be obtained with 0.75%0.75%1.00 cm? resolution
with a total acquisition time of 6 min using MSESI.
A typical result of such an examination is shown in
Fig. 11.4. Please note that due to the short sampling
period at 144 ms echo repetition time the spectral
resolution is rather limited, allowing detection of
separate signals only for NAA and lactate. However,
these metabolites are carrying the most valuable
information about the infarcted area.

11.3.3
Partial Volume Effects Due to Low Resolution

Even with the application of the above mentioned
fastimaging techniques, the spatial resolution is still
limited by the minimum S/N which can be achieved
in the time reserved for the spectroscopic exami-
nation. We feel that with the currently available
instrumentation the maximum resolution should
be around 0.6 cm?. Representative spectra obtained
with this resolution at 3 T magnetic field strength
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Fig.11.4. Fast spectroscopic imag-
ing of stroke. SI maps of lactate and
NAA. Metabolite intensities are plot-

Control
Cho+Cr

Lesion

Cho+Cr NAA Lac

ted as color-coded overlay on diffu-
sion-weighted images. Intensities were
obtained by numerical integration of
the peak areas defined in the two spec-
tra below. Data were acquired with the
multiple spin echo SI sequence (7 min
acquisition time), thus signal resolution
is considerably reduced compared to
single voxel spectra in Fig.11.2 or con-

NAA

"\

ppm

ventional CSI in Fig.11.3. (Data cour-
tesy of A. STENGEL)

PPmM

are shown in Fig. 11.3. Metabolite concentrations
from lesion smaller than the grid resolution will be
affected by the concentration in the surrounding
tissue and changes may be masked, i.e. Lac will be
underestimated and NAA overestimated. However,
since a slight increase above the background noise
can be easier detected than signal variation of rather
intensive signals, increased Lac can be observed in
infarcted lesion with a size below the nominal reso-
lution. Partial volume effects should also be taken
into account when absolute quantification of spec-
troscopic data is considered (see below).

11.3.4
Evaluation of Metabolite Concentrations

Spectroscopic data reflect the concentration of
a subset of brain metabolites. The accuracy of
the related information depends crucially on the
approach used for data quantification. Generally,
the spectrum is evaluated by measuring the area
under the metabolite signals. This can be done
either by numerical integration of metabolite peaks
in phased (real) or magnitude (modulus) spectra,
or by using more sophisticated tools which basi-
cally perform a nonlinear fit of the entire spectrum.
Depending on the tool, the fit is performed in the
time domain [jMRUI (NAREsSI et al. 2001), offline]
or frequency domain [online processing tools on

the scanner console, LC-Model (PROVENCHER 1993),
offline]. All methods report signal intensities,
which are proportional to the respective metabo-
lite concentration in the volume of interest (VOI).
Figure 11.5 shows the result of an online analysis
of a SVS spectrum with the scanner software while
red lines in the representative spectra of Fig.11.3
depict calculated spectra of an offline analysis using
jMRUI. Conversion of these hardware specific units
to absolute concentrations (i.e., mmol/l) requires a
set of correction factors which depend on the used
pulse sequence, hardware parameters like signal
amplification and coil loading, relaxation times (T1,
T2) of the metabolites, as well as fractions of GM,
WM and CSF in the VOI (partial volume effects).
Hardware parameters can be corrected for by using
either the so-called phantom replacement method
(MICHAELIS et al. 1993) or scaling relative to the
water signal (BARKER et al. 1993). The water must
be recorded in a separate measurement, either as
a separate CSI data set or by an imaging sequence
with proton density contrast. Relaxation terms for
regular (healthy) tissue are available from several
publications (e.g., FRAHM et al. 1989b; KUGEL et
al. 2003). Changes due to pathological alterations
may be less than 30% (GIDEON and HENDRIKSEN
1992; KETTUNEN et al. 2004). Correction for par-
tial volume effects require at least one more addi-
tional imaging sequence and further calculations. A
rather quick method which only takes into account
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the CSF fraction was described by Horska et al.
(2002) while analysis of GM, WM, and CSF fraction
requires tissue segmentation which can be very time
consuming and are not applicable when immediate
results are needed for a therapeutic decision. There-
fore, a thorough data evaluation in terms of abso-
lute concentrations should be reserved for research
studies aimed at metabolic differences between
different groups of patients (e.g. different size of
infarct, different treatment) and longitudinal stud-
ies, while for diagnostic purposes in acute stroke
a semi-quantitative approach should be sufficient.
This can easily include correction for hardware
sensitivity using either the phantom replacement or
water reference scaling method where the phantom
replacement method is not applicable with receive-
only coils. Furthermore, relaxation corrections can
be performed using parameters for healthy tissue.
By inspection of a VOI with no CSF (preferentially
WM) in a non-infarcted area the overall accuracy of
the data can be evaluated. Immediate information
of the extend of concentration change can then be
visualized in the SI metabolite map. However, one
should be aware of artifacts (see below).

11.3.5
Artifacts in Metabolite Maps

Spectroscopic imaging data are frequently visual-
ized as metabolite maps, i.e. for each metabolite the
concentration is displayed either as a gray image or
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Fig.11.5. Single voxel spectroscopic
data at 3 T field strength. Same patient
as presented in Fig.11.3 (71-year-old
man). The red line and signal intensi-
ties are results of an online frequency
domain fit using the manufacturer pro-
vided software on the console (Siemens
Allegra, Siemens, Erlangen, Germany).
Images on the right show the voxel posi-
tion in T2-weighted (transversal and
sagittal) and diffusion weighted (trans-
versal) images

as a color-coded overlay on an anatomical image.
While this provides the most intuitive picture of
the results, special care should be taken when
interpreting these maps. The physician should be
aware of the method used to calculate the metabo-
lite maps: are they based on a simple integration
of marked metabolite specific regions or was a fit-
ting routine involved. Which processing steps were
performed (baseline correction, frequency correc-
tion to account for susceptibility changes) before
the final signal analysis was executed? All these
points will affect the measured concentration, but
can not be critically discussed based on the simple
metabolite map. Local field inhomogeneities due to
deposits of paramagnetic hemosiderin, can shift
and distort signals spoiling the applied automatic
data analysis algorithm. Especially for voxels cru-
cial for diagnostic decision, a careful inspection of
the entire spectrum is required in order to exclude
artifacts, which may have caused the concentration
change. Lactate metabolite maps are prone to con-
tamination by lipids. Intensive lipid signals origi-
nating from fat deposits in the skull base and orbit
can misleadingly be interpreted as high lactate in
brain tissue. This may happen if the patient has
moved during the examination so that lipid con-
taining structures were inside the selected volume
at least for a short period of time. Lipid signals
can be easily distinguished from lactate, since only
lactate shows a doublet signal (i.e., two peaks of
identical intensity separated by 7.4 Hz) which may
be inverted at an echo time of 144 ms (inversion is
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not detectable in magnitude spectra). At B field
strength of 3 T, the doublet structure of lactate may
be less visible due to increased line broadening at
higher field strength but signal inversion can still
be exploited for discrimination of lactate from lipid
(see Figs. 11.3, 11.5).

11.4
Biochemical Alterations in Cerebral Infarcts

The infarcted area shows reduced concentrations

of NAA, creatine, and choline compounds in single

volume spectra as well as in one and two dimen-

sional SI. An intensive signal of lactate could appear

as well. The analysis of underlying biochemical pro-

cesses is based on the following assumptions for the

main observable metabolites:

e NAA is a marker for intact neurons

e Choline compounds are related to membrane
turnover metabolism

e Creatine compounds are related to energy metab-
olism

e Lactate indicates insufficient oxidative phosphor-
ylation by the TCA cycle. In this case, the pyru-
vate which is produced by glycolysis can not be
transferred to the TCA cycle and is converted into
lactate.

Metabolic changes occurring up to day 35 after
stroke are presented in Fig. 11.6. Reduced NAA in the
infarcted area is mainly detected in studies which
include a significant fraction of patients with sub-
acute infarct (BERKELBACH VAN DER SPRENKEL et
al. 1988; BRUHN et al. 1989; DuN et al. 1992; HuGG
et al. 1992; LANFERMANN et al. 1995; FELBER et al.
1992; GRAHAM et al. 1995). Our recent publication
with acute or hyperacute infarct patients (STENGEL
et al. 2004) indicate that NAA may not be a reliable
marker for neuronal damage during early stage of
stroke, a finding which confirms previous HPLC
data of SAGER et al. (1995).

Usually, NAA reduction in the subacute phase
of stroke is accompanied by a decrease in choline
and creatine compounds. However, the decrease is
less significant. DUIN et al. (1992) could detect 47%
remaining choline and 37% remaining creatine in
a patient population with mean time after infarct
of 400 days. Our own studies of acute and subacute
infarcts showed even less pronounced decrease
(down to 65% for choline and 69% for creatine) for
infarcted areas larger than 2 cm diameter and a
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median time after infarct of 6.0 days. The concentra-
tions dropped to 42% in the subacute phase indicat-
ing that remaining creatine and choline signals are
predominantly a function of the time after infarct.
A more detailed analysis comparing signal reduc-
tion in different areas of the infarct revealed more
pronounced decrease of NAA compared to the other
compounds in areas at the rim of the lesion. This
would account for the existence of areas where isch-
emia had caused neuronal damage, but glial cells are
still viable (DurjN et al. 1992; HuGa et al. 1992). Even
an increase of choline had been observed. While
there is no validated rational for this finding, one
could speculate that enhanced membrane turnover
rates occur in these areas, may be as result of repair
mechanisms.

Elevatedlactate seemstobethe mostreliable meta-
bolic marker of acute stroke. Significantly increased
lactate in ischemic tissue was observed within 30 s
(HETHERINGTON et al. 1994). Lactate is generally
observed in the infarcted area which is defined by
the diffusion lesion (MONSEIN et al. 1993; NAKADA
et al. 1991), but frequently, it can also be detected
outside this lesion. In hyperglycemia, the elevated
lactate concentration is correlated with blood glu-
cose concentration (PARSONS et al. 2000, 2001, 2002).
While augmented lactate in areas with depletion of
oxygen supply can be easily rationalized in terms of
basic biochemistry, it’s persistence for several weeks
(HoukiN et al. 1993; LANFERMANN et al. 1995) needs
further discussion and may critically depend on the
time and extent of reperfusion. Regions adjacent
to the infarcted area with ongoing hypoperfusion
(the so-called penumbra, see below) may be the
source of a permanent lactate production. However,
MRSI data do not support this rational since areas
of elevated lactate were rather homogeneous inside
the infarcted tissue with no enhancements at the
rim. For subacute strokes, slightly increased lactate
concentrations were also observed in contralateral
hemisphere and the ventricles (DunnN et al. 1992;
Huaga et al. 1992; LANFERMANN et al. 1995).

Several publications (HuGa et al. 1992; LEVINE
et al. 1992; SAPPEY-MARINIER et al. 1992) report
increased pH values and augmented lactate in sub-
acute infarcts. It has been speculated, that lactate,
which has been produced during the first hour
of ischemia can persist in dead cells and will be
detected with 'H-MRS. Furthermore, macrophages
and microglia which infiltrate the infarcted area
after the third day rely primarily on anaerobic gly-
colysis and may be responsible for the elevated lac-
tate (KARNOVSKY 1962; PETROFF et al. 1992).
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Fig. 11.6a-d. Metabolic changes in infarcted areas as a function of time after stroke onset: a NAA decrease. NAA concentra-
tion was referred to NAA peak intensity of the contralateral (healthy) side. The line shows a nonlinear fit of the data assuming
a biexponential decay. The resulting half-lives were 0.38 days for the fast process and 17 days for the slow process. b Lactate
concentration. The concentration was estimated by referring to the NAA signal of the contralateral (healthy) side. The straight
line shows linear regression analysis. ¢ Creatine concentration. The concentration was estimated referring to the creatine peak
intensity of the contralateral (healthy) side. The straight line shows linear regression analysis. d Summary of (a-c) in a bar graph
and comparison to healthy volunteers. Data for day 1 were calculated from our recently published data (STENGEL et al. 2004).
[With gratitude to H. KuGEL (Miinster, Germany) for support in acquisition and analysis of subacute data]

11.5
Clinical Impact of "TH-MR Spectroscopic
Imaging

Spectroscopic imaging is the only method which

provides information on changes occurring during

a very early stage of stroke up to neuronal cells

death. A consistent interpretation of the data can

be based on the following assumptions which are

corroborated by most experiments:

e Increase in lactate indicates hypoxia, which is he
first event in ischemic tissue

e Decrease in NAA indicates neuronal cells death.
Tissue with NA A below a specific threshold should
be irreversibly damaged.

Considering the final outcome of stroke as a cas-
cade of consecutive biochemical events, step 1 may

be considered as the initial physiological reaction
to limited oxygen supply, which not necessarily
indicates serious cell damage. On the other hand,
NAA decrease reflects neuronal cell death as result
of either serious ischemia (i.e. complete cessation of
perfusion), or long term less severe ischemia, but also
following reperfusion after a period of ischemia.
With the development of thrombolytic therapies
(NINDS STROKE-TRIAL 1995; HACKE etal. 1995) there
is a high demand for new methods which provide
detailed information on the infarcted parenchyma,
especially for those methods which enable charac-
terization of tissue that is potentially salvageable by
reperfusion therapy. Since the concentration of key
metabolites may play a pivotal role, MR spectros-
copy may have an impact on treatment decisions.
Basic pathophysiology of cerebral ischemia and
infarcts was first studied using PET. In rather exten-
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sive studies the complex relations between cerebral
blood flow (CBF) cerebralblood volume (CBV), oxygen
extraction fraction (OEF) and the metabolic rates for
oxygen and glucose metabolism [cerebral metabolic
rate of oxygen (CMRO,), cerebral metabolic rate of
glucose (CMRy, )] were analyzed (BARON et al. 1983,
1989; HE1ss 1992; HE1ss and HERHOLZ 1994; POWERS
et al. 1985; WISE et al. 1983). In contrast to experi-
mental systems with well defined parameters, stroke
in human brain proposes a very complex situation
with rather limited knowledge of the most impor-
tant parameters like examination time after stroke
onset, whether the occlusion is persistent or just tem-
porary, and whether collateral perfusion is efficient
or not. However, longitudinal studies revealed valu-
able information regarding the still viable tissue at
depleted perfusion rates (Hakim 1987; Hakim and
SHOUBRIDGE 1989; HEeiss 1992). This area, the so
called penumbra, depicts tissue at risk which may be
rescued by adequate therapy. Due to inter-individual
differences (collateral perfusion) and intra-individ-
ual differences [cell population (Heiss and ROSNER
1983)], the differentiation between irreversibly dam-
aged tissue and tissue at risk is difficult to pursue for
each case. As already mentioned above, the increas-
ing ability of therapeutic methods like thrombolysis,
generated a growing demand for more accurate meth-
ods for staging of infarcted tissue. Consequently, a
definition of the penumbra aroused from compari-
son of perfusion imaging (PI) and diffusion weighted
imaging (DWI) data assigning those regions to tissue
at risk which show depleted perfusion in PI but no
increase in ADC. The PI based penumbra may over-
estimate the area for tissue at risk. In comparison to
this penumbra definition, an MRSI penumbra can be
postulated as the area which shows increased lactate
but no decrease of NAA (at least not below a specific
threshold). Adapted to the PET based penumbra defi-
nition of ASTRUP et al. (1981), early lactate increase
would mark regions with impaired energy metabo-
lism which potentially can be reversed, while a slowly
developingNA A depletionin the center of regions with
augmented lactate indicates irreversible cell damage
with the well defined morphological changes. Both
metabolites can therefore be considered as markers
for threshold values verified in various PET studies
which indicate the collapse of aerobic energy supply
and finally irreversible damage of neurons.

The decrease in ADC in infarcted tissue can be
assigned to a shift of water from the extracellular to
intracellular compartment (see Chap. 7). While it is
generally assumed that the final stage of energy ces-
sation, the reduction of ATP followed by an inflow
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of Na* (cytotoxic cell swelling) is responsible for
the massive ADC decrease, also augmented lactate
production may induce cell swelling by increasing
intracellular osmolality. Especially when the extra-
cellular pH is decreased by accumulation of lactate
while the intracellular pH is maintained due to pH
homeostasis, the outward directed proton-gradient
will further amplify intracellular lactate concen-
tration since lactate as a weak acid will accumu-
late in the high pH compartment. Consequently,
HoOEHN-BERLAGE et al. (1995) and Kouno et al.
(1995) could show that areas with decreased ADC
values correspond to increased lactate concentra-
tions and significantly extend the area of reduced
ATP. Appropriately timed reperfusion confirmed
that the ADC decrease can be reversed depending on
the metabolic conditions of the tissue (HoSSMANN
1994; MINEMATSU et al. 1992). The question remains
whether irreversible cell damage is explicitly linked
to NAA decrease in acute or hyperacute stroke or
whether NAA concentrations stay unaltered even
after cytotoxic edema.

A combination of spectroscopy with DWT and PI
data is probably the most promising approach for
discrimination of tissue at risk from irreversible
damaged tissue (TAKEGAMI et al. 2001). Both imag-
ing methods require only short acquisition time
and can easily be added to the spectroscopy exami-
nation. Within the time window of 3 h (Heiss and
GRAF 1994; HE1ss and HERHOLZ 1994) - depending
on remaining perfusion - areas could be identified
which show increased lactate but no measurable
decrease in ADC. Accumulation of lactate as well as
decrease in ADC depends on CBF. Below a CBF of
35-40 ml/100 g/min the cerebral lactate concentra-
tion is likely to increase (ALLEN et al. 1993; KouNO
et al. 1995; NARITOMI et al. 1988; OBRENOVITCH et
al. 1988; PASCHEN et al. 1992) while values of less
than 20 ml/100 g/min will usually correlate with a
marked decrease in ADC (Busza et al. 1992). Thus,
areas with increased lactate and decreased ADC
represent regions with pronounced tissue ischemia
within the larger territory of impaired perfusion
(N1coLr et al. 2003; TAKEGAMI et al. 2001). A mis-
match of lactate and ADC decrease (i.e., increased
lactate but no change in ADC) in the first hours after
stroke onset most probably reveals an area of brain
tissue at high risk. Since NAA changes during the
first hours are rather marginal we feel that with the
current knowledge metabolic maps with lactate in
combination with ADC weighted images provide the
most suitable tool for detection of a penumbra which
is restricted to brain tissue at high risk.
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11.6
Limitations of "TH-MR Spectroscopic Imaging

Compared to MR imaging techniques MRSI offers
a rather coarse spatial resolution with a limit
between 1.0 and 0.5 cm® On the one hand, this
could lead to an underestimation of lactate concen-
trations in small lesions while on the other hand
the size of the penumbra may be overestimated.
Another problem is related to signals from lipids
of the skull and bone marrow, which may mask
lactate. Several options are available to discrimi-
nate the lipids from lactate. Most efficient is a fit
of correctly phased spectra recorded at an TE of
144 ms, using an inverted doublet (two negative
signals separated by 7.0 Hz). As discussed above,
careful visual inspection of spectra to identify the
typical lactate doublet in magnitude spectra or in
multi-slice CSI with TE of 288 may also provide
sufficient power for discrimination of lactate from
lipids. However, if no such measures are taken [as it
is usually the case for the MSESI technique applied
by STENGEL et al. (2004)] cortical regions close to
the skull can not be incorporated into the ROI for
SI.

11.7
Future of "TH-MR Spectroscopic Imaging

State of the art spectroscopic imaging determines
the spatial distribution of NAA, creatine, choline,
and lactate concentrations with less than 1 cm?
resolution. By monitoring biochemical changes,
the method provides a unique tool for assessing
ischemia related damage of brain tissue; however,
for incorporation into a routine MR examination
performed in the first hours after stroke, rather
short data acquisition times are required. Cur-
rently, volume data (i.e., four slices with 1.5 cm
thickness) can be recorded in less then 15 min
while single slice data acquisition with a fast SI
sequence will take less then 7 min. According to
our experience, 7 min examination time is toler-
able in most cases, thus, metabolic information
can be obtained even with the constraints of an
emergency MR examination of hyperacute stroke.
Given the fact that the maximal MRS examina-
tion time should not exceed 10 min, the spatial
resolution can not significantly be improved due
to limited S/N. Future developments should focus
on the following topics:
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¢ Obtaining isotropic voxels by combination of fast
SI techniques with concepts of parallel data acqui-
sition.

¢ Extending the SI information to other metabo-
lites, e.g., myo-inositol, glutamine, glutamate.

e Development of software tools for robust MRSI
spectra analysis combined with easy and intui-
tively to use graphical user interfaces for interac-
tively viewing and comparing MRSI, DW1, and PI
data.

Feasibility studies are already published for
topic 1 (DYDAK et al. 2003). A potential solution for
topic 2 would be a multislice (four slices) short TE
(£ 30 ms) CSI sequence with rectangular FOV where
the number of phase encoding steps is reduced by
employing parallel data acquisition techniques.
Enormous effort is currently put in development of
software for analyzing and viewing different MRI
modalities. The programs are either installed on
the scanner or facilitate an offline analysis on work-
stations. Also the number of tools for sophisticated
offline analysis of SI data is steadily growing (e.g.,
SI images in Fig. 11.3 are based on the time domain
analysis tool JMRUI) while at the same time the soft-
ware available on the scanner console is also improv-
ing. Thus we feel, that in the near future topic 3 will
not be one of the limiting factors for MRSI studies.
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Clinical Features and the Role of Imaging in
Transient Ischemic Attacks

Transient ischemic attack (TIA) is a clinical syn-
drome characterized by focal neurological symp-
toms presumed to be of vascular origin that last less
than 24 h. Despite the transient nature of symptoms,
the cerebrovascular thread is not over yet follow-
ing a TIA. The mechanism that has given rise to
the transient spell may also cause more severe isch-
emic syndromes if not properly treated. About 10%
of patients with TIA suffer from stroke within the
ensuing 3 months, 50% of which occur within the
first 2 days (JoHNSTON et al. 2003). Accurate and
prompt recognition of ischemia as the cause of neu-
rological symptoms is imperative to prevent subse-
quent strokes. This is, however, a complicated task
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as the current clinical criteria used for diagnosis
are subjective and lack specificity for an ischemic
etiology.

The 24-h time limit, despite lack of any scientific
foundation, has been introduced as the key criterion
for diagnosis of TIA. The usual duration of symp-
toms is, in fact, less than 1 h; spells typically last for
5-10 min (LEvy 1988). Unavoidably, only a small
fraction of patients can be examined by physicians
at the height of their signs and symptoms; the neu-
rological examination is often normal when patients
are available for medical attention. The diagnosis is
usually based on historical information provided
by the patient or other observers. This historical
information, however, is not always reliable because
patients with TIA may suffer from no or inaccurate
recollection of their spells, may not fully name their
neurological symptoms, or may be even unaware
of their spell. The proof of “vascular origin” is
often decided by the clinician’s best judgment as to
whether the pattern of signs and symptoms fit into a
specific arterial territory. Given that TIA-like symp-
toms also occur due to a variety of neurological dis-
orders such as migraine, seizures, brain tumors (see
Table 12.1 for the complete list of TIA mimics), tran-
sient neurological symptoms confined to a vascular
territory should not be considered as specific for any
particular etiology.

The use of arbitrary clinical criteria for TIA leads
to a serious diagnostic confusion among physicians;
up to 62% of TIA referrals by general practitioners
are in fact non-vascular events by neurologists
(MARTIN et al. 1997). Conversely, general practitio-
ners misdiagnose a TIA as non-ischemic transient
event in about half of the patients (FERRO et al.
1996). The agreement between two neurologists for
the diagnosis of TIA by history varies from 42% to
73% (ToMASELLO et al. 1982).

Neuroimaging offers a tremendous utility in the
evaluation of patients with transient neurological
symptoms. In contrast to the long-standing notion
that TIAs are associated with rapid and complete
resolution of brain ischemia before any permanent
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Table 12.1. Conditions that may mimic transient ischemic
attacks

Subdural hematoma?®

Intracerebral hemorrhage®

Brain tumors?®

Cervical disc disease®

Multiple sclerosis®

Cerebral venous thrombosis®

Seizures

Neuropsychiatric syndromes
(conversion disorder, panic disorder)

Compression neuropathies

Vasovagal syncope

Migraine or migraine accompaniments

Labyrinthine disorders

Transient global amnesia

Hypoglycemia

Drugs

Electrolyte abnormalities

Cardiac arrhythmia

2Central nervous system pathology identified by MRI

tissue injury occurs, recent imaging data supports
the concept that clinically transient events are not
necessarily transient at the tissue level and are asso-
ciated with cerebral infarction in some patients. The
goals in imaging patients with transient neurologi-
cal symptoms are two-fold (Fig. 12.1): (1) To uncover
an obvious condition other than ischemia as the
cause of the transient event such as brain tumor,
subdural hematoma, intracerebral hematoma, etc.
(2) To identify ischemia as the operative mechanism
responsible for symptoms in patients with no other

‘ Differentiate non-ischemic causes from possible ischemia ‘

v

‘ Non-ischemic causes (TIA mimics)

‘ Possible ischemia (may still include TIA mimics) ‘

DWI

T,

W

e

[owi]  LCIAMRA |

Identify the underlying
vascular pathology

v A\

Identify hints for the underlying etiology Further testing and observation for

other causes (EEG, migraine)

Fig.12.1. An imaging algorithm for patients with the clinical
syndrome of TIA. CT/MR angiography, CTA/MRA
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obvious cause. Neuroimaging has proven its value
in accomplishing the first goal. Many structural
brain lesions listed in Table 12.1 that can mimic TTIA
are successfully identified with the current imaging
technology (Fig. 12.2). The role of imaging in achiev-
ing the second goal is equally important. The aim is
to capture the “footprints” of a recent, more wide-
spread but reversible ischemia that has occurred
transiently at the time of symptom. Given that some
TIAs may not leave any footprints while others leave
so subtle footprints that can easily escape from
detection by the current neuroimaging techniques,
one should not expect a very high yield of imaging in
the study of TIAs. Nonetheless, the information pro-
vided by imaging serves as a crucial piece in clinical
decision-making that justifies the use of imaging in
patients with TIA. The remaining part of the cur-
rent chapter will focus on the use of brain imaging in
capturing the footprints of transient ischemia.

12.2
CT and MRI to Identify TIA-Related
Irreversible Brain Injury

WaxMmaN and TooLE (1983) firstintroduced the con-
cept that the transient wave of ischemia that occurs
during a TIA can leave footprints, small islands of
permanent injury, on the brain. Their report of a
patient with TIA who had an infarction on CT in a
location consistent with symptoms has motivated
the use of imaging to establish a link between such
transient events and the ischemic pathophysiology.
The past two decades have seen a number of imag-
ing studies that consistently confirmed the presence
of irreversible ischemic brain injury in victims of
TIA. The infarction rate in these studies is variable,
ranging from 4% to 77% with CT and conventional
MRI (T1-, T2-, FLAIR-weighted images) (AWAD et
al. 1986; BoGoussLAVSKY and REGLI 1985; DOUGLAS
et al. 2003; FAZEKAS et al. 1996). A clinically-related
infarction in these studies has traditionally been
defined as being in the contralateral hemisphere or
within a clinically expected arterial territory. This
definition, however, remains short of establishing
that the infarction and the TIA are in fact caus-
ally related in an individual patient. This is due to
the fact that neither CT nor conventional MRI can
reliably differentiate acute from chronic infarctions
in patients with TIA since TIA-related infarctions
are often very small. A volumetric analysis of TIA-
related infarctions reveals that 96% of all infarc-
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Fig. 12.2. MRI images of a 42 year-old man who presented with three stereotypic tingling spells in the right hand, each lasting for
about 5-10 min, mimicking a TIA. Gradient-echo T2-weighted images [520/12.9 (TR/TE); flip angle, 30°], obtained through the
level of lateral ventricles, show multiple millimetric hypointense foci of chronic hemorrhages, located in the cortical-subcortical
region in both hemispheres. Pathologic examination of the biopsy material later showed severe destruction of leptomeningeal
vessels with a mixed inflammatory cell infiltrate, consistent with the diagnosis of “primary angiitis of the CNS”

tions are smaller than 1 ml (Ay et al. 2004). Both
acute and chronic infarctions of this size exhibit the
same signal changes on CT and conventional MRI,
do not demonstrate significant mass effect, and lack
contrast enhancement. In addition, about one half
of TIA patients harbor chronic multiple small silent
infarctions that, in turn, further blurs confidence to
call an infarction new and clinically-related to the
TIA. As a result, conventional imaging techniques
not only have the potential to misidentify a small
chronic lesion as acute and clinically-related, but
also pose a risk of missing TIA-related infarctions
since they are extremely small.

DWT offers greater utility in identifying patients
who have had ischemia as the cause of their tran-
sient neurological spell. The higher lesion to back-
ground contrast enables DWI to capture punctate
infarctions (GAss et al. 2004; GONzZALEZ et al. 1999).
Furthermore, DWI provides a unique opportunity
to differentiate acute infarction from chronic lesions
(MARKSs et al. 1996; SCHLAUG et al. 1997). This fea-
ture not only allows to age an infarction but also to
temporally tie an imaging finding to the clinical
transient event. Fueled by these advantages, DWI
can identify infarctions related to the clinical symp-

Table 12.2. Studies of DWTI in patients with TIA

toms in a subset of patients with TIA. To date, there
are seven studies with DWI (Table 12.2) in TIAs
that convincingly demonstrate that an acute infarc-
tion occurs during transient spells in about 50% of
patients (range 21%-67%) (AY et al. 2002; BisscHOPS
et al. 2002; CrisosTomo et al. 2003; ENGELTER et
al. 1999; KipwEeLL et al. 1999; Rovira et al. 2002;
TAKAYAMA et al. 2000).

12.3
Conventional MRI Versus DWI in Patients
with TIA

The major drawback of conventional MRI in the
study of patients with TIA is its limited sensitiv-
ity to detect as well as to age small infarctions. By
comparing to DWI, it is possible to estimate the
amount of error that could be imposed by the use of
conventional MRI in patients with TIA. In a recent
study (AY et al. 2002), the examiners first reviewed
T2-weighted images (T2w) with clinical informa-
tion in hand and determined infarction(s) in the
contra-lateral hemisphere to the symptoms or in the

Reference Patient Number (%) with acute ~ Number (%) with multiple Mean time from symptom
number  infarction on DWI acute infarctions on DWI onset to MRI

Ay et al. (2002) 57 27 (47%) 11 (19%) 39h

BisscHOPs et al. (2002) 44 21 (47%) Not mentioned <72h

CrisosToMmo et al. (2003)* 78 16 (21%) Not mentioned 23h

ENGELTER et al. (1999) 40 14 (35%) 5 (13%) 36.5h

KipwEeLL et al. (1999) 42 20 (48%) Not mentioned 17h

Rovira et al. (2002) 58 39 (67%) Not mentioned 5 days

TakavaMa et al. (2000) 19 7 (37%) Not mentioned Not mentioned

This study underestimates the rate of infarction since some patients with infarction on DWI were called stroke and not

included
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arterial territory indicated by the symptoms (clini-
cally appropriate lesion). The same procedure was
repeated for FLAIR images in a blinded fashion with
regard to DWI. Finally, diffusion-weighted images
were rated in conjunction with T2w and FLAIR. T,w
missed the acute infarction on DWIin 42% and mis-
identified in 27% of the patients. Similarly, FLAIR
images missed the acute infarction in 5% and mis-
identified in 32% of patients. Overall, conventional
MRI misses or misidentifies the acute infarction on
DWI in about one half of the patients with TIA.
DWI should be the technique of choice for use in
the evaluation of patients with TIA.

12.4
DWI Characteristics of TIA-Related
Infarctions

1. TIA-related infarctions on DWI are often very
small (Ay et al. 2002; KIDWELL et al. 1999; ROVIRA
et al. 2002). As mentioned before, 96% of infarc-
tions on DWI are smaller than 1 ml in volume.
The mean infarction load (total volume of all
acute infarctions if there are multiple) on DWTIhas
been reported to be 1.5+1.8 ml (Ay et al. 2005).
An infarction load of less than 1.8 ml is associated
with reversible clinical deficit within 24 h with
79% sensitivity and 78% specificity. Two other
DWTI studies have produced similar results. Ay et
al. (2002) found that the infarction size was less
than 15 mm in diameter in 85% of 27 TIA patients
with infarction identified by DWI, of which 83%
were punctate (< 5 mm). Rovira et al. (2002) esti-
mated TIA-related infarctions range from 2 to
40 mm in diameter (mean, 15 mm). Figures 12.3
and 12.4 present examples of small hyperintense
lesions on DWI that represent the remnants or
“footprints” of a recent ischemia.

2.TIA-related infarctions do not occur, a priori,
in silent parts of the brain. Acute infarctions in
patients with TIA are distributed across a wide
range of brain regions including brainstem, inter-
nal capsule, subcortical gray matter, cortex, and
subcortical white matter (Ay et al. 2002; KIDWELL
et al. 1999). The volume of infarction, however, is
not constant throughout the brain; it varies with
respect to location. The volume that is associated
with TIA is smallest for deep-brainstem penetra-
tor infarctions, larger for isolated cortical infarc-
tions, and the largest for those located in relatively
silent brain regions (Ay et al. 2005).
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3. TIA-related infarctions can be multiple. Estimates
of multiple infarctions range from 13% to 19%
of all TIAs (Ay et al. 2002, 2005; ENGELTER et al.
1999). DWT’s ability to recognize the “plurality”,
and importantly, the bilaterality of small acute
infarctions that are temporally related to each other
and the symptoms, is important because multiple
acute lesions on DWT are associated with an iden-
tifiable, and potentially modifiable stroke etiology
in about 90% of the patients (Ay et al. 2002). In
contrast, only about one third of TIA patients with
normal DWI exhibit an identifiable stroke etiol-
ogy. The presence of multiple small acute lesions
within both hemispheres or both anterior and
posterior circulation indicates a proximal source
of embolism as the operative mechanism (such as
cardiac or aortic embolism). A string of punctate
DWI lesions in the internal watershed territories
is often associated with low-flow state that results
from severe stenosis or occlusion of proximal large
arteries. Identification of multiple small infarctions
on DWI serves as a powerful guide to institute the
most appropriate algorithms for etiologic investi-
gations as well as to determine the best means of
preventive stroke care.

4.DWI lesions in patients with TIA represent per-
manent ischemic brain injury. Although it is pos-
sible that DWI changes can fully reverse with
rapid reconstitution of the cerebral blood flow
(usually within 6 h of symptom onset), either by
means of early spontaneous reperfusion or phar-
macological thrombolysis (KIDWELL et al. 1999,
2000; Lo et al. 1994), it is often too late for such a
reversal in patients with TIA; the mean time from
symptom onset to MRI ranges from 17 h to 5 days
in the DWT studies listed in Table 12.2, once again
emphasizing that a timely evaluation in patients
with TIA (during or soon after symptoms) is not
quite possible due to delays in seeking medical
attention.

5.The occurrence of infarction on DWI cannot be
reliably predicted on the basis of symptom dura-
tion (Ay et al. 2005). Although, there are reports
that suggest the presence of a relationship between
symptom duration and probability of infarction on
DWI, the association is not absolute (CRIsosTOMO
et al. 2003; ENGELTER et al. 1999; KIDWELL et al.
1999; RovirA et al. 2002); a transient ischemia
associated with symptoms lasting for as short as
a few minutes can be associated with infarction
whereas a spell lasting for as long as 20 h may not
cause any signal changes on DWI. This is, in part,
due to the fact that in addition to duration, sever-
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Fig.12.3a-c. A 57-year-old man with right arm
and leg weakness and right homonymous field
defect for about 20 min. Diffusion weighted
images (a) obtained 21 h after symptom onset
demonstrate small acute infarctions in the
left parieto-occipital region, the left parietal
lobe, and the left frontal lobe (arrows). MR
angiographic images through the neck (b)
demonstrate signal loss in the left internal
carotid artery at the skull base (arrow). This
is associated with eccentric hyperintensity on
T1-weighted images (not shown) consistent
with a dissection. 3D time-of-flight imaging
(c) demonstrates that there is compromise of
the flow-related enhancement in the intracra-
nial internal carotid artery as well as the left
MCA branches (arrow). Further questioning
revealed that the patient had been hit on the
head by the bicycle rack of his car in the morn-
ing of admission

Fig.12.4a-d. A 76-year-old man who presented
with a transient episode of left lower extremity
weakness lasting for 1 min. Diffusion weighted
images (a) obtained 24 h after symptoms show
several punctate foci of DWI bright areas in
bilateral MCA territories (arrows). The volume
of these smalllesions ranges from 0.07 to 0.7 ml.
These foci are difficult to distinguish on the
ADC maps (b). Axial FLAIR images (c) dem-
onstrate subtle hyperintensity in the regions
hyperintense on DWI whereas only the lesion
(arrow) not neighboring the cortical sulci is
subtly distinguishable on T2-weighted images
(d). Multiple embolism has been judged to be
the mechanism as the patient had atrial fibril-
lation and was not on warfarin
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ity of ischemia is also important in determining
irreversible injury (HossMANN 1994; KAPLAN et
al. 1991) (see Chap. 4). Ischemia severe enough
to cause symptoms but insufficient to cause irre-
versible tissue injury can result in long standing
clinical deficit in the absence of any DWI abnor-
mality (Ay et al. 1999). It is also possible that clini-
cal symptoms can continue after the ischemia is
corrected due to persistent failure in cortical syn-
apses (BoLay and DALKARA 1998), further blur-
ring the putative relationship between symptom
duration and probability of infarction on DWI.
6.TIA-related infarctions on DWI can be predicted
on the basis of certain clinical TIA features. Tran-
sient motor symptoms, preceding non-stereotypic
attacks, the presence of an established cause of
stroke, and presentation with aphasia are inde-
pendent predictors of infarction on DWI (Ay et al.
2002; CrisosToMo et al. 2003). In contrast, limb
paresthesias, slurred speech, and brief attacks of
dizziness or imbalance are not associated with
occurrence of infarction. Of note, most symptoms
that are not associated with infarction on DWI are
based on patients’ subjective feelings and sensa-
tions; in contrast to motor deficit or aphasia, it is
not possible to objectively assess such symptoms
and mark the brain as their origin. Of particular
relevance to this pointis that, according to a recent
study, the independent predictors of infarction on
DWTI such as motor deficit and speech impairment
are also independently associated with increased
risk of stroke after TIA (JoHNSTON et al. 2003),
suggesting a potential role for DWI in the risk
stratification for stroke following TIA.

12.5

Differential Diagnosis of Small Lesions on
DWI in Patients with Transient Neurological
Symptoms

In patients presenting with TIA-like symptoms (acute,
focal, transient neurological deficits conforming to a
specific vascular territory), a corresponding hyperin-
tense lesion on DWI strongly favors the diagnosis of
ischemia (GoNzZALEZ et al. 1999). The great majority
of such small hyperintense lesions on DWTI is indeed
due to arterial ischemia and can be easily identified
for their vascular distribution in distal arterial ter-
ritories or territorial borderzones. Hyperintensity on
DWTI and a reduced ADC have also been observed in
a number of pathologies other than arterial ischemia
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including prolonged ictal activity (WIESHMANN et al.
1997), venous thrombosis (CHU et al. 2001), multiple
sclerosis (TIEVSKY et al. 1999), and phenylketonuria
(PHILLIPS et al. 2001). DWI hyperintense lesions in
these pathologies tend to be much bigger, have a
different shape and distribution and are frequently
accompanied by chronic T2 lesions, which also
provide circumstantial evidence for an underlying
pathology other than ischemia. Non-ischemic lesions
are frequently accompanied in their vicinity by signs
of vasogenic edema (e.g., venous thrombosis, mul-
tiple sclerosis) different from the small well-defined
lesions observed in arterial cerebral ischemia. Elec-
troencephalography and further investigations are
warranted in patients with transient symptoms and
hyperintense lesion on DWT if clinical features are
compatible with a seizure. In cases without informa-
tive clinical descriptions it must be kept in mind that
hyperintense DWT lesions, even when accompanied
by a reduced ADC, are highly suspicious of cerebral
ischemia but not definite evidence.

12.6
Neuroimaging as a Marker of Subsequent
Risk of Stroke Following TIA

Imaging promises for a potential use in identifying
patients with TIA who harbor increased risk of sub-
sequent stroke. Both in-hospital risk and short term
(90-day) risk of stroke appears increased in the pres-
ence of acute infarction (Ay et al. 2002; DouGLAS
et al. 2003). A retrospective review of 322 patients
with TIA demonstrated that patients with TIA who
had a new infarction on CT had increased risk of
subsequent stroke (DouGLas et al. 2003); 90-day
risk of stroke was 38% and 10% in patients with or
without a new infarction on CT, respectively. Using
DWI, an earlier report of 57 patients described that
the frequency of in-hospital stroke following TIA
was 15% in patients with infarction (Ay et al. 2002).
In contrast, no stroke was observed in patients with
normal DWI. These data were further supported by
a more recent study of 87 patients; the in-hospital
recurrent stroke and TIA rate was 19.4% and 2.8%
in patients with or without infarction on DWI (Ay
et al. 2005). The only longitudinal study that pro-
vided long-term data included 83 patients with TIA
(PurroyY et al. 2004). The mean follow-up was 389
days. The combined stroke and TIA rate during this
period was 29.6% and 14.3% in patients with or with-
out infarction on DWI, respectively. The Kaplan-
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Meier curves for event-free proportion continued
to separate beyond 1 week suggesting that TIA with
infarction conveysincreased long-termrisk of stroke
as well. In conclusion, the current data support the
concept that imaging might be used to identify TIA
patients with high versus low risk of stroke.

12.7
Transient Ischemic Attacks with
No Infarction on Imaging

Unlike TIA patients with infarction on DWI, it is not
obvious that patients with normal DWI have suf-
fered from ischemia as the cause of their transient
symptoms. In these patients, TIA mimics should also
be considered (see Chap. 19). However, an ischemic
etiology for transient symptoms cannot be excluded
by the lack of an associated hyperintense lesion on
DWI. A short-lasting episode of ischemia without
DWTI changes, or with reversible DWI changes as
demonstrated in animals (MINEMATSU et al. 1992;
MINTOROVITCH et al. 1991), might have occurred at
the time of symptoms. In addition, DWI may occa-
sionally miss very small infarctions, especially in
the brainstem location (Ay et al. 1999; KUKER et al.
2002; LovBLAD et al. 1998). This is most likely due
to susceptibility artifacts induced by surrounding
bones at the skull base. New multi-array head coil
systems and parallel imaging techniques promise to
overcome this limitation and improve the detection
rate of small infarctions in the brainstem.

12.8
Summary

Transient neurological syndrome, characterized
by brief alterations in neurological functioning,
is a serious public health problem occurring in
about 4% of individuals over age 55 (BoTs et al.
1997). Among many causes of transient neurologi-
cal symptoms, TIA is presumably the leading one
accounting for about one half of the cases (Bots et
al. 1997). Approximately 300,000 people suffer from
TIA annually in the US (OVBIAGELE et al. 2003).
However, these estimates are approximate as it is
inherently impossible to be certain about ischemia
as the cause of transient neurological symptoms in
the absence of any gold standard. MRI offers tre-
mendous utility in this regard. Fueled by the high
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lesion to background signal ratio, DWI detects small
hyperintense lesions in approximately half of the
patients with the clinical syndrome of TIA. Such
hyperintense lesions indicate acute infarctions that
occurred coincident with, or closely linked in time,
to the TIA. This causal feature helps physicians
more confidently establish the diagnosis of TIA
in patients with transient neurological symptoms.
Moreover, DWI is unique in its ability to demon-
strate that multiple lesions are in fact linked tem-
porally with each other and the TIA. The presence
of acute infarctions in both hemispheres and in
both anterior and posterior circulations indicates
a proximal source of embolism. The knowledge of
mechanism that engenders TIA helps to promptly
introduce the most effective preventive stroke care.
The future promises to yield an additional use for
MRI in the risk stratification for subsequent stroke
in patients with TIA.
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13.1

Introduction

Cerebral microangiopathic disease - also termed
small-vessel or white-matter disease, leukoaraio-
sis and subcortical vascular encephalopathy (SVE)
- refers to lesions predominantly involving the cere-
bral white matter, basal ganglia, and the brainstem
- as opposed to diseases also or exclusively affecting
the cerebral cortex. The magnetic resonance imag-
ing (MRI) correlates of microangiopathic disease
are subcortical lesions with increased signal on T,-
weighted MRI sequences of the brain believed to be of
ischemic origin and lacunar lesions caused by single
perforating artery occlusion. Previously, leukoaraio-
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sis has been a popular term to describe the CT cor-
relate of such morphological changes. White matter
lesions are of great interest for various research areas
including the normal aging process, the detection
of clinically silent or covert morphological changes,
the differentiation of specific subgroups of vascu-
lar dementing syndromes (e.g., CADASIL, cerebral
amyloid angiopathy, mixed cortical and subcorti-
cal dementias) and the relationship of white matter
lesions to clinical phenomena in the highly preva-
lent subcortical vascular encephalopathy syndrome
characterized by short term memory complaints
and gait abnormality. Microangiopathic lesions are
also found in up to 70% of individuals with vascular
dementia and Alzheimer’s disease and can occur in a
large variety of clinical entities. Recently, mild cogni-
tive impairment has attracted a lot of attention as it
appears to define an early stage of cognitive decline
in the continuum from normal cognitive function-
ing to overt dementia. In a similar fashion larger
studies are on the way exploring the importance of
white matter lesions, along with other morphological
markers as potential prognostic markers of subclini-
cal disease. However, given the high prevalence of
white matter lesions in normal functioning elderly
individuals their significance has also been com-
pared as an equivalent to the “grey hair” occurring
commonly with age. This chapter gives an overview
of occurrence and pathophysiological concepts of
white matter lesions with regard to MRI features.

13.2
Microangiopathic Disease

13.2.1
Incidence, Risk Factors, Pathology,
Pathophysiology

White matter lesions have been already quite exten-
sively studied with CT and the patchy or diffuse
abnormalities in the deep white matter, which
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show low density on CT have been termed “leuko-
araiosis” (araiosis = rarefaction) (HACHINSKI et al.
1987). On MRI such changes can be identified with
even higher sensitivity presenting as high intensity
lesions on T2-weighted sequences. These abnormali-
ties are seen characteristically in the periventricular
regions, especially around the horns of the lateral
ventricles, and in the centrum semiovale. Although
not yet proven in larger studies, one may assume a
continuity between an older person with just a few
scattered white matter lesions and no clinical symp-
toms and a severely demented and neurologically
disabled patient with a thick periventricular rim
of abnormal white matter with some small lacunar
infarctions in the centrum semiovale.

According to several population-based studies, the
prevalence of cerebral white-matter hyperintensities
on MRI in elderly people is in the range of 62%-95%
(BRETELER et al. 1994; Liao et al. 1997). In the Car-
diovascular Health Study only 4.4% of 3301 partici-
pants did not have white matter lesions; about 20%
had extensive lesions associated with impaired cogni-
tive and lower extremity function (LONGSTRETH et al.
1996). Increasing age is a potent risk factor for white
matter lesions, suggesting that the phenomenon is
acquired during the aging process (PANTONI and
GARCIA 1997; DECARLI et al. 1999; WISZNIEWSKA et
al. 2000; BRETELER et al. 1994; AWAD et al. 1986; L1A0
et al. 1997). Besides age, a history of cardiovascular
disease and hypertension have been the most consis-
tent risk factors across most studies; associations are
less consistently demonstrated for other risk factors
such as diabetes, serum glucose levels, hyperhomo-
cysteinaemia, and smoking (DE LEEUW et al. 1999;
L1ao etal. 1996; VERMEER et al. 2003). In one study, a
history of hypertension was present in two-thirds of
demented patients with leukoaraiosis compared with
half that number in patients without leukoaraiosis
(InziTARI 1987). However, hypotension, orthostatic
hypotension, and labile hypertension have also been
found to be significantly associated with the presence
of white matter lesions on MRI and the impact of
lowering the blood pressure in hypertensive patients
needs to be further explored (vaN DK et al. 2004)
(see also Chap. 9).

Histopathological features of white matter lesions
include: diffuse myelin pallor (sparing the U-fibers,
that are supplied by cortical branches), astrocytic
gliosis, widening of perivascular spaces, and loss of
oligodendrocytes leading to rarefaction, spongiosis,
as well as loss of myelin and axons without definite
necrosis, which has also been described as incom-
plete white matter infarction, which may finally
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cumulate in white matter necrosis (ERKINJUTTI et al.
1996; PANTONI and GARCIA 1997; REVESzZ et al. 1989).
The mechanisms leading to these changes again
may be complex: It is believed that critical stenosis
and hypoperfusion of multiple medullary arterioles
causes widespread incomplete infarction of deep
white matter. An increasing size of the ventricles and
altered CSF pressure states, as well as reduction of
autoregulation may further contribute to the devel-
opment of lesions in predilections sites (FAZEKAS et
al. 1998). In contrast to grey matter the white matter
has lower metabolic demand and lower tissue perfu-
sion. It is less vulnerable to ischemia but also less well
capillarized predisposing it to low perfusion damage.
Pure incomplete white matter infarction - similar
to that observed in the penumbra of large infarcts
- is typically seen in hypoperfusion state (RoMAN
et al. 1987; ENGLUND 2002). Changes in the cerebral
microvasculature occurring with age include length-
ening, tortuosity, and lumen reduction due to arte-
riolosclerosis; histologically defined as concentric
lamellar collagen fibres and fibrohyaline substance,
especially in hypertensive individuals (FuruTa et
al. 1991; RAVENS 1978). The cause of such findings
is unknown - beginning in the fourth decade of life
and increasing with age, they are most prominent in
the frontal lobe, followed by changes in the parietal,
occipital and temporal lobes (FURUTA et al. 1991).

Another frequent morphological finding in
patients with microangiopathic white matter lesions
are small well defined infarcts in the course of small
penetrating arteries, that on autopsy have been
identified by FIsHER and were described as “lacu-
nar lesions” indicating the severe ischemic focal
tissue injury in contrast to more diffuse and less
severe tissue damage in the typical periventricular
lesions. In many patients both can be seen, which is
not surprising given that a large proportion shares
a common origin. Lacunar lesions are part of this
chapter and are discussed later. Furthermore, the
combination of small and large vessel disease in the
same patient is also common. The pathophysiologi-
cal mechanisms are summarized in Table 13.1.

13.2.2
Symptomatology in Microangiopathic Disease

The clinical features of microangiopathic disease
are increasingly better understood. This increase in
knowledge on characteristic clinical types of cogni-
tive worsening and their morphological correlates
starts to improve the early identification of affected
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Table 13.1. Subcortical ischemic vascular dementia.
[Reprinted with permission from RoMAN et al. (2002)]

Hypertension Risk factor
Resultant
Arteriolosclerosis cerebrovascular
disease
- - Cause of
| Occlusion | | Hypopfrfusmn | ischemia
+ ; X Type of
| Complete infarct | | Incomplete infarct | brain injury
A 4 —
Lacune . ite n?atter. 5 Lesion on MRI
signal hyperintensities
A 4 .
| L | | Bi < di Clinical
acunar state inswanger’s disease syndrome

individuals and to guide and improve patient man-
agement. To date, therapies are only partially effec-
tive and improved treatment approaches are urgently
needed. The hallmark of subcortical, predominantly
white matter damage and basal ganglia disconnec-
tion are psychomotor slowing, possibly due to white
matter damage sharing similarities with MS and other
white matter pathologies. Loss of executive func-
tion, short term memory disturbances, and motor
apraxia with a small-stepped gait are the common
manifestation of subcortical vascular encephalopa-
thy caused by microangiopathic white matter dis-
ease. Changes in affect, emotional lability, and urge
incontinence are regularly seen (RomaN and RoyaLL
1999). As one would expect in focally accentuated
tissue damage, focal neurological signs are regularly
found including dysarthria, pseudobulbar palsy,
grasp reflex, and pyramidal signs. To a large part
symptoms are believed to be caused by interruption
of prefrontal subcortical circuits (IsHII et al. 1986;
WoLEE et al. 1990). These circuits are known to be
involved in the executive control of working memory,
organization, language, mood, regulation of atten-
tion, constructional skills, motivation and socially
responsive behaviors (ALEXANDER et al. 1986; TEKIN
and CuMMINGS 2002; MEGA and CUMMINGS 1994).
A population-based study of executive dysfunction
in elderly people found a prevalence of mild impair-
ment in about a third (33.7%) and moderate to severe
deficits in 16.4% over the age of 60. Increasing levels
of impairment of executive functioning were associ-
ated with lower education and advancing age. Besides
a thorough neurological and psychiatric examination
of these patients, special emphasis is usually put on
the evaluation of gait and falls, timed-walk, timed
finger-tapping, and frontal bladder control (urge
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incontinence and nocturia) to assess the functional
status. Relatives and carers may report behavioral
changes, but a detailed neuropsychological testing
may be advisable to differentiate subcortical and/or
cortical functional compromise and as a means for
follow-up to monitor disease progression.

13.2.3
MRI in the Characterization of
Cerebral Microangiopathy

White matter lesions are mainly seen as bilateral
relatively symmetrical areas of T, hyperintensity in
the periventricular or deep subcortical white matter
and the pons on conventional T,-weighted images
and more easily outlined on FLAIR images. There is
a continuum of morphological changes seen on MRI
ranging from small punctate white matter lesions
in the deep white matter to larger areas predomi-
nantly respecting a little distance to the posterior
horns of the lateral ventricles. This is most likely
an early phase and a mild form of a continuum
of gradual increase in severity of tissue destruc-
tion. In these early phases, T, lesions show only
little hypointensity on corresponding T,-weighted
images, again indicating that the severity of tissue
changes is relatively mild at this point (Gass et al.
1998). Later on confluent lesions in the periventricu-
lar areas of the anterior and posterior horns of the
lateral ventricles and in the deep white matter and
in the centrum semiovale are seen (FAZEKAS et al.
1998). White matter atrophy is associated with more
extensive white matter involvement. Indicators of
subcortical tissue loss are enlargement of the lat-
eral ventricles, loss of the normal anatomical shape
and thinning of the corpus callosum, and enlarge-
ment and loss of the normal narrow appearance of
the 3" ventricle. It is important to differentiate the
areas of predominant involvement and find indica-
tions for subcortical vs cortical or mixed forms of
tissue changes, which are frequently seen once the
subcortical damage has progressed. The improved
knowledge on the clinical manifestations and the
pathophysiological features of subcortical microan-
giopathic disease feed nicely back into a meaning-
ful interpretation of morphological changes. Again
only detailed information on the clinical status and
inclusion of this information in all considerations
of the MRI analysis will provide important hints as
to the concordance or discordance of MRI findings,
the clinical syndrome, and the clinical diagnosis
and differential diagnostic considerations.
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Differentiation of microangiopathic disease from
territorial stroke is usually not difficult on FLAIR
images (but may be rather more difficult on CT) due
to the cortical involvement and the recognition of
the shape of a vascular territory of a leptomenin-
geal arterial branch. Some atrophic reaction is often
present in the vicinity of the infarction, which can
be appreciated as ventricular enlargement or sulcal
widening associated with the location of the chronic
lesion. In territorial stroke, an obvious asymmetry
in the hemispheric involvement should raise the
suspicion of other macroangiopathic mechanisms
even if no cortical territorial lesions are present.
Proximal stenosis may give rise to lesions in sub-
cortical hemodynamic risk zones very much over-
lapping with predilection sites of microangiopathy
in the deep white matter (see Chap. 15). Embolic
disease from proximal sources (cardiac, ascending
aorta) is a frequent cause of cerebral ischemia in the
elderly and overlapping mechanisms and comor-
bidity with microangiopathy is commonly seen in
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patients with acute ischemic symptoms. Diffusion-
weighted MRI (DWI) is a most important modality
in this regard. The ability to detect even very small
lesions and to infer ischemic mechanisms from cer-
tain acute lesion patterns helps to detect uncommon
features of microangiopathy and to distinguish dif-
ferent mechanisms of lesion development. This may
well have important implications for patient man-
agement and treatment considerations.

For the purpose of rating the severity, for clini-
cal or scientific purposes several rating scales
have been suggested for MRI white matter changes
(ScHELTENS et al. 1998). The Fazekas visual rating
scale is simple, fast and reliable, and has been widely
adopted as a means to describe the severity of mor-
phological changes (FAzEKkAs et al. 1998) (Fig. 13.1).
Depending on the scientific question that needs to
be answered (e.g., change in lesion volume), volu-
metric assessments may be preferable over visual
rating scale, but descriptive scales may well suffice
in many situations.

Fig.13.1. Transverse FLAIR
images demonstrating dif-
ferent degrees of charac-
teristic microangiopathic
subcortical lesions (and
ventricular widening). In
the top row a patient with
grade 1 abnormalities con-
sisting of punctate lesions is
shown, the center row shows
grade 2 abnormalities with
earlier confluent lesions,
while grade 3 with conflu-
ent lesions is shown in the
bottom row (FAZEKAS et al.
1993)
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Fig. 13.2. Transverse diffu-
sion weighted, T1-weighted,
and T2-weighted images
demonstrating different
signal characteristics of
subcortical lesions. Some T2
shine-through effects, prob-
ably from more recent tissue
abnormality is seen on dif-
fusion weighted images (top
row), while different severi-
ties of T1 hypointensity are
seen on T1-weighted images
(center row), T2-weighted
images provide high contrast
between normal appearing
tissue and lesions (bottom
row)

13.3
Lacunar Stroke

13.3.1
Incidence, Risk Factors, Pathology,
Pathophysiology

Lacunar infarctions represent 20%-25% of all
strokes (BAMFORD et al. 1987; BOGOUSSLAVSKY et
al. 1988; PETTY et al. 2000). They are usually single
small infarcts (< 15 mm diameter) located subcorti-
cally in the basal ganglia, thalamus, internal cap-
sule, corona radiata, and the brainstem. They are
frequently the result of occlusion of a single per-
forating artery whose diameter ranges from 40 to
900 um. Acute lesions on DWT often have a lengthy
shape along the course of penetrators (DONNAN et
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al. 2002; LiE et al. 2004). FisHgR (1982) described
two types of arterial pathology as a cause of lacu-
nar infarctions: intracranial atherosclerosis and
segmental lipohyalinosis secondary to the effects
of hypertension. On occasion, an atheroma in the
parent vessel or transient occlusion of the large
arteries by a thrombus may block the origin of a pen-
etrator giving rise to a lacunar infarction. It has also
been suggested that a small embolus may lodge into
a penetrating artery and results in a lacunar infarc-
tion (F1sHER 1979). Lacunar infarcts and microan-
giopathic disease - which has a distinct pathology
- commonly coincide in patients with vascular risk
factors. Risk factors for lacunar stroke include age,
gender, hypertension, diabetes, smoking, previous
TIA, and possibly ischemic heart disease (You et al.
1995; LopDER and BOITEN 1993).
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13.3.2
Clinical Features of Lacunar Syndromes

While physicians may not recognize up to 80% of
lacunes (TuszYNSKI et al. 1989), several clinical syn-
dromes have been correlated with relevant lacunes
detected at subsequent autopsy. Five of these are
regarded as the classic lacunar syndromes: pure
motor hemiparesis, sensorimotor stroke, pure sen-
sory hemiparesis, dysarthria clumsy hand syndrome,
and ataxic hemiparesis (DONNAN et al. 2002; FISHER
1982; BAMFORD 2001). Pure motor stroke is the com-
monest lacunar syndrome in clinical practice, while
pure sensory stroke is encountered less frequently.
The involvement of the face, arm and leg of one side is
the characteristic feature of the first three syndromes
while reductions of consciousness, cognitive or visual
field defects are absent. Even though lacunar infarcts
have been linked to lacunar syndromes, the latter
are of course not specific for this stroke subtype and
mimicked by cortical infarcts, intracerebral hemato-
mas, and non-vascular causes (BOGOUSSLAVSKY et al.
1988; BAMFORD 2001).

13.3.3
MRI in the Diagnosis of Lacunar Lesions

Lacunar stroke lesions are characteristically small
and usually lack extensive edema and subsequent
mass effect. It should be noted that the size of lacu-
nar infarction might be larger than the customarily
accepted limit of 15 mm on acute imaging. This is
because the conventional 15 mm limit was defined
when lacunes were measured at the time of brain
autopsy (FISHER 1965). Data from studies with serial
imaging of lacunar infarctions show that infarct vol-
umes shrink from acute to chronic phases of stroke
by about 50% (DONNAN et al. 1982; LINDGREN et al.
2000). Assuming that penetrating artery infarctions
are spherical in shape (though they are often comma
shaped), a 15 mm lesion at chronic time point refers
to an acute diameter of about 20 mm. Supporting
this, a number of studies using MRI report that the
volume of lacunar infarction could be as large as
4 ml during the acute period (HoMMEL et al. 1990;
KANG et al. 2003), again referring to a diameter of
about 20 mm. It is also our experience, along with
others, to observe acute infarctions up to 20 mm in
largest diameter on DWI within the territory of pen-
etrating arteries in the absence of any mechanism
other than small artery disease (KANG et al. 2003;
GERRATY et al. 2002).
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In the chronic stage, lacunar lesions show low
signal, isointense to CSF on T,-weighted, proton
density-weighted and FLAIR images. Sometimes the
separation from enlarged Virchow-Robin spaces can
be difficult. In the acute phase, CT or MRI reveals no
adequate lesion in up to 50% of patients (DONNAN
et al. 1982; LINDGREN et al. 1994). Conventional
MRI may not reliably identify the acute lacunar
infarction related to the clinical symptoms because
most patients with lacunar infarctions have chronic
white matter lesions whose signal characteristics do
not differ from acute lesions on conventional MRI
(ARBOIX et al. 1990).

DWTI with its ability to identify even small lesions
and to provide temporal information in regard to
the differentiation of acute and chronic lesions has
been shown to be a valuable tool in the evaluation of
patients with lacunar symptoms: By using the clini-
cal criteria for subcortical infarctions, SINGER and
coworkers (1998) studied 39 patients with an acute
syndrome. DWIobtained with a mean delay of 2 days
revealed an infarction in the clinically appropri-
ate brain regions of 37 patients. The sensitivity was
calculated as 94.9% and specificity 94.1%. A recent
study by KukeR and coworkers (2002) showed that
DWTI identified a clinically appropriate infarction
in all of their 45 patients with signs and symptoms
suggestive of infratentorial and thalamic infarc-
tion. However, DWI was negative in three patients
scanned within the first 5h of symptom onset, in
whom a definite diagnosis could be reached by
follow-up imaging. Medullar lesions revealed poor
visibility compared to pons, midbrain, and tha-
lamic lesions. This study along with other patient
reports show that some caution should be exercised
in interpreting negative DWI images obtained in the
hyperacute phase in patients with symptoms highly
suggestive of a brainstem location, especially the
medulla oblongata (L6vBLAD et al. 1998; Ay et al.
1999).

To determine the benefit of adding DWI in the
evaluation of lacunar infarctions, OLIVEIRA-FILHO
and coworkers (2000) analyzed conventional MRI
findings in 67 patients with DWI-proven lacunar
infarction. The examiners were provided with clini-
cal information, but unaware of the DWI findings
and rated first T,-, then FLAIR-weighted images
for the presence of a clinically appropriate lacu-
nar infarction. There was no lesion attributable
to the symptoms in 9% of patients on each T,- or
FLAIR-weighted images. A lesion on T,- and FLAIR-
weighted images judged to be clinically appropriate
did not overlap with the DWI lesion in an additional
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13% and 16% of patients, respectively; the lesions on
conventional MRI were indeed not acute and there-
fore not related to the clinical event. Overall, both
T,- and FLAIR-weighted images either missed or
misidentified an acute lacunar infarction in about
one quarter of the patients. A more recent study by
YoNEMURA and coworkers (2002) showed that con-
ventional MRI failed to identify the acute infarction
on DWI in 13% of patients with a lacunar infarction
due to occlusion of the perforators of the middle
cerebral artery. Mean time to MRI was consider-
ably longer in this study than in the previous study
(5.8 days versus 50 h) indicating that the diagnostic
performance of conventional MRI is largely depen-
dent on the time of scanning. These findings estab-
lish that DWI is more reliable in accurately local-
izing the clinically relevant lesions, also improving
clinical-anatomic correlations. One example for
this is the capsular warning syndrome, a clinically
distinct entity characterized by a cluster of repeti-
tive, stereotypic, and typically short lasting lacunar
spells. Standard imaging techniques have identified
only internal capsule lesions in this entity (DONNAN
1993). However, recent experiences with DWI show
that a brainstem location can cause the same syn-
drome (OLIVEIRA-FILHO et al. 2001; BENITO-LEON
et al. 2001).

With the use of DWI, small acute lesions lying
in different vascular territories in addition to lacu-
nar infarction provides evidence for the possibil-
ity of an embolic mechanism in a subset of classic
lacunar syndromes (GERRATY et al. 2002; Ay et al.
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1999). This was systematically studied with DWI in
62 consecutive patients who presented with a clas-
sic lacunar syndrome (AY et al. 1999). DWI showed
subsidiary acute lesion(s) in addition to the index
lacunar lesion in ten patients (16%). The additional
lesions were punctuate and lay within the leptomen-
ingeal arterial territories in the majority. Patients
with subsidiary infarction(s) more frequently har-
bored an embolic cause of stroke. This finding is
critical because underlying embolic cause may give
rise to recurrent strokes with more extensive brain
injury. Identification of subsidiary infarctions on
DWTI should have an impact in prompting the phy-
sician to introduce the best effective treatment for
secondary stroke prevention in a patient with lacu-
nar infarction.

DWI promises to have tremendous value in
accurately localizing the subcortical or brainstem
lesion(s). A summary of studies of DWI in patients
with lacunar stroke is provided in Table 13.2. It is
noteworthy that there is also a group of patients with
lacunar infarction who harbor multiple chronic
white matter lesions on the conventional MRI and
present with non-specific syndromes that could not
be attributed to a specific arterial territory. Such
symptoms include worsening of a preexisting dys-
arthria, dysphagia or ataxia, sudden appearance
of emotional incontinence or recent onset bowel or
bladder problems. Excellent diagnostic performance
of DWI in lacunar infarctions may help to prove
ischemia as the cause of non-specific neurological
symptoms in such patients.

Table 13.2. Studies of DWI in patients with lacunar stroke. [Reprinted with permission from Gass et al. (2004)]

Year and reference n  Patients

Results and conclusions

SINGER et al. (1998) 39 Clinical diagnosis of acute sub-
cortical infarction

KUKER et al. (2002) 45 Clinical symptoms of akute infra-
tentorial or thalamic infarction

OLIVERIA-FILHO 67 Clinical syndrome consistent with

et al. (2000) infarct of small penetrating artery

YoNEMURA etal. 106 SCOI or SBGI

(2002)

Ay et al. (1999b) 62 Clinical diagnosis of lacunar
syndrome

GERRATY et al. 19 Clinical diagnosis of acute lacunar

(2002) syndrome

DWI has accuracy of 94.6% for acute subcortical infarction
and differentiates acute from non-acute lesions

Sensivity of DWI and T2 is lower earlier than 12 h after onset
and for medulla-oblongata lesions

Conventional MRI does not identify the clinically relevant
infarct in almost 25% of patients with acute lesions on DWI

Only 47% of SCOI and 87% of SBGIs were identified with
conventional MRI, whereas DWI detected them all

Almost one in six patients presenting with a classic lacunar
syndrome has multiple lesions on DWI

In 13 cases DWI and PI altered the final diagnosis of infarct
pathogenesis from small perforating artery occlusion to large
artery embolism

PI = perfusion imaging; SCOI = small centrum-ovale infarct; SBGI = small based-ganglia infarct



200

13.4
White Matter Lesions in the Elderly

In normal elderly controls, non-specific periven-
tricular and subcortical T,-hyperintense lesions of
the brain are a common finding and are reported
in 27%-92% of the elderly population (BRETELER
et al. 1994; pE LEEUW et al. 2001). In asymptomatic
individuals over 50 years of age, changes in the white
matter on T,-weighted, proton density and FLAIR
images are frequently found, varying from a few
scattered lesions in the centrum semiovale or peri-
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Fig. 13.3. FLAIR (left column) and diffu-
sion-weighted transverse images (right
column) in three patients with typical
acute new ischemic subcortical lesions.
Acute small subcortical lesions occurred in
the pons (fop row), internal capsule (center
row), and lateral to the body of the right
lateral ventricle

ventricular region to a rim of high signal intensity
around the ventricles, and to extensive hyperintense
changes of most of the periventricular and lobar
white matter. These changes increase with age, cere-
brovascular disease and hypertension (BRETELER et
al. 1994; DECARLI et al. 1995).

The exact nature of these findings remains
controversial. A number of investigators have
postulated various explanations for this observa-
tion including atrophic perivascular demyelin-
ation (KIRKPATRICK and HAYMAN 1987), ischemia
(MEGURO et al. 1990), and infarction with gliosis
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Fig. 13.4. Transverse FLAIR images of a CADASIL patient. Note the location of white matter lesions in the external capsule and
close to the temporal pole anterior to the frontal horns of the lateral ventricles

(MARsHALL et al. 1988). Clinico-pathological stud-
ies indicate that diffuse hyperintensities on T,-
weighted scans represent ischemic damage of the
subcortical fiber system (AwAD etal. 1986; FAZEKAS
et al. 1998; SCHELTENS et al. 1995). The Fazekas
group related the histopathologic changes asso-
ciated with incidental white matter signal hyper-
intensities on MRIs from 11 elderly patients (age
range, 52-82 years) to a descriptive classification
for such abnormalities (FAZEKAS et al. 1993). They
found that punctuate, early confluent, and conflu-
ent white matter hyperintensities corresponded
to increasing severity of ischemic tissue damage,
ranging from mild perivascular alterations to large
areas with variable loss of fibers, multiple small
cavitations, and marked arteriolosclerosis. Micro-
cystic infarcts and patchy rarefaction of myelin
were also characteristic for irregular periventricu-

lar high signal intensity, while hyperintense peri-
ventricular caps and a smooth halo, however, were
of nonischemic origin and constituted areas of
demyelination associated with subependymal glio-
sis and discontinuity of the ependymal lining. In a
recent study, similar regional distribution of white
matter lesions in vascular dementia, Alzheimer’s
disease and healthy aging was found suggest-
ing a common (vascular) pathogenic factor in all
three groups (GooTJEs et al. 2004). In a cohort
of elderly normal controls with incidental white
matter lesions, no hyperintense signal abnormal-
ity was identified on DWI which may be viewed as
an indication that acute focal ischemia is a rather
rare event in this group of patients and that white
matter lesions can also be the result of more slowly
evolving tissue degeneration not presenting with
reductions of the ADC (SzABo et al. 2004).
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White matter lesions in the healthy elderly popu-
lation progress as shown in a study by ScamipT and
coworkers (2003) who studied 296 volunteers aged
50-75 years at baseline, 3 years and 6 years. They
found that the lesion grade at baseline was the only
significant predictor of lesion progression. Punc-
tuate white matter lesions showed no progression
and may be viewed as comparably benign, whereas
early confluent white matter abnormalities pre-
dicted new lesion accumulation and appear to be
morphological and clinical predictors of worsen-
ing (PANTONI 2004). Several studies have reported
a significant correlation between white matter
lesions and reduced performance in specific cog-
nitive domains in non-demented elderly subjects,
particularly with a history of hypertension (Skooa
etal. 1996; YLIKOSKI et al. 1993), while the Austrian
Stroke Prevention Study did not find an associa-
tion between the evolution of white matter lesions
and cognitive functioning (ScHMIDT et al. 2002). A
recent magnetization transfer MRI study also indi-
cated that brain tissue abnormalities in otherwise
normal elderly subjects with nonspecific white
matter hyperintensities extend beyond the macro-
scopic white matter lesions visualized on conven-
tional magnetic resonance images (MEZZAPESA et
al. 2003).

13.5
Subcortical Lesions and Dementia

In order of prevalence, vascular dementia is the
second most common type of dementia after
dementia in Alzheimer’s disease (DuBois and
HEBERT 2001). Although concepts of vascular
dementia have historically been based on stroke
and the multi-infarct model (HAcCHINSKI et al.
1974) which requires multiple large cortical
infarcts for dementia to develop, it is increasingly
recognized that vascular dementia can result from
several other - predominantly subcortical - vascu-
lar pathologies such as ischemic, hypoperfusive,
or hemorrhagic brain lesions and can manifest
with a spectrum of clinical dementia syndromes
and psychiatric symptoms including depression,
apathy, disinhibitive behavior, paranoia, and emo-
tionallability (EsirI et al. 1997; POHJASVAARA et al.
2003; Rockwoob et al. 2003). Subcortical vascular
dementia may be caused by small vessel disease
with lacunar infarct and ischemic white matter
lesions as the primary types of brain lesions. The
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onset of dementia in these patients is insidious, and
correlations between symptoms and MRI features
are unclear. The clinical features include gait disor-
der/gait apraxia, urinary incontinence, personality
changes, nighttime confusion, and difficulty with
activities of daily living. Focal signs were also seen
in the group of patients with pathologically con-
firmed subcortical arteriosclerotic encephalopathy
and stroke-like episodes (TARVONEN-SCHRODER et
al. 1996).

The relationship between white matter abnor-
malities detected by MRI and intellectual decline
is less clear, probably because MRI detects pre-
clinical stages, and decompensation due to loss
of resources is a multifactorial process. Studies
in patient groups with small vessel disease (SABRI
et al. 1999; MuNGas et al. 2001) found only rela-
tively weak correlations between lesion load on
T,-weighted imaging and dementia, while in stud-
ies that only included moderate or severe periven-
tricular white matter lesions, a clearer associa-
tion between diffuse white matter abnormalities
detected by MRI and dementia emerged (BRANT-
ZAWADZKI et al. 1985; JUNQUE et al. 1990; KERTESZ
et al. 1990). This was also underlined in a com-
parative study of T2- and T1- hypointense lesion
loads (indicative of severe tissue damage) (GAss
et al. 1998). In patients with MRI-detected white
matter lesions, the severity of intellectual decline
correlated both with the size of the lateral ven-
tricles (TANAKA et al. 1989) and with the degree
of callosal atrophy (YamaucHI et al. 2000), pre-
sumably reflecting the severity of associated white
matter tissue loss. In conclusion, the majority of
small subcortical lesions seen in the white matter
on MRI are not associated with clinical findings,
but they may be early indicators of vascular dis-
ease that may progress to more extensive tissue
changes and dementia. Recent evidence suggests,
that morphological changes are important and
that the degree and distribution of white matter
damage separates the individuals with normal
intellect from the patients with dementia.

New MR techniques may also have a role in this
regard. In a recent study, diffusion tensor MRI
(DTI) indices correlated more strongly with cogni-
tive function than T, lesion volume in patients with
white matter lesions (O’SULLIVAN et al. 2004). The
correlation was strongest for diffusivity of normal
appearing white matter and remained significant
after controlling for conventional MRI parameters,
including brain parenchymal volume and T1 and T2
lesion load.
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13.6
Hereditary Disorders Associated with
White Matter Lesions

The genetic contribution to stroke and vascular
dementia is important. The underlying genetic
defects for several monogenic disorders have already
been identified (JouTEL et al. 1996).

Cerebral autosomal dominant arteriopathy
with subcortical infarcts and leukoencephalopa-
thy (CADASIL) is a monogenic cause of ischemic
small vessel disease and stroke in middle-aged indi-
viduals. Clinical manifestations include TIAs and
strokes (80%), cognitive deficits (50%), migraine
with aura (40%), psychiatric disorders (30%), and
epilepsy (10%) (DICHGANS et al. 1998). Mean age
at onset is 46 years and MRI reveals a combination
of small lacunar lesions and diffuse white matter
abnormalities (AUER et al. 2001). T, hyperinten-
sity of the white matter of the temporal poles and
involvement of the external capsule is a MRI finding
in CADASIL infrequent in other forms of microan-
giopathy that may help to raise the suspicion of the
disease (O’SULLIVAN et al. 2001). Recently, a pecu-
liar sign that appears to be of high specificity has
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been described in CADASIL patients with extensive
white matter abnormality. It was best appreciated
on FLAIR images that lacunar lesions can be pres-
ent at the level of the junction of gray and white
matter (VAN DEN BooM et al. 2002). The underlying
vascular lesion is a unique non-amyloid angiopathy
involving small arteries (100-400 pm) and capillar-
ies primarily in the brain. Characteristically, ultra-
structurally osmiophilic inclusion bodies are found
in brain vessels, and these changes have also been
seen on skin biopsy that is a standard diagnostic
test for CADASIL. Mutations in the NOTCH3 gene
which codes for a large transmembrane receptor
have been identified (JoUTEL et al. 1996). Expression
of NOTCH3 is restricted to vascular smooth muscle
cells. The mutations result in a selective accumu-
lation of the extracellular domain of the receptor
within blood vessels (JoUuTEL et al. 2000).

Another hereditary entity that has generated
increasing interest in the past years is cerebral amy-
loid angiopathies (CAA). CAA are a heterogeneous
group of disorders characterized by deposition of
amyloid in the walls of leptomeningeal and cere-
bral cortical blood vessels. Clinical features include
recurrent or multiple lobar hemorrhages, cogni-

Fig. 13.5. T,.-weighted gradient echo images in a patient with biopsy proven cerebral amyloid angiopathy (CAA). Extensive low
signal abnormality is noted on the brain surfaces and in the parenchyma indicating the previous hemorrhages. Periventricular
high intensity lesions, a common finding in CAA is also noted
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Fig.13.6. FLAIR (top row) and T,.-weighted gradient echo images (bottom row) in a patient with hypertension showing a typi-
cal lesion pattern. Note subcortical lesions including lacunar lesions with severe tissue destruction and CSF like, low signal
intensity (e.g. lateral to the anterior horn of the left lateral ventricle) on FLAIR images. On T,.-weighted images residuals from
hemorrhagic lesions and small bleeds are appreciated mainly in the basal ganglia

tive deterioration, and ischemic stroke. MRI dis-
plays diffuse white matter abnormalities and focal
lesions that can be ischemic or hemorrhagic. Vessels
show amyloid deposition, cracking of single layers,
microaneurysm formations and fibroid necrosis.
The rupture of the structurally weakened arteries
results in cerebral hemorrhage, characteristically
in the cortices rather than the subcortical regions.
CAA has usually been diagnosed postmortem.
Although neuropathologic examination remains
the definitive diagnostic approach to CAA, recent
data suggest that a reliable diagnosis can be reached
from clinical and MRI information alone using the
Boston criteria (GREENBERG et al. 1996; KNUDSEN
et al. 2001), which include clinical data, MRI or CT
demonstrating multiple hemorrhages restricted to
lobar, cortical, or cortico-subcortical regions, and
pathologic tissue (evacuated hematoma or cortical

biopsy). Several autosomal dominantly inherited
forms of cerebral amyloid angiopathy can be differ-
entiated by genetic, biochemical and pathological
findings (GREENBERG et al. 1999).

13.7
Microangiopathic Disease and Hemorrhage

The presence of microhemorrhages has been
reported in the last 5 years in patients with white
matter disease and cognitive decline, with and lately
also without a history of intracranial hemorrhage or
cerebral infarction. The potential of MRI to reveal
residues of intracerebral bleeding throughout life
rests on its high sensitivity to iron-containing com-
pounds. At the site of intracerebral hemorrhage
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(ICH), hemosiderin remains stored in macrophages
and leads to focal dephasing of the MRI signal. This
causes areas of past bleeding to appear dark on T2*-
weighted images. Techniques with high sensitivity
to differences in magnetic susceptibility, such as
the gradient-echo sequence, enhance these effects
and allow detection of even minor hemosiderin
deposition (ATLAs et al. 1988). MRI is invaluable
for obtaining this information because most small
bleedings remain clinically undetected.

SCHARE et al. (1994) were the first to present MRI
evidence of previous, clinically silent intracerebral
bleeds that they termed hemorrhagic lacunes. This
type of lesion was significantly more frequent in
patients with an intracerebral hematoma. In a series
of 120 patients with primary ICH, OFFENBACHER
and coworkers (1996) observed multiple foci of MRI
signal loss compatible with old microbleeds in 28
individuals. In parallel, other investigators noticed
similar MRI lesions in 9 of 15 patients with lobar
hemorrhage (GREENBERG et al. 1996). These abnor-
malities were considered to be evidence of previ-
ous petechial bleeds. Cortical and lobar ICH, pre-
dominantly of elderly patients, has been frequently
related to amyloid angiopathy (VINTERS 1987; ITOH
et al. 1993). Also in this setting, MRI evidence of
past bleedings has been reported (GREENBERG et al.
1996). Furthermore, a cross-sectional study has also
documented the accumulation of silent microbleeds
over a short period of time in a series of patients with
lobar hemorrhage and the diagnosis of probable or
possible CAA (GREENBERG et al. 1999).

Roos et al. (1999) noted focal areas of signal loss
on gradient-echo T2*-weighted MRI in 18 of 280
(6.4%) participants in a cross-sectional study of neu-
rologically asymptomatic elderly volunteers. These
lesions were seen in cortico-subcortical regions of
the brain, in the basal ganglia, and in infratentorial
locations. Individuals with MRI evidence of micro-
bleeds were significantly older, had a significantly
higher frequency of hypertension, and had a higher
rate of early confluent white matter lesions and lacu-
nes. Foci of signal loss in cortico-subcortical regions
were significantly less often associated with hyper-
tension than microbleeds in the basal ganglia or
infratentorial regions. These associations support
the role of microangiopathy in the pathogenesis of
focal T2* hypointensities.

Hypertension is regarded as the main clinically
observable risk factor to cause microbleeds (RooB et
al. 1999). Recent findings suggest that microbleeds
on T2*-weighted MRI are an indicator of advanced
small artery disease of the brain with an increased
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risk for bleeding (KaTo et al. 2002). With more
clinical significance of such findings, MRI demon-
stration of microbleeds could gain use to identify
patients who have an increased risk for intracere-
bral bleeding complications resulting from therapy
that affects blood clotting, This result should be
taken into consideration when treating patients with
stroke (KIDWELL et al. 2002).
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14.1

Introduction

Despite the advances in neuroimaging, the early
identification of ischemic stroke subtypes and
patterns has several heuristic values, besides aca-
demic and research interest. It helps the physician
to answer the patient’s and their relatives’ anxieties
concerning the risk of early death, disability, stroke
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recurrence and length of hospital stay. It guides the
neurologist to choose the most cost-effective ancil-
lary procedures and the therapy with best efficacy.
It also helps the hospital manager to calculate the
average cost of care for stroke subtypes.

Prior to the use of magnetic resonance (MR) and
in particular diffusion-weighted (DWI) MR, our
clinico-anatomic concepts of acute stroke patterns
were based on post-mortem correlations and on
computerized tomography (CT). Post-mortem cor-
relations are an accurate method with two obvious
biases: (1) delay between acute clinical stroke pat-
tern and death and (2) mortality bias. The introduc-
tion and dissemination of MR provided the neuro-
logical community with an opportunity to verify the
validity of the classical description of acute stroke
patterns. The yield of DWI for the detection of
potentially relevant findings in acute stroke patients
includes: (1) detecting an acute ischemic lesion in a
territory different from that suspected clinically; (2)
revealing multiple lesions in different vascular terri-
tories, when clinical examination and CT indicated
a unifocal lesion; (3) clarifying whether a lesion
seen on CT or MR is indeed acute or long-standing
(ALBERS et al. 2000; LEE et al. 2000; LINDGREN et al.
2000; OLIVEIRA-FILHO et al. 2000).

The earlyidentification of the clinicaland MR pat-
terns of acute territorial infarcts can help the man-
aging physician concerning prediction of outcome,
risk of early death and dependency, risk of recur-
rence, stroke mechanism and etiology, selection of
ancillary procedures, selection of best (effective and
safe) anti-thrombotic treatment, risk of complica-
tions, length of stay and cost of hospital care.

Using only a few neurological findings the
Oxfordshire Community Stroke Project (OCSP)
classification allocates strokes to four subgroups,
locating them either in the territory of the anterior
(total anterior circulation infarct, TACI; partial
anterior circulation infarct, PACI; lacunar infarct,
LACI) and the posterior circulation, (posterior cir-
culation infarct, POCI) (BAMFORD et al. 1991). The
OCSP is a clinical syndromic classification, which
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does not include imaging information. The corre-
spondence between the clinical classification and
the imaging findings is not perfect, the positive
predictive value ranging from 71 to 83 (MEAD et al.
2000). Nevertheless the OCSP is very useful clini-
cally because it is easy to communicate and predicts
etiology (MEAD et al. 1998), case fatality, functional
recovery and risk of recurrence of stroke patients.
TACIs have a highest mortality while LACIs have
the lowest. The risk of recurrence is higher for PACI
and POCI. The OSCP classification was validated in
other populations (WARDLAW et al. 1996) and has
a good inter-observer concordance (LINDLEY et al.
1993). The OSCP can also predict medical and neu-
rological complications, therapeutic interventions
and average cost of hospitalization (PINTO et al.
1998).

Impaired consciousness at onset or at presenta-
tion is the most powerful predictor of early death.
Other predictors of death and disability include
increasing age, male gender, previous dependency,
dysphagia, pupil abnormality, gaze paresis, exten-
sor plantars, dense hemiplegia, urine incontinence,
breathing abnormalities, hypotension, hyperten-
sion, hypoglycemia, hyperglycemia (>7 mmol/L),
high hematocrit (> 50%), congestive heart failure,
atrial fibrillation, medical complications, post-
stroke seizures, early deterioration, stroke sever-
ity as measured by a stroke scale (NIHSS 4-7 <
8-14 < 15-22), TACI subtype, extensive [>1/3
middle cerebral artery (MCA) territory] early infarct
size and mass effect on admission CT (EBRAHIM and
HaRrRwoOD 1999a,b; MOULIN et al. 2000; WARLOW et
al. 2001; WoLF 2002).

The TOAST classification is commonly used to
classify ischemic stroke subtypes. However, the
accuracy of the early clinical diagnosis of stroke
subtypes is below 2/3 and is not significantly
improved by CT findings which are often unre-
vealing. Early DWI has a higher detection rate of
ischemic lesions than other imaging modalities.
Ischemic lesion patterns on DWI can indicate a
specific etiology such as carotid occlusion or car-
dioembolism. There is also an overall significant
relationship between DWI lesion patterns and
TOAST stroke subtypes (KaNG et al. 2003): cor-
tico-subcortical single lesions, multiple lesions in
anterior and posterior circulation, multiple lesions
in multiple vascular territories are associated with
cardioembolism; unilateral multiple lesions in the
anterior circulation and small scattered lesions in
one vascular territory are related to large artery
atherosclerosis. A total of 50% of subcortical
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lesions being 15 mm or larger are cryptogenic or
have a classical lacunar syndrome without cortical
hypoperfusion.

In the first part of this chapter we will review the
clinical-imaging patterns of acute territorial infarcts
and their clinical relevance.

In the second part we will describe the clinical
MR features of embolic stroke, with emphasis on
cardioembolic stroke.

14.2
Clinical MR Patterns of Acute Territorial
Infarcts

14.2.1
Middle Cerebral Artery (MCA) Infarcts

Middle cerebral artery (MCA) territorial infarcts
are the most common type of ischemic stroke. They
can be divided in superficial (involving the cortex
and the underlying white matter), deep (involving
the basal ganglia, the internal capsule and the deep
white matter) and combined (BoGoussLAVSKY and
CAPLAN 2001; GORELICK 1996).

MCA infarcts are mainly caused by cardioembo-
lism, internal carotid artery (ICA) thrombosis, dis-
section or embolism and rarely (in Caucasians) by
intrinsic MCA disease. MCA atherothrombotic ter-
ritory infarctions related to intrinsic MCA disease
often cause concomitant small cortical (territorial
or borderzone) and subcortical infarcts (MIN et al.
2000).

14.2.1.1
Superficial Middle Cerebral Artery (MCA) Infarcts

The most common stroke patterns of superficial
(pial) MCA infarcts are those due to complete pial
infarction and infarcts in the distribution of the
anterior division and posterior division of the MCA.
Clinical presentation differs depending on whether
the left (dominant for language) or the right (non-
dominant) hemisphere is involved. In left hemi-
spheric stroke the clinical picture is dominated by
oral and written language disturbances, while after
right MCA hemispheric strokes neglect is almost
always present. The MCA has in general 12 pial
branches and the syndromes corresponding to the
infarcts in the distribution of such branches are also
identifiable clinically.
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14.2.1.2
Large Middle Cerebral Artery (MCA) Infarcts

Large supratentorial infarcts covering at least two
subterritories of the MCA (deep, superficial, anterior
or superior, and posterior or inferior) carry an unfa-
vorable vital and functional prognosis and produce a
severe neurological deficit (gaze deviation, hemiple-
gia, global aphasia or neglect with anosognosia, hemi-
anopia) including reduced consciousness from onset.
They are caused by cardioembolism, ICA occlusion or
ICA dissection (HEinsIUS et al. 1998). Cardioembolic
stroke tends to involve the three subterritories simul-
taneously. Poor collateral blood flow is an additional
predictor of lethal outcome (SCHWARZ et al. 2001).

14.2.1.3
MCA Anterior or Superior Division Infarcts

They produce a contralateral hemiparesis with pre-
dominant faciobrachial deficit, hemisensory loss,
gaze deviation towards the lesion or decreased visual
exploration toward the opposite side. Left-sided
infarcts also produce a non-fluent aphasia, ranging
from mutism to typical Broca’s aphasia and to articu-
latory, syntacticaland naming difficulties. Buccofacial
apraxia is very common. Neglect with anosognosia is
an inconstant finding in right hemispheric strokes.

14.2.1.4
MCA Posterior or Inferior Division Infarcts

Motor deficits are absent, transient or mild. Hemi-
sensory loss is more common and visual field defects
(homonymous hemianopia or upper quadran-
tanopia) are usually present. In left-sided strokes,
fluent aphasia of variable severity dominates the
clinical picture. In the more severe form it is a
Wernicke’s aphasia with anosognosia and behav-
ioral disturbances including persecutory delusions.
In right hemispheric stroke, neglect, anosognosia
and an agitated confusional state usually occur.
Constructional apraxia can be demonstrated.

14.2.1.5
Cortical Branch Syndromes

These infarcts can occur isolated or in combination.
Infarcts in the distribution of the orbitofrontal
and prefrontal arteries can produce a frontal syn-
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drome. Left prefrontal infarcts can result in trans-
cortical aphasia, while right prefrontal infarcts can
produce motor neglect.

Precentral artery territory infarcts result in
a hemiparesis with predominant proximal arm
involvement. In left sided strokes, non-fluent apha-
sia, usually transcortical motor aphasia, apraxia and
agraphia are present, while in right sided strokes,
neglect and motor impersistence can be found.

Central sulcus or rolandic artery territory infarcts
produce contralateral motor and sensory defects with
face and arm predominance when the occlusion is
proximal. If the occlusion is distal, motor deficit may
be restricted to the arm or distal upper extremity.
Cheiro-oral sensory loss may result from predomi-
nant involvement of the post central gyrus. Mild Bro-
ca’s aphasia (left sided strokes) combined with dysar-
thria and transient tongue, palatal and pharyngeal as
well as faciobrachial weakness are a typical pattern of
a central sulcus artery territory infarct. Bilateral cen-
tral sulcus infarcts cause the cortical form of the ante-
rior opercular syndrome (Foix-Chavany-Marie), with
bilateral voluntary paresis of the facial, masticatory,
lingual and pharyngeal muscles, featuring bilateral
lower facial weakness, anarthria or severe dysarthria
and dysphagia.

There are three parietal MCA branches: anterior,
angular and posterior. Anterior parietal or postcen-
tral sulcus artery infarct causes a contralateral sen-
sory loss, with upper limb predominance (pseudo-
thalamic syndrome) with involvement of the touch,
pain, temperature and vibration senses. Pain and
hyperpathia and parietal ataxia can also be present.
Conduction aphasia, which is a fluent form of apha-
sia with disproportionate impairment of repetition,
anomia, agraphia and apraxia are present in left
hemispheric infarcts while neglect follows in right
hemispheric ones.

Posterior parietal artery territory infarcts are rare
and usually occur in combination with angular gyrus
territory artery infarcts. These infarcts cause lower
quadrantanopia, cortical sensation dysfunction with
astereognosia and impairment of position sense,
two-point discrimination and graphesthesia, but
with sparing of light touch, vibration, pain and tem-
perature senses. On the left side, fluent aphasia with
alexia, Gerstmann’s syndrome (agraphia, acalculia,
digitoagnosia and left-right disorientation) and ideo-
motor apraxia occur, while on the right, neglect and
constructional apraxia result. If the upper parietal
lobe is involved the patient shows elements of Balint’s
syndrome, including disturbance in manual reaching
(optic or visuo-motor ataxia), visual attention and
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“psychic paralysis of gaze”, as they have difficulty in
directing their gaze towards targets of interest and
lose fixation easily.

There are usually five temporal branches of the
MCA. Temporal MCA infarcts are often combined
with lower posterior parietal infarcts. They cause
upper quadrantanopia. Vertigo has occasionally
been reported in association with superior tempo-
ral or insular infarcts. On the left side, the clinical
picture is dominated by Wernicke’s aphasia. On the
right, limited infarcts can be pauci-symptomatic.
Extended infarcts cause amusia, neglect, acute agi-
tation and confusion and sometimes delusions and
manic symptoms.

14.2.2
Subcortical Hemispheric Infarcts

These include infarcts in the territory of: (1) the deep
perforators of the MCA, anterior cerebral artery
(ACA) and posterior cerebral artery (PCA), poste-
rior communicating artery (PcomA), the lenticulo-
striate arteries and the anterior choroidal artery; (2)
the superficial perforators (white matter medullary
branches) of the superficial pial arteries; (3) border-
zone or junctional infarcts between 1 and 2; (4) com-
bined infarcts. Small (< 1.5 mm infarcts - lacunes)
are usually caused by single perforator disease while
larger infarcts have a more diverse pathophysiology
including embolism and MCA stenosis (BANG et al.
2002).

MCA stenosis causes subcortical stroke either
by occlusion of a single penetrating artery to pro-
duce a small lacunar infarct or by artery to artery
embolism with impaired clearance of emboli that
produces multiple small cerebral infarcts, mainly in
borderzone regions (WoNG et al. 2002).

Large striato-capsular infarcts produce a clinical
picture similar to that of pial infarcts overlying their
territory, including non-fluent aphasia and neglect.
These cortical signs may be due to cortical dias-
chisis, cortical hypoperfusion or scattered cortical
lesions not apparent on CT. These additional lesions
may be evident on MR, in particular in DWI (SINGER
et al. 1998). In the MCA territory, the most common
combination is a deep small striato-capsular infarct
and a distal small cortical infarct. In large subcor-
tical infarcts, cortical perfusion defects are appar-
ent on MR perfusion imaging (PI) (GERRATY et al.
2002), while they are not detected in single perfora-
tor infarcts (lacunes). However, patients with lacu-
nes can have subsidiary cortical lesions in DWI.
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Subcortical white matter infarcts may mimic a
superficial MCA infarct causing a partial anterior
circulation syndrome or present as a lacunar syn-
drome (pure motor, ataxic hemiparesis or sensori
motor stroke). Superficial perforatingarteryinfarcts
(medullary branches) are often accompanied by
cortical spotty lesions. Borderzone and white matter
medullary branches infarctions are usually caused
by hypoperfusion duelolarge vessel occlusion or ste-
nosis (BoGoussLAVSKY 1993; DONNAN and YASAKA
1998), but white matter medullary branches infarc-
tion can also be caused by cardioembolism (LEE et
al. 2003).

14.2.2.1
Anterior Choroidal Artery Infarcts

Aphasia and neglect can be found following respec-
tively dominant and non-dominant anterior cho-
roidal artery infarcts. Anterior choroidal artery
infarcts usually cause the classical 3H syndrome:
hemiparesis, hemihypesthesia, hemianopia. Pure
motor hemiparesis and isolated hemianopia can
also occur (HAN et al. 2000). Anterior choroidal
artery territory infarcts are rarely caused by small
vessel occlusion. In general they are caused by car-
dioembolism or large artery disease with occlusion
or artery-to-artery embolism (LEYS et al. 1994).

Recently, using color-coded diffusion tensor
imaging five different patterns of corticospinal
tract stroke were identified that fall into two clinical
subgroups with either little recovery or good recov-
ery. Patients with poor motor recovery had lesions
centered in the pyramidal tract (anterior choroidal
artery). Patients with good recovery had either very
small lesions or lesions located anteriorly or medi-
ally (L1E et al. 2004).

14.2.2.2
Thalamic Infarcts

There are four main types of large thalamic infarcts:
(1) Tuberothalamic (anterior or polar), in the terri-
tory of the tuberothalamic artery that arises from
the posterior communicating artery; (2) Parame-
dian (thalamoperforate or posterior thalamic-sub-
thalamic), in the territory of the paramedian artery
that originates from the P1 segment of the PCA
(Fig. 14.1); (3) Inferolateral (thalamogeniculate), in
the territory of the inferolateral artery that origi-
nates from the P2 segment of the PCA; (4) Posterior
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Fig. 14.1. Left paramedian thalamic infarct

(posterior choroidal artery) which arises from the
P2 segment of PCA (BoGoussLAVSKY et al. 1988;
SCHMAHMANN 2003). Sometimes two territories
are involved simultaneously. Bilateral infarcts,
in particular tuberothalamic or paramedian, are
not infrequent. They may be due to simultaneous
emboli to a common unilateral origin of the arte-
rial branches supplying the anterior and the para-
median thalamus. The four major topographical
patterns of bilateral thalamic infarcts are: bilateral
paramedian, bilateral inferolateral, combined uni-
lateral paramedian and inferolateral and combined
unilateral tuberothalamic and inferolateral. Pantha-
lamic infarcts, involving the four arterial territories
of the thalamus are exceptional. Occlusion of the
PCA in the absence of an ipsilateral posterior com-
municating artery may explain this unusual type of
arterial infarct (STUDER et al. 2003).

Inferolateral or thalamogeniculate infarcts usu-
ally present as a hemisensory loss with pain or dys-
esthesia, plus hemiataxia (MELO et al. 1992) [hemi-
ataxia-hypesthesia (MELO and BOGOUSSLAVSKY
1992), hypesthetic ataxic hemiparesis and ataxic
hemiparesis] and involuntary movements (chorea
or dystonia). Tuberothalamic infarcts usually cause
drowsiness, apathy, executive deficits, personality
changes, amnesia and aphasia or neglect (depend-
ing on the involved side). In paramedian infarcts
drowsiness is prominent. Impaired memory
and learning, altered social skills and personal-
ity are also apparent. Oculomotor troubles may
be present (BoGgoussLAvsky and CAPLAN 1993;
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Fig. 14.2. Complete right posterior cerebral artery (PCA) ter-
ritorial infarct. Notice the anterolateral mesencephalic and the
inferolateral thalamic infarcts. Old left striatocapsular infarct

BoGgoussLavsky et al. 1988). Posterior choroidal
artery infarcts result in visual field defects, variable
sensory loss, hemiparesis, dystonia, hand tremor
and occasionally amnesia and aphasia. Visual field
defects, commonly quadrantanopia or hemianopia,
are found if the lateral posterior choroidal arter-
ies branches are involved in isolation. Unusual
field defects such as homonymous horizontal sec-
toranopia or wedge shaped homonymous hemiano-
pia, may also be found and may be explained by the
dual blood supply to the lateral geniculate body by
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the lateral posterior choroidal arteries and the ante-
rior choroidal artery (SAEKI et al. 1999). Bilateral
thalamic infarcts cause a typical and devastating
clinical picture of drowsiness, amnesia, abulia and
vertical eye movement disorders. The neuropsycho-
logical and psychic changes tend to be permanent,
causing a strategic infarct vascular dementia syn-
drome (KuMRAL et al. 2001).

14.2.3
Posterior Cerebral Artery (PCA) Infarcts

The predominant clinical findings of PCA infarcts
are hemianopia or other visual field defects. Head-
ache is rather frequent, in general unilateral and
may be severe. PCA infarcts can be superficial (cor-
tical) (CALs etal. 2002) or combined with lateral tha-
lamic or rostral mesencephalic infarcts (Fig. 14.2).
The thalamic infarct produces a sensory defect in
variable combination with ataxia or involuntary
movements. The midbrain lesion is usually limited
and responsible for a transient motor deficit. More
extensive midbrain lesions will produce vigilance
and oculomotor troubles. Sensory abnormalities in
PCA stroke are associated with ventrolateral tha-
lamic infarcts in the thalamogeniculate or lateral
posterior choroidal arteries or less frequently to
ischemia to the white matter tracts to the somato-
sensory motor cortex (GEORGIADIS et al. 1999). The
presence of hemiparesis in PCA infarcts can make
the clinical differential diagnosis with MCA infarcts
difficult. Hemiparesis can be due, as mentioned
above, to the infarction of the cerebral peduncle
and less frequently to infarction of the anterior
segment of the posterior limb of the internal cap-
sule, due to impaired perfusion in the distribution
of the inferolateral thalamic branches of the PCA,
which can include that part of the internal capsule
(MoNTAVONT et al. 2003). The inferior striate cortex
is more susceptible to ischemia due to poor collat-
eral circulation. Therefore superior quadrantanopia
is more common than inferior one. Neuropsycho-
logical manifestations are common and, when the
dominant (usually left) hemisphere is damaged,
include: (1) transcortical sensory aphasia or anomic
aphasia, (2) alexia with or without agraphia; the
lesion producing alexia without agraphia combines
damage to the left calcarine cortex and to splenium
of the corpus callosum or to the outflow of the cal-
losum originating from the right visual cortex, (3)
visual or color agnosia; infarcts causing persistent
associative visual agnosia are usually large and
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involve the parahippocampal and fusiform gyrus.
On the non-dominant side neglect, prosopagnosia
(often transient) and topographical amnesia can be
found. On either side visual perseverations, visual
illusions or hallucinations and agitation can occur.
Declarative memory defects, concerning verbal (left
sided infarcts), visual (right sided infarcts) material
or both are usually present. Such infarcts usually
involve the hippocampus. Bilateral occipitotempo-
ral infarcts can cause cortical blindness without or
with anosognosia (Anton’s syndrome), associative
or apperceptive visual agnosia and severe memory
defect (BRANDT et al. 2000; CaLs et al. 2002). PCA
infarcts are due to cardiac embolism in about 1/3 of
patients. Significant vertebrobasilar atheroma with
occlusion or artery-to-artery embolism accounts for
additional 25%. Local PCA stenosis or occlusions are
much less frequent. In many PCA infarcts, embolism
is suspected but cannot be confirmed and the cause
remains undetermined. Complete infarction of the
posterior branches of the PCA and hemorrhagic
transformation are more frequent in cardioembolic
strokes (STEINKE et al. 1997). Migraine account for a
few cases (migrainous infarcts). MELAS stroke-like
events are predominantly located in the occipital
lobes, but do not respect the territorial borders of
PCA distribution. Anatomical variations may pre-
dispose to PCA infarct. Exclusive supply of the PCA
territory via the carotid system; a patent posterior
communicating artery with anteroposterior flow
are less common in patients with PCA infarcts than
in controls (JONGEN et al. 2004).

14.2.4
Anterior Cerebral Artery (ACA) Infarcts

Strokes in the ACA territory are uncommon (< 2% in
stroke registries). Left sided infarcts cause mutism,
transcortical motor aphasia, hemiparesis and occa-
sionally left arm apraxia and other callosal discon-
nection syndromes. Right-sided infarcts cause acute
confusional state, hemiparesis and motor neglect
(KuMRAL et al. 2002d). Hemiparesis predominates
in the lower limb when the precentral gyrus is
involved. If the infarction extends more posteriorly
sensory loss in the leg can be found. In some cases
the paresis may be proportional and the ACA stroke
pattern will be indistinguishable from an MCA pat-
tern. Proportional hemiparesis occurs when there
is occlusion of the recurrent artery of Heubner that
supplies the internal capsule. Abulia can be present
with unilateral or bilateral infarcts that involve the
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cingulum and the supplementary motor area. Bilat-
eral infarcts may produce akinetic mutism (WOLEF
et al. 2002), gait apraxia (DELLA SALA et al. 2002),
paraparesis and sphincter dysfunction and carry a
bad prognosis for functional recovery (Fig. 14.3).
Grasp reflex, utilization behavior (BoccARDI et al.
2002) and executive deficits may be more or less
prominent. Hand grasping correlates with orbi-
tofrontal lesions. An expanding ACA infarct was
recently reported (Ay et al. 2002).

14.2.5
Combined Hemispheric Infarcts

Combined ACA-MCA infarcts can result from
embolic occlusion of the distal ICA (carotid T).
Combined MCA-PCA infarcts may be due to simul-
taneous embolism to the two territories, to a fetal
(internal carotid) origin of the PCA or to compres-
sion of the PCA by a herniating hemisphere at the
edge of the tentorial foramen.

These combined infarcts, as well as massive MCA
infarcts, are often complicated within 24 to 96 h
from onset by edema which will produce mass effect.
In young and middle-aged patients, this may cause
clinical deterioration and death due to brain stem
compression (malignant MCA infarct). Predictors of
fatal brain edema include > 50% MCA hypodensity,
involvement of additional vascular territories (ACA;
PCA; anterior choroidal artery), hypertension and
heart failure and increased white blood cell count
(KasNER et al. 2001). Such patients are candidates
to aggressive live saving treatments such as decom-
pressive hemicraniectomy and hypothermia.

14.2.6
Brain Stem Infarcts

14.2.6.1
Mesencephalic Infarcts

The mesencephalon has four arterial territories:
anteromedial (paramedian branches of the basilar
artery; anterolateral (branches from the P2 seg-
ment of the PCA); lateral (branches from P2 seg-
ment of PCA and from posterior choroidal arteries)
and dorsal (branches from P1 segment of PCA and
superior cerebellar artery). Isolated mesencephalic
infarcts are rare because the arteries supplying
blood to the mesencephalon (basilar artery, poste-
rior cerebral artery and superior cerebellar artery)
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Fig. 14.3. Bilateral (acute and non-recent) anterior cerebral
artery infarcts causing paraparesis

also serve other infratentorial and supratento-
rial anatomical sites (Fig. 14.4). Midbrain infarcts
are more likely to be accompanied by infarcts in
other structures than to occur alone (MARTIN et al.
1998; KuMRAL et al. 2002b). Patients with mesen-
cephalic infarcts can be classified into four groups:
(1) those with isolated mesencephalic infarcts, and
those whose mesencephalic infarct is accompanied
by (2) proximal infarcts involving the medulla and
the posterior inferior cerebellar artery (PICA) terri-
tory (KUMRAL et al. 2002a), by (3) “middle” infarcts
including the pons and the anterior inferior cerebel-
lar artery (AICA), and by (4) distal lesions compris-
ing the thalamus and the PCA territory (MARTIN et
al. 1998). “Middle” infarcts are the most common.
Patients with isolated mesencephalic infarcts have a
combination of unsteadiness/dizziness, diplopia due
to ipsilesional 3 cranial nerve palsy, vertical gaze
palsy, contralateral or four-limb ataxia, hemiparesis
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Fig. 14.4. Mesencephalic infarcts: anterolateral (right); extensive combined anteromedial and anterolateral involving also the
vermis (left)

or hypesthetic ataxic hemiparesis or a combination
of both and involuntary movements (tremor and
chorea-like). Patients with isolated upper or lower
midbrain infarcts have no localizing clinical find-
ings, but patients with middle midbrain infarcts had
a localizing clinical picture mainly with III nerve
palsies thatoften occurinisolation (BOGOUSSLAVSKY
et al. 1994). The palsy of the 3 cranial nerve can be
nuclear or fascicular. A unilateral 3¢ cranial nerve
nuclear lesion causes bilateral ptosis and superior
rectus weakness, divergent strabismus and mydria-
sis. In fascicular lesions there is unilateral findings
with divergent strabismus, unilateral ptosis and
mydriasis. The classic clinical picture of Claude’s
syndrome (ipsilesional 3¢ cranial nerve palsy and
contralateral ataxia) or Benedikt’s syndrome (3"
cranial nerve palsy plus contralateral involuntary
movements) are very rare. “Distal” mesencephalic
infarcts are associated with disturbances of con-
sciousness, gait ataxia, oculomotor disturbances
and visual field defects. “Middle” strokes have dis-
turbances of consciousness, dysarthria, horizontal
oculomotor disorders and paresis, while “proximal”
infarcts produce acute unsteadiness, vertigo, dys-
phagia, dysphonia, limb ataxia and paresis. Patients
with mesencephalicinfarcts can present involuntary
repetitive stereotyped movements that may be con-
fused with seizures (SAposNIK and CAPLAN 2001;
LEE et al. 2002). About 25% of midbrain strokes
are bilateral (KuUMRAL et al. 2002b). Such bilateral
infarcts have a poorer outcome than unilateral
infarcts. Large artery disease, producing artery-to-
artery embolism or in situ thrombosis are the most

common mesencephalic infarct mechanisms. Car-
dioembolism and small vessel disease account for
25% of the cases each.

14.2.6.2
Pontine Infarcts

Pontine infarcts (KuUMRAL et al. 2002c) can have
five main clinical patterns: anteromedial, antero-
lateral, tegmental, unilateral multiple and bilateral.
(Fig. 14.5). The anteromedial and anterolateral ter-
ritories are supplied from the basilar artery, while
the lateral territory also receives blood from the
superior and anterior inferior cerebellar arteries.
The small posterior territory is supplied by the supe-
rior cerebellar artery. The most frequent syndrome
is the anteromedial pontine syndrome presenting
with motor deficit with dysarthria, ataxia plus mild
tegmental symptoms in 1/3 of the patients. The
second most common is the anterolateral pontine
syndrome, featuring motor-sensory deficits associ-
ated with tegmental signs in more than half of the
patients. Tegmental pontine syndromes (mild motor
and sensory deficits together with eye movement
and vestibular symptoms/signs) are less common.
Unilateral multiple pontine infarcts are always asso-
ciated with severe sensorimotor deficits and teg-
mental signs. Bilateral infarcts cause an ominous
clinical pattern of transient loss of consciousness,
tetraparesis, pseudobulbar palsy and, in some cases,
locked-in syndrome. The main stroke mechanisms
of pontine infarcts are basilar artery branch and
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Fig.14.6. Lateral medullary infarct causing a Wallenberg’s
syndrome

small artery disease occlusions (KuMRAL et al.
2002a).

14.2.6.3
Medullary Infarcts

Medullary infarcts can be medial, lateral or com-
bined (Fig. 14.6). The medial territory is supplied by
penetrating vessels from the anterior spinal artery
and the distal vertebral artery. The lateral territory
main arterial supply comes from penetrating arter-
ies from the distal vertebral artery and the poste-
rior inferior cerebellar artery. The small posterior
territory is supplied by the posterior spinal artery
and the posterior inferior cerebellar artery. Medial
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medullary infarcts have four major clinical patterns:
(1) Dejerine’s syndrome (contralateral hemiparesis
and pain/thermal sensory loss plus ipsilateral lin-
gual palsy, (2) sensorimotor stroke without lingual
palsy, (3) hemiparesis, often combined with nys-
tagmus, (4) bilateral syndromes. Lateral infarcts
produce a more or less complete Wallenberg’s syn-
drome: ipsilateral paralysis of the 9" and 10" cra-
nial nerves, loss of pain and temperature sense on
the face, ataxia, vestibular signs (nystagmus, ipsile-
sional lateropulsion) and Horner’s syndrome, and
contralateral dissociated hemianesthesia. Nausea
and vomiting, hiccups and headache are frequent.
Diplopia and oscillopsia are common complaints.
Medial medullary infarcts are often accompanied by
a cerebellar infarct. The most common mechanisms
are vertebral artery thrombosis or dissection, and
embolism. Combined (hemi-medullary) infarcts
cause a Babinski-Nageotte syndrome (all the com-
ponents of the Wallenberg syndrome plus ipsilateral
tongue palsy and contralateral hemiplegia). They
are usually secondary to occlusion of the vertebral
artery.

14.2.6.4
Stroke Patterns in Basilar Artery Occlusion

The most feared vertebrobasilar stroke is occlusion
of the basilar artery. Patients with lesions in the
basilar artery are five times more likely to have a
poor outcome independent of other factors (GLASS
et al. 2002). The importance of its early recognition
is the possibility of performing intra-arterial throm-
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bolysis. Basilar artery thrombosis may present as a
locked-in syndrome, as a midbrain syndrome, a top-
of-the-basilar syndrome or as partial syndromes.
Basilar artery occlusion can have a sudden onset
without warning signs, causing within minutes a
dramatic and disabling neurological picture. More
often it has a subacute onset with heralding TIAs
or a progressive course with worsening or additive
neurological deficits. The final neurological picture
is reached within 6 h in about 1/3 of the patients, in
6-24 h in another 1/3 and up to 72 h in the remain-
ing. The most common initial symptoms are motor
weakness, dysarthria, vertigo, nausea/vomiting, and
headache. The most common initial signs are motor
deficits, facial palsies, eye movement abnormalities,
lower cranial nerve deficits, altered level of con-
sciousness and bilateral extensor plantar responses
(von CAMPE et al. 2003). The prognosis of basilar
artery occlusion is diverse. The outcome is invari-
ably poor in patients with disorders of consciousness
or a combination of dysarthria, pupillary disorders
and involvement of the lower cranial nerves, while
if these factors are absent only 11% have a poor out-
come (DEVUYST et al. 2002). The typical syndrome
of basilar artery embolism (SCHWARZ et al. 1997) is
an acute loss of consciousness followed by multiple
brainstem symptoms and infarcts at several levels
(thalamus, PCA, midbrain, pons). Usually, clinical
symptoms improve quickly and even completely.
Outcome correlates with the intensity of conscious-
ness disorder and the number of infarcts.

14.2.7
Cerebellar Infarcts

Cerebellar infarcts can be grouped in territorial
(superior cerebellar artery, anterior inferior cerebel-
lar artery, posterior inferior cerebellar artery and
combined), borderzone and lacunar. They are often
combined with brain stem infarcts and with super-
ficial posterior cerebral artery or thalamic infarcts.
The most common isolated cerebellar infarcts are
located in the superior cerebellar artery and poste-
rior inferior cerebellar artery territories (AMARENCO
1993; AMARENCO et al. 1993, 1994).

14.2.7.1
Superior Cerebellar Artery (SCA)

The SCA territory has two divisions: lateral and
medial. Full SCA infarcts are usually accompanied
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by PCA or brainstem infarcts. They can be edema-
tous and have a malignant course. Partial infarcts
are often pure cerebellar infarcts and have a benign
course. Both are usually cardioembolic. Their clinical
presentation ranges from severe, dramatic patterns
such as coma with tetraplegia and oculomotor dis-
turbances due to simultaneous brain stem infarct,
or top-of-the-basilar syndrome with concomitant
involvement of the mesencephalon and PCA territo-
ries, to more limited and benign presentations. The
classical Mills-Guillain syndrome (ipsilateral cerebel-
lar ataxia and Horner’s syndrome and contralateral
pain/temperature sensory loss and 4'" cranial nerve
palsy) is rare and in fact due to concomitant involve-
ment of the pontine territory of the SCA. Tremor and
other involuntary movements can be present and are
due to ischemia of the superior cerebellar peduncle.
Other patients have only a cerebello-vestibular syn-
drome. Dysarthria is almost always present. Lateral
SCA infarcts involve the anterior rostral cerebellum
and cause ipsilateral limb ataxia and lateropulsion
and dysarthria. Medial SCA infarcts are less well
described and cause ataxia and dysarthria.

14.2.7.2
Anterior Inferior Cerebellar Artery (AICA)

Symptoms of AICA territory infarct are related to
damage to the inferolateral pons, the middle cer-
ebellar peduncle and the flocculus. AICA infarcts
are small and less frequent than the other cerebel-
lar territorial infarcts. They almost always have a
concomitant pontine infarct and their main cause
is basilar artery occlusion, hence the importance
of their recognition. Their clinical presentation has
four major patterns: (1) coma with tetraplegia due
to pontine infarct, (2) the classic AICA syndrome,
which is the most frequent presenting pattern fea-
turing ipsilateral involvement of the 5%, 7" and
8th cranial nerves with vertigo, vomiting, tinnitus,
facial palsy and facial sensory loss, Horner’s syn-
drome and appendicular ataxia and contralateral
temperature/pain sensory loss, (3) pure vestibular
syndrome, including exceedingly rare cases of iso-
lated vertigo, and (4) isolated cerebellar signs.

14.2.7.3
Posterior Inferior Cerebellar Artery (PICA)

The classic clinical pattern of PICA territorial infarct
is the Wallenberg’s syndrome. However, symptoms
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and signs in Wallenberg’s syndrome are due to the
lateral medullary infarct, which can also be due to
occlusion of branches arising directly from the ver-
tebral artery. The clinical pattern of PICA infarcts is
therefore dependent on whether or not the medulla
is also involved. Infarcts restricted to the cerebel-
lum are in general small and have a benign course.
They can involve the medial and less often the lateral
PICA subterritories. PICA infarcts combined with
AICA or SCA can assume a pseudotumoral form
or present as coma with tetraplegia. If the medulla
is involved, a more or less complete dorsal lateral
medullary syndrome results: ipsilesional vestibular
(vertigo, vomiting, nystagmus, lateropulsion), 5,
9th 10'" cranial nerve palsies, Horner’s syndrome
and appendicular ataxia with contralesional loss
of pain and temperature sensation. Hiccups are
frequent and prolonged. If the medulla is spared,
patients present with headache, vertigo, nystagmus,
ipsilateral axial lateropulsion, gait and appendicular
ataxia. There are a few reported cases of infarcts
involving the nodulus and causing an isolated acute
vertigo mimicking a vestibular disease. Medial PICA
infarcts have a triangular shape on the dorsome-
dial rostral cerebellum with a ventral top pointing
towards the 4" ventricle. They can produce: isolate
vertigo; vertigo, axial lateropulsion and dysmet-
ria; Wallenberg’s syndrome, if the medulla is also
involved. Lateral PICA infarcts are very rare and
present with vertigo and ipsilateral dysmetria.

14.2.7.4
Pseudotumoral Cerebellar Infarcts

Some large cerebellar infarcts can produce mass
effect and lead to clinical deterioration and even-
tual death. These patients usually have combined
territorial cerebellar infarcts, a full territorial PICA
or SCA infarct, or infarcts confined to the medial
vermian branches of the PICA or SCA. Isolated
lateral hemispheric branches of the PICA or SCA
and infarcts confined to the AICA territory do not
produce clinically relevant mass effect. Pseudotu-
moral cerebellar infarcts are usually large (>1/3
of the cerebellar hemisphere). The most frequent
mechanisms of infarction are large vessel occlusion
due to large artery disease or cardioembolism with
reperfusion. Such patients progress from a cerebel-
lar syndrome to a stage where brain stem signs
develop and the level of consciousness fluctuates. If
untreated, the patient will progress to coma. These
infarcts with mass effect cause increased intracra-
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nial pressure in the posterior fossa with compres-
sion of the basal cisterns and brain stem, hydro-
cephalus and/or downward or more rarely upward
herniation. Clinical deterioration may start hours
or days after stroke onset. Decompressive surgery
is life-saving (AMARENCO 1991; HORNIG et al. 1994;
RIEKE et al. 1993; vaAN HORN and HAWES 1982; Kon
et al. 2000).

14.2.8
Acute Multiple Brain Infarcts (AMBI)

DWIlrevealed that acute multiple infarcts were much
more frequent than expected clinically or on CT
(ArTIERI et al. 1999). In the vertebro-basilar circula-
tion the commonest form of acute multiple infarcts
is the top-of-the basilar syndrome due to embolism
of the junction of the basilar and the PCA produc-
ing occipital, thalamic and midbrain (or midbrain-
superior cerebellar) lesions. Multi-level vertebro-
basilar strokes can be related to cardioembolism
or artery-to-artery embolism. Multiple, bilateral
infarcts strongly suggest cardioembolism and are
occasionally the herald of infective endocarditis
(TimsrT et al. 1992). Unilateral combined MCA-PCA
or MCA-ACA infarcts are more often due to internal
carotid artery (ICA) occlusion or embolism. Certain
clinical syndromes are suggestive of simultaneous
double ipsilateral infarction secondary to ICA occlu-
sion: ipsilateral ocular ischemia (retinal or anterior)
plus ipsilateral hemispheric infarct (optocerebral
syndrome); hemiplegia-hemianopia syndrome and
conduction aphasia with hemiparesis, due to com-
bined anterior or deep MCA plus posterior MCA
affection; mixed transcortical aphasia (isolation of
the speech areas) results from the combination of
anterior and posterior borderzone infarcts. Acute
global aphasia without hemiparesis results from
embolism to the anterior and posterior speech areas.
Acute anarthria and pseudobulbar syndrome can be
secondary to bi-opercular infarcts related to bilat-
eral ICA occlusion (KumMRAL 2001).

Different topographical patterns of AMBI are
associated with different vascular pathologies.
Hemorheologic abnormalities or vascular anatomic
variations may be contributing factors of AMBI in
both hemispheres or in both the anterior and the
posterior circulation (RoH et al. 2000). A scattered
lesion pattern on DWI in patients with an initial
negative CT is indicative of an arterial or embolic
source and associated with favorable clinical out-
come (KOENNECKE et al. 2001). Occlusion of the
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internal carotid artery produces mainly multiple
infarcts with three distinctive patterns: (1) territo-
rial, either multiple cortical, cortical and deep or
single, (2) borderzone, alone or in combination with
a territorial infarct (Fig. 14.7), (3) bilateral lesions
(KANG et al. 2003).

14.3
Cardioembolic Infarcts

Decreased consciousness at onset, sudden onset
to maximal defect, rapid regression of symptoms,
aphasia, neglect and visual field defects are more
commonin cardioembolic than other types of stroke,
Headache, seizure at onset or onset during activity
are not specific for cardioembolic stroke (ARBOIX
et al. 1999; KiTTNER et al. 1992; MINEMATSU et
al. 1992; RAMIREZ-LASSEPAS et al. 1987; TiMSIT et
al. 1992). Stroke syndromes such as isolated Wer-
nicke’s aphasia, global aphasia without hemiparesis,
Wallenberg’s syndrome and top-of-the-basilar syn-
drome are suggestive of cardioembolism.
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Simultaneous or sequential strokes in different
arterial territories, multi-level posterior circulation
infarcts, simultaneous infarcts in the three subter-
ritories (superficial anterior, superficial posterior
and deep) of the MCA, and hemorrhagic transfor-
mation of an ischemic infarct also point to a cardiac
origin of the stroke (ARQUIZAN et al. 1997; Ay et
al. 1999; FERRO 2003a,b). Occlusion of the carotid
artery by a mobile thrombus, early recanalization of
an occluded vessel and the identification of micro-
embolism in both MCAs are all highly indicative of
a cardiac source of emboli.

DWTI can demonstrate scattered lesions in acute
stroke patients with initial negative CT (KOENNECKE
et al. 2001) associated with an embolic etiology.
In patients presenting with classical lacunar syn-
dromes, DWI can demonstrate lesions not apparent
in CT or conventional MR in addition to the lesion
in the territory of a single perforator. The most
common associated lesions are punctuate subsid-
iary lesions in the territory of the leptomeningeal
arteries (Ay et al. 1990).

Multiple scattered cerebral infarcts can be dem-
onstrated by DWI in highly emboligenic conditions

Fig. 14.7. Combined junctional and cortical infarcts
in a case of carotid occlusion
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such as endocarditis (SINGHAL et al. 2002) and car-
diac surgery, and cause both focal syndromes and
diffuse encephalopathy which are often found in
such conditions (WiTYK et al. 2001).

14.3.1
Infarcts with Hemorrhagic Transformation

About 40% of ischemic infarcts show hemorrhagic
transformation on CT; this proportion is even higher
on MRI (EGeLHOF et al. 1998). Cardioembolism
accounts for the vast majority of infarcts with hem-
orrhagic transformation. TACISs, patients who are not
fully alert, severe strokes (NIHSS > 14 points), proxi-
mal occlusion and delayed recanalization (> 6 h) pre-
dict hemorrhagic transformation. Hypodensity on
CT > 1/3 of MCA territory and diabetes are associ-
ated with an increased risk of hemorrhagic transfor-
mation after thrombolysis (ALEXANDROV et al. 1997;
DE FREITAS et al. 2001; FERRO 2003a,b; FISHER and
ApAMS 1951; JORGENSEN and Torvic 1969; MOLINA
et al. 2001; MouLIN et al. 2000; NIGHOGHOSSIAN et
al. 2002). In MR imaging, ischemic brain regions
destined to hemorrhagic transformation have lower
apparent diffusion coefficient values and persistently
delayed perfusion compared to regions which will not
suffer hemorrhagic transformation (ToNG et al. 2000,
2001; SELIM et al. 2002). Old microbleeds detected by
T2*-weighted sequences, indicating severe microan-
giopathy or amyloid angiopathy (Fig. 13.5, Chap. 13),
are also a marker for hemorrhagic transformation
in particular after thrombolytic therapy. Gadolin-
ium enhancement patterns (vascular, meningeal and
parenchymal) are also predictors of hemorrhagic
transformation. Vascular enhancement defined as
tubular enhancing vessels located in the sulci sup-
plying the ischemic territory, is the most common
pattern (Vo et al. 2003).

References

Albers GW, Lansberg MG, Norbash AM et al (2000) Yield
of diffusion-weighted MRI for detection of potentially
relevant findings in stroke patients. Neurology 54:1562-
1567

Alexandrov AV, Black SE, Ehrlich LE et al (1997) Predictors of
hemorrhagic transformation occurring spontaneously and
on anticoagulants in patients with acute ischemic stroke.
Stroke 28:1198-1202

Altieri M, Metz RJ, Muller C et al (1999) Multiple brain
infarcts: clinical and neuroimaging patterns using diffu-
sion-weighted magnetic resonance. Eur Neurol 42:76-82

221

Amarenco P (1991) The spectrum of cerebellar infarctions.
Neurology 41:973-979

Amarenco P (1993) Les infarctus du cervelet et leurs
mécanismes. Rev Neurol (Paris) 149:728-748

Amarenco P, Rosengart A, de Witt LD et al (1993) Anterior
inferior cerebellar artery territory infarcts: mechanisms
and clinical features. Arch Neurol 50:154-161

Amarenco P, Lévy C, Cohen A et al (1994) Causes and mecha-
nisms of territorial and nonterritorial cerebellar infarcts in
115 consecutive cases. Stroke 25:105-112

Arboix A, Oliveres M, Massons ] et al (1999) Early differen-
tiation of cardioembolic from atherothrombotic cerebral
infarction: a multivariate analysis. Eur ] Neurol 6:677-683

Arquizan C, Lamy C, Mas J-L (1997) Infarctus cérébraux
multiples simultanés sus-tentoriels. Rev Neurol (Paris)
153:748-753

Ay H, Oliveira-Filho J, Buonanno FS et al (1999) Diffusion-
weighted imaging identifies a subset of lacunar infarction
associated with embolic source. Stroke 30:2644-2650

Ay H, Uluc K, Arsava EM et al (2002) Unusually prolonged
progressing stroke: an expanding anterior cerebral artery
infarction. Cerebrovasc Dis 13:64-66

Bamford J, Sandercock P, Dennis M et al (1991) Classification
and natural history of clinically identifiable subtypes of
cerebral infarction. Lancet 337:1521-1526

Bang OY, Heo JH, Kim JY et al (2002) Middle cerebral artery
stenosis is a major clinical determinant in striatocapsular
small, deep infarction. Arch Neurol 59:259-263

Boccardi E, Della Sala S, Motto C et al (2002) Utilisation
behaviour consequent to bilateral SMA softening. Cortex
38:289-308

Bogousslavsky J (1993) Subcortical infarcts. In: Fisher M,
Bogousslavsky ] (eds) Current review of cerebrovascular
diasease. Current Medicine, Philadelphia, pp 31-40

Bogousslavsky J, Caplan LR (1993) Vertebrobasilar occlusive
disease: review of selected aspects. 3 thalamic infarcts.
Cerebrovasc Dis 3:193-205

Bogousslavsky J, Caplan LR (2001) Stroke syndromes, 2nd edn.
Cambridge University Press, Cambridge

Bogousslavsky ], Regli F, Uske A (1988) Thalamic infarcts:
clinical syndromes, etiology and prognosis. Neurology
38:837-848

Bogousslavsky J, Maeder P, Regli F et al (1994) Pure midbrain
infarction: clinical syndromes, MRI, and etiologic patterns.
Neurology 44:2032-2040

Brandt T, Steinke W, Thie A et al (2000) Posterior cerebral
artery territory infarcts: clinical features, infarct topogra-
phy, causes and outcome. Multicenter results and a review
of the literature. Cerebrovasc Dis 10:170-182

Cals N, Devuyst G, Afsar N et al (2002) Pure superficial pos-
terior cerebral artery territory infarction in The Lausanne
Stroke Registry. ] Neurol 249:855-861

De Freitas GR, Carruzzo A, Tsiskaridze A et al (2001) Massive
haemorrhagic transformation in cardioembolic stroke: the
role of arterial wall trauma and dissection. ] Neurol Neuro-
surgery Psychiatry 70:672-674

Della Sala S, Francescani A, Spinnler H (2002) Gait apraxia
after bilateral supplementary motor area lesion. ] Neurol
Neurosurg Psychiatry 72:77-85

Devuyst G, Bogousslavsky J, Meuli R et al (2002) Stroke or
transient ischemic attacks with basilar artery stenosis
or occlusion: clinical patterns and outcome. Arch Neurol
59:567-573



222

Donnan GA, Yasaka M (1998) Lacunes and lacunar syndromes.
In: Ginsberg MD, Bogousslavsky ] (eds) Cerebrovascular
diseases. Pathophysiology, diagnosis and management, vol
II. Blackwell Science, Massachusetts, pp 1090-1102

Ebrahim S, Harwood R (1999a) Mortality. In: Ebrahim §,
Harwood R (eds) Stroke. Epidemiology, evidence and clini-
cal practice. Oxford University Press, Oxford, pp 217-228

Ebrahim S, Harwood R (1999b) Recovery. In: Ebrahim §,
Harwood R (eds) Stroke. Epidemiology, evidence and clini-
cal practice. Oxford University Press, Oxford, pp 264-281

Egelhof T, Essig M, von Kummer R, Dorfler A, Winter R, Sartor
K (1998) Der acute ischdmische Hirninfarkt: eine prospec-
tive, serielle Untersuchung mit der Magnetresonanztomog-
raphie. Fortschr Rontgenstr 168:222-227

Ferro JM (2003a) Brain embolism - answers to practical ques-
tions. ] Neurol 250:139-147

Ferro JM (2003b) Cardioembolic stroke: an update. Lancet
Neurol 2:177-188

Fisher CM, Adams RD (1951) Observations on brain embolism
with special reference to the mechanism of hemorrhagic
infarction. ] Neuropathol Exp Neurol 10:92-93

Georgiadis AL, Yamamoto Y, Kwan ED et al (1999) Anatomy of
sensory findings in patients with posterior cerebral artery
territory infarction. Arch Neurol 56:835-838

Gerraty RP, Parsons MW, Barber A et al (2002) Examining the
lacunar hypothesis with diffusion and perfusion magnetic
resonance imaging. Stroke 33:2019-2024

Glass TA, Nennessey PM, Pazdera L et al (2002) Outcome at
30 days in the New England Medical Center Posterior Cir-
culation Registry. Arch Neurol 59:369-376

Gorelick PB (1996) Atlas of cerebrovascular disease. Current
Medicine, Philadelphia

Han SW, Sohn YH, Lee PH et al (2000) Pure homonymous
hemianopia due to anterior choroidal artery territory
infarction. Eur Neurol 43:35-38

Heinsius T, Bogousslavsky J, van Melle G (1998) Large infarcts
in the middle cerebral artery territory. Etiology and out-
come patterns. Neurology 50:341-350

Hornig CR, Rust DS, Busse O et al (1994) Space-occupying
cerebellar infarction: clinical course and prognosis. Stroke
25:372-374

Jongen JCF, Franke CL, Ramos LMP et al (2004) Direction of
flow in posterior communicating artery on magnetic reso-
nance angiography in patients with occipital lobe infarcts.
Stroke 35:104-108

Jorgensen L, Torvik A (1969) Ischaemic cerebrovascular dis-
ease in an autopsy series: part prevalence, location, patho-
genesis and clinical course of cerebral infarcts. ] Neurol Sci
9:285-320

Kang DW, Chalela JA, Ezzeddine MA et al (2003a) Association
of ischemic lesion patterns on early diffusion-weighted
imaging with TOAST stroke subtypes. Arch Neurol
60:1730-1734

Kang DW, Chu K, Ko SB et al (2003b) Lesion patterns and
mechanism of ischemia in internal carotid artery disease:
a diffusion-weighted imaging study. Arch Neurol 59:1577-
1582

Kasner SE, Demchuk AM, Berrouschot ] et al (2001) Predic-
tors of fatal brain edema in massive hemispheric ischemic
stroke. Stroke 32:2117-2123

Kittner SJ, Sharkness CM, Sloan MA et al (1992) Infarcts with
a cardiac source of embolism in the NINDS Stroke Data
Bank: neurologic examination. Neurology 42:299-302

J. M.. Ferro

Koennecke H-C, Bernarding J, Braun J et al (2001) Scattered
brain infarct pattern on diffusion-wheighted magnetic
resonance imaging in patients with acute ischemic stroke.
Cerebrovasc Dis 11:157-163

Koh MG, Phan TG, Atkinson JLD et al (2000) Neuroimaging
in deteriorating patients with cerebellar infarcts and mass
effect. Stroke 31:2062-2067

Kumral E (2001) Multiple, multilevel and bihemispheric
infarcts. In: Bogousslavsky J, Caplan L (eds) Stroke syn-
dromes. Cambridge University Press, Cambridge, pp 499-
511

Kumral E, Evyapan D, Balkir K et al (2001) Bilateral thalamic
infarction. Clinical, etiological and MRI correlates. Acta
Neurol Scand 103:35-42

Kumral E, Afsar N, Kirbas D et al (2002a) Spectrum of medial
medullary infarction: clinical and magnetic resonance
imaging findings. ] Neurol 249:85-93

Kumral E, Bayulkem G, Akyol A et al (2002b) Mesencephalic
and associated posterior circulation infarcts. Stroke
33:2224-2231

Kumral E, Bayulkem G, Evyapan D (2002c) Clinical spectrum
of pontine infarction clinical-MRI correlations. ] Neurol
249:1659-1670

Kumral E, Bayulkem G, Evyapan D et al (2002d) Spectrum of
anterior cerebral artery territory infarction: clinical and
MRI findings. Eur ] Neurol 9:615-624

Lee LJ, Kidwell CS, Alger ] et al (2000) Impact on stroke
subtype diagnosis of early diffusion-weighted magnetic
resonance imaging and magnetic resonance angiography.
Stroke 31:1081-1089

Lee MS, Oh SH, Lee KR (2002) Transient repetitive movements
of the limbs in patients with acute basilar artery infarction.
Neurology 59:1116-1117

Lee PH, Bang OY, Oh SH et al (2003) Subcortical white matter
infarcts. Comparison of superficial perforating artery and
internal borderzone infarcts using diffusion-weighted
magnetic resonance imaging. Stroke 34:2630-2635

Leys D, Mounier-Vehier F, Lavenu I et al (1994) Anterior cho-
roidal artery territory infarcts. Study of presumed mecha-
nisms. Stroke 25:837-842

Lie C, Hirsch JG, RofSmanith C et al (2004) Clinicotopographi-
cal correlation of corticospinal tract stroke. A color-coded
diffusion tensor imaging study. Stroke 35:86-93

Lindgren A, Staaf G, Geijer B et al (2000) Clinical lacunar syn-
dromes as predictors of lacunar infarcts. A comparison of
acute clinical lacunar syndromes and findings on diffu-
sion-weighted MRI. Acta Neurol Scand 101:128-134

Lindley RI, Warlow CP, Wardlaw JM et al (1993) Interobserver
reliability of a clinical classification of acute cerebral
infarction. Stroke 24:1801-1804

Martin PJ, Chang HM, Wityk R et al (1998) Midbrain infarc-
tion: associations and aetiologies in the New England
Medical Center Posterior Circulation Registry. ] Neurol
Neurosurg Psychiatry 64:392-395

Mead GE, Shingler H, Farrell A et al (1998) Carotid disease in
acute stroke. Age Ageing 27:677-682

Mead GE, Lewis SC, Wardlaw JM et al (2000) How well does
Oxfordshire Community Stroke Project classification pre-
dict the site and size of the infarct on brain imaging? J
Neurol Neurosurg Psychiatry 68:558-562

Melo TP, Bogousslavsky J, Moulin T et al (1992) Thalamic
ataxia. ] Neurol 239:331-337

Melo TP, Bogousslvasky J (1992) Hemiataxia-hypesthesia:



Territorial and Embolic Infarcts

a thalamic stroke syndrome. ] Neurol Neurosurg Psych
55:581-584

Min WK, Park KK, Kim YS et al (2000) Atherothrombotic
middle cerebral artery territory infarction. Topographic
diversity with common occurrence of concomitant small
cortical and subcortical infarcts. Stroke 31:2055-2061

Minematsu K, Yamaguchi T, Omae T (1992) Spectacular
shrinking deficit: rapid recovery from a major hemi-
spheric syndrome by migration of an embolus. Neurology
42:157-162

Molina CA, Montaner J, Abilleira S et al (2001) Timing of spon-
taneous recanalization and risk of hemorrhagic transforma-
tion in acute cardioembolic stroke. Stroke 32:1079-1084

Montavont A, Nighoghossian N, Hermier M et al (2003) Hemi-
plegia in posterior cerebral artery occlusion: acute MRI
assessment. Cerebrovasc Dis 16:452-453

Moulin T, Crepin-Leblond T, Chopard JL et al (1993) Hemor-
rhagic infarcts. Eur Neurol 34:64-77

Moulin T, Tatu L, Vuillier F et al (2000) Role of a stroke data
bank in evaluating cerebral infarction subtypes: patterns
and outcome of 1.776 consecutive patients from the Besan-
con stroke registry. Cerebrovasc Dis 10:261-271

Nighoghossian N, Hermier M, Adeleine P et al (2002) Old
microbleeds are a potential risk factor for cerebral bleed-
ing after ischemic stroke. A gradient-echo T2* - weighted
brain MRI study. Stroke 33:735-742

Oliveira-Filho ], Ay H, Schaefer PW et al (2000) Diffusion-
weighted magnetic resonance imaging identifies the
“clinically relevant” small-penetrator infarcts. Arch Neurol
57:1009-1014

Pinto AN, Melo TP, Louren¢o ME et al (1998) Can a clinical
classification of stroke predict complications and treat-
ments during hospitalization? Cerebrovasc Dis 8:204-209

Ramirez-Lassepas M, Cipolle R], Bjork RJ et al (1987) Can
embolic stroke be diagnosed on the basis of neurologic
clinical criteria? Arch Neurol 44:87-89

Rieke K, Kreiger D, Adams HP et al (1993) Therapeutic strat-
egies in space-occupying cerebellar infarction based on
clinical, neuroradiological and neurophysiological data.
Cerebrovasc Dis 3:45-55

Roh JK, Kang DW, Lee SH et al (2000) Significance of acute
multiple brain infarction on diffusion-weighted imaging.
Stroke 31:688-694

Saeki N, Shimazaki K, Yamaura A (1999) Isolated infarction in
the territory of lateral posterior choroidal arteries. ] Neurol
Neurosurg Psychiatry 67:413-415

Saposnik G, Caplan LR (2001) Convulsive-like movements in
brainstem stroke. Arch Neurol 58:654-657

Schmahmann JD (2003) Vascular syndromes of the thalamus.
Stroke 34:2264-2278

Schwarz S, Egelhof T, Schwab S et al (1997) Basilar artery
embolism. Clinical syndrome and neuroradiologic pat-
terns in patients without permanent occlusion of the basi-
lar artery. Neurology 49:1346-1352

Schwarz S, Schwab S, Hacke W (2001) Large and panhemi-
spheric infarcts. In: Bogousslavsky J, Caplan L (eds) Stroke
syndromes. Cambridge University Press, Cambridge, pp
490-498

Selim M, Fink JN, Kumar S et al (2002) Predictors of hem-

223

orrhagic transformation after intravenous recombinant
tissue plasminogen activator: prognostic value of the ini-
tial apparent diffusion coefficient and diffusion-weighted
lesion volume. Stroke 33:2047-2052

Singer MB, Chong ], Lu D et al (1998) Diffusion-weighted MRI
in acute subcortical infarction. Stroke 29:133-136

Singhal AB, Topcuoglu MA, Buonanno FS (2002) Acute isch-
emic stroke patterns in infective and nonbacterial throm-
botic endocarditis: a diffusion-weighted magnetic reso-
nance imaging study. Stroke 33:1267-1273

Steinke W, Mangold ], Schwartz A et al (1997) Mechanisms of
infarction in the superficial posterior cerebral artery terri-
tory. ] Neurol 244:571-578

Studer A, Georgiadis D, Baumgartner RW (2003) Ischemic
infarct involving all arterial territories of the thalamus.
Acta Neurol Scand 107:423-425

Timsit SG, Sacco RL, Mohr JP et al (1992) Early clinical differ-
entiation of cerebral infarction from severe atherosclerotic
stenosis and cardioembolism. Stroke 23:486-491

Tong DC, Adami A, Moseley ME et al (2000) Relationship
between apparent diffusion coefficient and subsequent
hemorrhagic transformation following acute ischemic
stroke. Stroke 31:2378-2384

Tong DC, Adami A, Moseley ME et al (2001) Prediction of
hemorrhagic transformation following acute stroke: role
of diffusion-and perfusion-weighted magnetic resonance
imaging. Arch Neurol 58:587-593

Van Horn G, Hawes A (1982) Global aphasia without hemi-
paresis: a sign of embolic encephalopathy. Neurology
32:403-406

Vo KD, Santiago F, Lin W et al (2003) MR imaging enhance-
ment patterns as predictors of hemorrhagic transformation
in acute ischemic stroke. Am ] Neuroradiol 24:674-679

Von Campe G, Regli F, Bogousslavsky J (2003) Heralding mani-
festations of basilar artery occlusion with lethal or severe
stroke. ] Neurol Neurosurg Psychiatry 74:1621-1626

Wardlaw JM, Dennis MS, Lindley RI et al (1996) The validity
of a simple clinical classification of acute ischaemic stroke.
] Neurol 1996:274-279

Warlow CP, Dennis MS, van Gijn J et al (2001) A practical
approach to the management of stroke patients. In: Warlow
CP, Dennis MS, van Gijn J, Hankey GJ, Sandercock PAG,
Bamford JM, Wardlaw JM (eds) Stroke. A practical guide to
management. Blackwell Science, Oxford, pp 414-441

Wityk RJ, Goldsborough MA, Hillis A et al (2001) Diffusion-
and perfusion-weighted brain magnetic resonance imag-
ing in patients with neurologic complications after cardiac
surgery. Arch Neurol 58:571-576

Wolf PA (2002) Mortality in patients with stroke. In:
Bogousslavsky (ed) Long-term effects of stroke. Dekker,
New York, pp 93-104

Wolff V, Saint Maurice JP, Ducros A et al (2002) Akinetic
mutism and anterior bicerebral infarction due to abnor-
mal distribution of the anterior cerebral artery. Rev Neurol
(Paris) 158:377-380

Wong KS, Gao S, Chan YL et al (2002) Mechanisms of acute
cerebral infarctions in patients with middle cerebral artery
stenosis: a diffusion-weighted imaging and microemboli
monitoring study. Ann Neurol 52:74-81



15 Hemodynamic Infarcts and Occlusive Carotid Disease

KRISTINA SzABO and MICHAEL G. HENNERICI

CONTENTS

15.1 Introduction 225

15.2  Stroke Patterns in Occlusive Carotid Disease 226

153  Hemodynamic Stroke 227

15.3.1 Pathophysiological Concepts 227

15.3.2 Diffusion-weighted and Perfusion Imaging
Correlates of Hemodynamic Stroke 228

154  Evaluation of Vessel Pathology in Occlusive
Carotid Disease 231

15.4.1 Obstruction of the Internal Carotid Artery 231

15.4.2 Role of the Anatomy of the Circle of Willis 232

15.5  Use of MRI to Identify Other Causes of Stroke in
Patients with Occlusive Carotid Disease 234

15.6 Treatment of Patients with Occlusive
Carotid Disease 234

15.7  Clinical Case Studies 235
References 236

15.1

Introduction

“The observation that misfortunes rarely come
single, was verified in Handel. His fortune was not
more impaired, than his health and his understand-
ing. His right-arm was become useless to him, from
a stroke of the palsy; and how greatly his senses were
disordered at intervals, for a long time, appeared
from an hundred of instances, which are better for-
gotten than recorded” (MAINWARING 1760).

Georg Friedrich Héndel’s recurrent stroke is a
well-documented historical case of cerebrovascu-
lar disease. He suffered from repeated palsies on
his right side accompanied by speech impairment
occurring in stroke-like episodes that must be
considered left hemispheric ischemic events, pos-
sibly caused by left internal carotid artery disease
(BAzNER and HENNERICI 2004).
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Atherosclerotic narrowing of the extracranial
internal carotid artery (ICA) is a well-recognized
cause of cerebralischemia. The annual stroke risk for
patients with asymptomatic ICA stenosis amounts
to approximately 1%-2% (CHAMBERS AND NORRIS;
HENNERICI etal. 1987). Many natural history studies
and prospective treatment trials with large patient
samples have focused on optimal patient assessment
inregard to medical or interventional measures, i.e.,
carotid endarterectomy, percutaneous transluminal
angioplasty and carotid stenting (BARNETT et al.
1998; RoTHWELL and WAaRLow 1999; BRowN and
HAcCKE 2004). Management of patients with carotid
stenosis should focus on the occurrence and identi-
fication of neurological symptoms, the best possible
identification of the degree and morphology of the
stenosis and the determination of the mechanism of
ischemic symptoms (Sacco 2001; ROTHWELL et al.
2004). Since such a differentiated approach is not
always taken and patients undergo surgical or inter-
ventional treatment far too often without a proper
neurological evaluation, the material presented in
this chapter will demonstrate thata critical approach
concerning the clinical relevance of a stenosis of the
ICA is mandatory in the view of imaging procedures
such as magnetic resonance imaging (MRI) and
improves outcome based on a better understanding
of the pathophysiology and mechanisms of ischemic
symptoms. Therapeutic decisions should be largely
based nowadays on the identification, visualiza-
tion, and grading of the vascular situation and the
identification of neurological symptoms related to
carotid disease - thus neuroimaging studies are an
integral part of the neurologist’s assessment of the
patient. Recent technological progress of MRI has
made it possible to obtain data from magnetic reso-
nance angiography (MRA), T2-, diffusion-weighted
(DWI), and perfusion MRI (PI). Multi-parameter
MRI “background” information may become a
basis for an optimized risk-benefit assessment in
individual patients. Adding information regarding
the circle of Willis, acute and chronic tissue damage,
severity of hemodynamic compromise, collateral
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supply and the cerebral reserve capacity may poten-
tially help identify the most appropriate candidates
for interventional therapies.

15.2
Stroke Patterns in Occlusive Carotid Disease

In the past, two different basic mechanisms have
been proposed to account for ischemic events in ICA
occlusive disease: (1) intracranial embolism and (2) a
low-perfusion state also referred to as hemodynamic
insufficiency. In the post-mortem arteriographic
and pathologic study by Roppa and PaTH (1986),
massive infarcts involving two major cerebral artery
territories were associated with distal ICA occlusion,
middle cerebral artery (MCA) territory infarcts were
seen when the ICA was occluded or stenosed, and
borderzone infarcts were characterized by ICA dis-
ease and limited circle of Willis anastomosis.

Studies based on computed tomography have
suggested that hemodynamically significant ste-
nosis or obstructions of the extracranial ICA may
cause hemodynamic changes in the distal regions of
the hemispheric blood supply, the so-called water-
shed areas between major vascular territories, while
embolism from ICA stenosis is believed to dispropor-
tionately affect the MCA stem and distal branches
producing territorial infarction, often including
the lenticulostriate territory (PEsSIN et al. 1979). In
other studies, small borderzone infarcts were seen
as markers for high-grade ICA stenosis and occlu-
sion (BoGoUsSSLAVSKY 1986a; DEL SETTE et al. 2000),
while this association was denied in a larger trial
(HupperTs et al. 1997). The concept of borderzone
ischemia as a cause of stroke in patients with severe
ICA stenosis has been challenged (HENNERICI et al.
1998), and recently the coexistence of hypoperfusion
and arterial embolism in patients with borderzone
stroke and ICA disease - as opposed to two indepen-
dent mechanisms - has been postulated (CAPLAN
and HENNERICI 1998).

Using DWI and PI in acute stroke patients with
the detection of the acute lesion and the delineation
of the area of hemodynamic compromise, the under-
standing of pathophysiological mechanisms leading
to cerebral ischemia in patients with ICA disease
has been improved. DWI offers a better chance of
detecting not only gross abnormalities but also very
subtle acute ischemic lesions. In a systematic study
using DWT in 102 consecutive patients with ICA ste-
nosis > 50% or ICA occlusion and acute stroke, we
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defined certain patterns of acute infarctions (SzaBo
et al. 2001): Pattern 1 was identified as a large isch-
emic lesion involving the cerebral cortex and sub-
cortical structures in one or more major cerebral
artery territories, referred to as “cortical territorial
infarction”. This stroke subtype is assumed to be a
partial MCA infarction if a distal middle cerebral
artery branch is occluded, to be a large MCA infarc-
tion in the case of proximal occlusion at the level
of the MCA bi- or trifurcation and in the absence
of an efficient collateral system (HEINSIUS et al.
1998), or to be a complete anterior cerebral artery
(ACA) and MCA territory infarction in the case of
an embolism to the distal ICA. Pattern 2 was defined
as “subcortical infarction” in the territory of the
deep perforating branches from the distal ICA or
the MCA trunk. This pattern has been explained by
the occlusion of the MCA in the presence of patent
collaterals, either due to the embolization into the
middle cerebral artery resulting in a large striato-
capsular lesion or due to the occlusion of a deep
perforating artery of the carotid system leading to
a subcortical lesion (WEILLER et al. 1990; NAKANO
et al. 1995). Pattern 3 (“territorial infarction with
fragmentation”) represented a large ischemic lesion
with additional smaller lesions either in cortical
or in subcortical regions, probably due to partial
fragmentation of the embolus (RoH et al. 2000). In
pattern 4, several disseminated small lesions were
sprinkled in random fashion in the distal territory
of the middle cerebral artery involving mainly cor-
tical regions. The possible cause of this pattern may
be a fragmented embolus or multiple microemboli
in smaller vessels (BAIRD et al. 2000). Pattern 5
(“borderzone infarction™) exhibited lesions either
completely or predominantly located in regions
considered to be one of the hemodynamic risk zones
between major cerebral vascular territories (ZULcH
1963; MULL et al. 1997). An example for each pattern
is given in Fig. 15.1. Our data showed that ischemic
lesions on DWT in patients with ICA occlusive dis-
ease are by far more heterogeneous than hitherto
suspected. Various stroke patterns represented very
different characteristics from small embolic lesions
to large territorial ischemia. Although the degree of
ICA stenosis significantly influenced the pattern of
cerebral ischemia seen on DWI, half of the patients
with high-grade or subtotal stenosis had lesions of
different types and extent in hemodynamic risk
zones. In high-grade ICA stenosis, multiple small
embolic lesions were a common feature of cerebral
ischemia. However, although each of these patterns
raises the initial suspicion of a specific underlying
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mechanism, their specificity is by far not absolute.
In contrast, various lesion patterns might be caused
by a single mechanism, while a single lesion pattern
might be associated with different mechanisms.
The study of stroke patterns in ICA occlusive dis-
ease has been addressed by other groups: KasTRUP
et al. (2002) prospectively analyzed 107 patients
with high-grade (> 70%) ICA disease and found that
the majority of patients had multiple, small corti-
cal and/or subcortical DWTI lesions. They conclude
that this common lesion type supports large artery
thromboembolism in symptomatic high-grade ICA
stenosis. In a study by KaNG et al. (2002), examining
35 consecutive patients with acute stroke and > 70%
stenosis or occlusion of the ipsilateral ICA, simi-
larly multiple DWI lesions were noted in 83%. They
describeacommonassociation ofborderzonelesions
with territorial infarction (Fig. 15.2), and therefore
also suggest embolism in low perfusion territories
as a predominant stroke mechanism in ICA occlu-
sive disease. The new aspects of these DWI studies
show that lesion characterization in carotid disease
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might be more complex and underline the concept
that different pathomechanisms interact. However,
neither of the latter two studies provided additional
information on possible hemodynamic alterations
leaving any interpretation of stroke mechanism
incomplete. Our approach to definitively identify
hemodynamic lesions is described below. Table 15.1
summarizes DWI findings in symptomatic ICA dis-
ease in these studies.

15.3
Hemodynamic Stroke

15.3.1
Pathophysiological Concepts

Infarcts occurring as a consequence of cardiac arrest
or severe hypotension (see Chap. 16) follow similar
topographical patterns with bilateral lesions in the
borderzones between the major cerebral arteries — a

Fig 15.1. Diffusion-weighted imaging demonstrates different patterns of acute stroke in occlusive internal carotid artery disease:
1, territorial stroke; 2, subcortical stroke; 3, territorial stroke with fragmentation; 4, disseminated small lesions; 5, borderzone

infarction

Fig. 15.2. Diffusion-weighted imaging in a 54-year-old patient with acute onset of severe left-sided hemiplegia shows a territo-
rial infarction in the right middle cerebral artery territory, as well as additional bilateral hemodynamic lesions. Ultrasound
examination in this patient showed high-grade internal carotid artery stenosis on both sides
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Table 15.1. Diffusion-weighted imaging in symptomatic occlusive carotid disease
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Conclusions

Study Number of  Stenosis Lesions identified
patients grade
KasTRUP 107 >70% or e Single lesion (n=18)
et al. (2002) occlusion o Multiple lesions (1n=37)
 No lesion (retinal or hemispheric
TIA, n=52)
Kang 35 >70% or o Territorial lesion (n=21)
et al. (2002) occlusion e Borderzone lesion with or without
a territorial lesion (n=10)
o Bilateral hemispheric lesions (n=4)
SZABO 102 > 50 or o Territorial stroke (n=30)
et al. (2001) occlusion e Subcortical stroke (n=13)

o Territorial infarction with frag-
mentation (n=11)
o Disseminated small lesions (n=15)

The majority of patients with symptom-
atic high-grade stenosis had multiple,
frequently very small DWI lesions

Acute ischemic lesion in ICA occlusive
disease is mainly multiple; borderzone
infarction was mostly associated with
territorial infarction

The degree of ICA stenosis may favor
certain stroke patterns. In patients with
high-grade stenosis the highest fre-
quency of lesions occurs in the hemo-
dynamic risk zones

e Borderzone lesions (n=33)

phenomenon also confirmed by early experimental
studies with primates (BRIERLEY and EXCELL 1966).
Borderzone infarcts were identified in brains of
patients who died shortly after cardiac surgery and
ascribed to episodes of abrupt arterial hypotension
(ApamMms et al. 1966). In patients with occlusive ICA
disease alike stroke lesions have been described and
are believed to be caused by a similar, yet gradual
compromise of cerebral perfusion, especially under
the conditions of limited collateral circulation
(BogoussLAvskY 1986b). These so-called border-
zones are divided into the superficial or cortical bor-
derzones wedged between the territory of ACA and
the MCA, or between the MCA and posterior cerebral
artery (PCA) territory, and the deep or subcortical
borderzone located in the vascular territory between
deep and superficial arterial systems (WATERSTON et
al. 1990; BoGoUSSLAVSKY 1986a; TORVIK 1984).
More recently, not only hemodynamic compro-
mise, but also embolism was found to play an impor-
tant role in the pathogenesis of borderzone infarcts.
CarrLaN and HENNERICI (1998) postulated the coexis-
tence of hypoperfusion and intra-arterial embolism in
borderzone infarcts and suggested that emboli lodged
in hypoperfused regions may contribute to local isch-
emiaandinfarction. A similar theorywas expressed by
PoLLANEN and DEcK (1989) who proposed that small
thromboemboli may not be randomly distributed in
the cerebral artery supply, but may be preferentially
distributed to the small arterial branches of the bor-
derzone due to anatomical features of vessel branches.
Supporting the theory of microembolism, using the
Doppler ultrasound phenomenon of “high intensity
transient signals” (HITS) for detecting microemboli
in the middle cerebral artery in patients with occlusive
carotid disease, HITS were significantly more often

associated with severe (>70%) (23.5%) than with
moderate (50%-70%) internal carotid artery stenosis
(3.4%) (R1Es et al. 1996).

Yet, since the territories of the major cerebral
arteries have been shown to possibly vary consid-
erably, lesion localization alone may not be enough
to identify borderzone lesions. VAN DER ZWAAN
and HiLLeEN (1991) described different variations
of the cortical distributions in all 25 human brains
obtained at autopsy through injecting different col-
ored substances into the six major arteries of the
human brain. He also noted an inter-individual dif-
ference with remarkable asymmetrical territorial
distribution in both hemispheres. With the clini-
cal use of novel MRI techniques, however, it is pos-
sible to identify acute ischemic lesions in individual
hemodynamic risk zones.

15.3.2
Diffusion-weighted and Perfusion Imaging
Correlates of Hemodynamic Stroke

DWT1 is sensitive to changes of water molecule mobil-
ity and detects reduced proton mobility due to cyto-
toxic cell swelling, an early event in the cascade of
ischemic tissue change, before T2-weighted MRI
shows abnormality (LEBIHAN 1991; SAKUMA et al.
1991; TANNER 1983). The regional reduction of diffu-
sion is visible as hyperintensity on DWI images and
as hypointensity on quantitative maps of the appar-
ent diffusion coefficient (ADC) (see Chap. 7). DWI
images provide a higher lesion-to-background con-
trast than conventional MRI facilitating lesion detec-
tion in early stages of stroke and allowing differen-
tiation of acute and chronic tissue change. Current
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Fig.15.3. Acute stroke MRI in a 34-year-old patient with acute-onset (1.5h) right side hemiparesis. From left to right: the T2-
weighted image shows no definite parenchymal abnormality, only subtle signs such as lack of flow void in the MCA branches of the
temporal region; the DWI image demonstrates the acute ischemic lesion involving the insular region of the right MCA territory with
corresponding reduction of the ADC; the MIP-TOF MRA depicts signal loss in the occluded proximal right MCA and distal ICA,
while the perfusion map (time-to-peak) demonstrates different grades of hypoperfused tissue in the complete MCA territory

evidence suggests that reduced diffusion is caused by
cell swelling associated with cytotoxic edema forma-
tion, caused by failure of energy dependent pumps
and influx of sodium and calcium, possibly accentu-
ated by metabolic stress due to periinfarct depolar-
ization. It is likely that both the narrowing of extra-
cellular space and intracellular changes contribute to
reduced diffusion. At present single shot echo planar
(EP) MRI techniques are most widely used for DWI
(EDELMANN et al. 1994; Gass et al. 1999). Only a
single nuclear spin excitation is required and a whole
head (e.g., 24 slices, slice thickness of 5 mm) DWI
study can typically be generated within 4-5s. EP
images are prone to specific artifacts (susceptibil-
ity artifact, N/2 or Nyquist ghost artifact, chemical
shift artifact, eddy current artifact) that also need
to be considered when interpreting DWI. Figure 15.3
shows an example of acute stroke MRI and the ben-
efit of the different MRI techniques.

Figure 15.4 shows typical examples of hemo-
dynamic acute stroke patterns in four different
patients with carotid disease as identified by DWI.
Lesions can be either located in the anterior or
posterior superficial hemodynamic risk zone or in
both, they can be located in the subcortical bor-
derzones or, as in Fig. 15.5, they can affect all areas
considered to be regions vulnerable to hemody-
namic compromise. Commonly, these lesions are
small and dot-like or confluent distributed in a
chain-like fashion and can be either single or mul-
tiple. It is important to acknowledge that some of
these lesions would probably be missed using con-
ventional imaging techniques. Even though these
stroke patterns bear very characteristic features
and may allow an experienced clinician to suspect
hemodynamic pathogenesis, with lesions located
in the paraventricular region it is sometimes dif-
ficult to distinguish between superficial perfo-
rating artery and internal borderzone lesions. In

an interesting study LEE et al. (2003) compared
MRI characteristics of these topographically well-
defined types of deep cerebral infarcts and found
that borderzone infarcts were larger, appeared in a
chain-like distribution and had a higher degree of
stenosis or occlusion of the ICA or the MCA, while
superficial perforating artery strokes were more
frequently accompanied by cortical spotty lesions
and more frequent potential cardio-embolic
sources.

For the exact description of hemodynamic
stroke and identification of individual hemody-
namic risk zones, as mentioned earlier, the assess-
ment of the hemodynamic situation is essential. PI
offers a means to obtain semiquantitative hemody-
namic information in cerebral ischemia with rela-
tively high resolution and short acquisition times
covering all cerebral vascular territories. In acute
cerebral ischemia dynamic susceptibility contrast

Fig.15.4. DWI shows examples of acute borderzone lesions,
namely in the posterior (upper row left) or anterior (upper
row right) hemodynamic risk zones and in the subcortical or
deep borderzone (bottom row)
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(DSC) MRI is the most widely evaluated technique
(see Chap. 6). It uses information from transient
local changes of magnetic field homogeneity (sus-
ceptibility effects) induced by the bolus passage
of a paramagnetic contrast agent in dynamic T2*-
weighted MRI acquisitions (RoSEN et al. 1990). The
extent of hemodynamically compromised tissue is
readily provided by the temporal characteristics
of the contrast bolus arrival in ‘time to peak’ or
‘mean transit time’ maps (OSTERGAARD et al. 1996;
ROTHER et al. 1996). In the first few hours after
stroke onset, P abnormalities are often larger than
the DWI lesions. This pattern (PI > DWI) is fre-
quently associated with lesion growth into the PI/
DWI mismatch region and is therefore suggested to
show “tissue at-risk” and is often found in critical
carotid artery stenosis or occlusion (NEUMANN-
HAEFELIN et al. 2000). It is well established that
impaired hemodynamics can be demonstrated
with PI in patients with ICA disease. Compro-
mise of autoregulation in patients with high-grade
carotid stenosis has been demonstrated (GUCKEL
et al. 1996; MAEDA et al. 1999). As a compensatory
mechanism of high-grade carotid stenosis, cere-
bral blood volume (CBV) maps may show a local
increase of CBV. PI has been a reliable method for
assessing perfusion changes in patients with uni-
lateral carotid stenosis and patients with good col-
lateral supply have been distinguished from those
with poor collateral supply (REITH et al. 1997).
Recently, large territorial perfusion deficits have
been found with a predisposition to borderzone
infarction in high-grade ICA stenosis (CHAVES et
al. 2000). The authors examined the MRI data of
17 patients with borderzone infarcts and identified
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Fig. 15.5. As in this 68-year-old man with
a high-grade stenosis of the left internal
carotid artery presenting with a fluctuat-
ing mild left-hemispheric syndrome, acute
ischemic lesions can affect all areas con-
sidered to be hemodynamic risk zones

three patterns of perfusion abnormalities associ-
ated with the diffusion lesions. They found that
the perfusion abnormality varied according to the
mechanism of the borderzone infarction: (1) Tran-
sient perfusion deficits occurring with hypoten-
sion in the absence of significant large artery dis-
ease may not be revealed by PI; (2) embolism may
cause some cases of small borderzone perfusion
deficits; (3) critical large artery disease may cause
large territorial perfusion deficits and predispose
to borderzone infarction.

Frequently, visual analysis of DWI images allows
the experienced reader to identify hemodynamic
stroke patterns. However, this is not always reliable
due to the fact that lesions are sometimes punc-
tuated and small and it can be difficult to detect
helpful anatomical landmarks on DWI. Sometimes
only with help from PI is it possible to recognize
lesions in the hemodynamic risk zones. Figure 15.6
gives an example of computerized superimpos-
ing of DWI and PI, to determine where the diffu-
sion lesion is located with respect to the perfusion
deficit. After aligning the time-to-peak and DWI
images, it becomes clear that the lesions are indeed
located in the borderzone area where the extent of
the perfusion deficit is the greatest. Further studies
to characterize these “dot-like” lesions with regard
to the hypoperfused region are in the process and
should shed new light on the role of microembo-
lism in hemodynamically compromised regions.
Figure 15.7 demonstrates two theoretical concepts
of stroke in hemodynamic risk zones - microem-
bolic lesions in the most distal arterial branches
and the infarction of the compromised borderzone
territory.
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Fig. 15.6. Computerized registration and overlay of DWI lesions on PI images, to determine the exact location of the diffusion
lesion with respect to the perfusion deficit. The alignment of the time-to-peak (TTP) and DWI images demonstrates that the
lesions are indeed located in the borderzone area where the extent of the perfusion deficit is most pronounced

15.4

Evaluation of Vessel Pathology in Occlusive
Carotid Disease

MRA is an emerging technique in carotid artery
disease taking advantage of the differences of spin
signals of flowing blood and static tissue, with the
stationary tissue signal effectively suppressed relative
to the blood flow signal (see Chap. 5). The ability of
non-invasively imaging blood flow and thereby visu-
alizing extra- and intracranial vasculature offers the
clinician valuable information. A single measurement
is performed within a few minutes. Two techniques
are most widely used to assess narrowing of the
extracranial vessels and to visualize the intracranial
vasculature: contrast-enhanced MRA (CE-MRA) and

Fig.15.7. The theoretical concepts of
stroke in hemodynamic risk zones
- “dot-like” microembolic lesions in the
most distal arterial branches resulting
from more proximal vessel pathology
and impaired emboli washout (left)
and the complete infarction of the com-
promised tissue in the borderzone ter-
ritory (right). The bottom row gives DWI
examples of these lesion patterns

time-of-flight (TOF) techniques. MRA source images
are frequently postprocessed to provide a 3D visu-
alization with an algorithm also termed maximum
intensity projection (MATTLE and EDELMAN 1992;
ROTHER et al. 1993). This allows demonstration of
the 3D vessel topography and offers the possibility to
review the vessels in every desirable plane even after
the investigation is concluded.

15.4.1
Obstruction of the Internal Carotid Artery

CE-MRA is a promising technique particularly for
the evaluation of the proximal segments from the
aortic arch covering the carotid bifurcation (CLOFT
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et al. 1996; Gass et al. 1997; PATEL et al. 1995). Small
intravenous doses of paramagnetic contrast agent
strongly enhance the MR signal due to T1 shorten-
ing. While CE-MRA appears excellent to visualize
the site and length of narrowing, it also shows a
tendency to overemphasize arterial narrowing. Tur-
bulent flow in case of a high-grade stenosis might
therefore not be detected. Hence, complete signal
loss over a short vessel segment can indicate high-
grade vessel narrowing, but must not indicate vessel
occlusion. From a practical standpoint CE-MRA is a
very fast technique and therefore less susceptible to
patient motion occuring with long acquisition times.
Exact timing of the contrast injection is important
to avoid obscuring the arterial vessels from hyper-
intensity due to early venous return. Although it has
only recently become available CE-MRA has already
contributed considerably to patient management as
many vascular surgeons no longer require preopera-
tive conventional contrast angiography, but may use
the combination of duplex ultrasound studies and
CE-MRA for visualization of the vascular pathology.
Figure 15.8 gives an example for a high-grade steno-
sis identified with Duplex ultrasound and a signal
loss over the proximal part of the affected vessel
segment on CE-MRA (Gass et al. 2001).
High-resolution MRI has recently emerged as one
of the most promising techniques for the noninvasive
study of atherosclerosis of the ICA. This method can
be used to characterize plaque composition and to
monitor progression and is mainly performed using
cross-sectional imaging of the vessel (Fig. 15.9). MR
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techniques are not dependent on the angle of the
imaging plane and are less dependent on the skill of
the operator than is ultrasound. For the purposes of
vascular imaging, MR is unique in that the modal-
ity can provide excellent contrast between the vessel
wall and adjacent lumen by using flow-sensitive
pulse sequences. Thus, MR can be used to image
the vessel lumen (flowing blood) and, at the same
time, produce tissue information that describes the
vessel wall. By using T1-weighted and chemical-
selective techniques (CoRrTI et al. 2001; YUAN et al.
2001) the detection of lipid signals (cholesterol and
cholesteryl esters) is possible. With the inclusion of
sequences that are T2-weighted and T1- or inter-
mediate-weighted with a very short echo time, the
specificity of MR imaging techniques has improved
and allowed differentiation of necrotic cores from
fibrous regions in ex vivo plaque specimens (GoLD
et al. 1993). Direct MRI of a thrombus has even
been shown to be capable of detecting methemoglo-
bin within intraplaque hemorrhage (Mooby et al.
2003).

15.4.2
Role of the Anatomy of the Circle of Willis

MRA has been shown to be well suited to inves-
tigate the circle of Willis (CW) since abnormali-
ties can be detected by MRI blood flow techniques
(ANzoLa et al. 1995). 3D TOF sequences, although
more time consuming than CE-MRA, are still the

Fig.15.8. Contrast-enhanced MRA
reveals high-grade proximal ICA steno-
sis with signal void at the level of the
right carotid bifurcation (left). Color
Doppler flow imaging demonstrates
high-grade ICA stenosis with turbulent
flow (light blue, top right) and power
Doppler shows excellent delineation of
the stenosis and increased blood flow
velocity (yellow and red, bottom right)
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main method of visualizing the CW. To achieve a
high contrast image, the stationary spins of back-
ground tissue are usually saturated with magnetiza-
tion transfer pulses resulting in a low background
signal, whereas unsaturated moving spins of blood
produce a bright signal. TOF may be used eitherin a
2D or 3D sequence. In a 2D TOF, a set of thin slices
is acquired sequentially, one slice after the other.
Data in 3D TOF are acquired as volume (slab) or a
set of volumes. The sensitivity of 3D TOF to slowly
flowing blood is poor, but it can provide high spatial
resolution and is therefore especially useful for the
arterial angiography of small vessels with high-flow
velocity. TOF sequences are mainly used to image
the circle of Willis also covering the distal parts of
the extracranial internal carotid and the vertebral
arteries.

In patients with obstruction of the internal
carotid artery, numerous collateral pathways that
redistribute blood to the deprived site can main-
tain adequate cerebral blood flow. The CW is con-
sidered an important primary collateral pathway
with its potential believed to be dependent on the
presence and size of the component vessels, which
vary among normal individuals (ALPERs and
BERRY 1963; BAUMGARTNER et al. 1997; KRABBE-
HARTKAMP et al. 1998; MaccHI et al. 1996; PATRUX
et al. 1994; SCHOMER et al. 1994). Using special 2D
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Fig.15.9. Combined MRA (left) and
plaque imaging (right) in a hyperten-
sive patient with symptomatic left ICA
stenosis. Cross-sectional black-blood
imaging demonstrates the severely nar-
rowed lumen (A and B) as well as the
extension of the plaque to the carotid
bifurcation (E), appearing normal on
angiography

phase-contrast techniques, hemodynamic informa-
tion concerning blood flow direction is also achiev-
able. In addition to imaging the extracranial arter-
ies, the CW should also be assessed to detect patent
collateral pathways.

HENDRIKSE and coworkers (2001) investigated
whether the presence of borderzone infarcts is
related to the collateral ability of the CW in symp-
tomatic and asymptomatic patients with unilateral
occlusion of the ICA. They found that in patients
with unilateral ICA occlusion, the presence of col-
lateral flow via the posterior communicating artery
in the circle of Willis is associated with a low preva-
lence of borderzone infarcts and that asymptom-
atic patients with an ICA occlusion do not have an
increased collateral function of the CW. Figure 15.10
shows the four patterns of collateral flow via the CW
to the hemisphere ipsilateral to the ICA occlusion.

Another study investigating the CW collateral
flow by MRA showed that patients with ICA obstruc-
tion with minor neurological deficits demonstrated
a higher prevalence of complete CW configurations
(HArRTKAMP et al. 1999). It remains unclear whether
these patients represent a special population leading
to non-severe strokes or whether favorable CW con-
figurations are acquired through secondary hemo-
dynamic adaptation. There is also data pointing to
the possibility that acute stroke patients suffering
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Fig. 15.10. The four patterns of collateral flow via the circle
of Willis to the hemisphere ipsilateral to the ICA occlusion.
Al segment indicates Al segment of ipsilateral ACA, PcomA
indicates posterior communicating artery

major stroke in underlying ICA disease may repre-
sent a subgroup with a high prevalence of hypo- or
aplastic CW, and may, therefore, be unable to adapt
in an adequate manner or are destined by genetic
factors to suffer stroke in the case of ICA disease
(SzaBo et al. 2001).

15.5

Use of MRI to Identify Other Causes of
Stroke in Patients with Occlusive Carotid
Disease

It is well known that in the age groups at risk for high-
grade carotid stenosis concomitant myocardial and
small vessel disease is often present. A recent analy-
sis of the NASCET data indicated that approximately
20% of strokes in the territory of high-grade symp-
tomatic carotid artery are of cardioembolic and lacu-
nar origin (BARNETT et al. 1998). Therefore, it appears
important to determine the cause of acute deficits in
patients with high-grade carotid stenosis and MRI;
particularly DWI and PI seem useful to differentiate
different mechanisms of acute ischemia providing a
means to differentiate small vessel disease, lacunar
stroke, and cardioembolic lesions. All these etiologies
may produce multiple discrete lesions with different
spatial distributions that may favor one or another
stroke mechanism. Even in asymptomatic patients
with ICA stenosis PI usually identifies a temporal
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delay of the contrast bolus arrival to the entire MCA
territory, while such asymmetry of the entire MCA
territory is usually not seen in patients with small
vessel disease or lacunar stroke. Cardiac embolism
usually produces a pattern of multiple acute lesions
in both hemispheres and both the anterior and pos-
terior circulation, while multiple small lesions in the
borderzones of a MCA territory may indicate high-
grade carotid stenosis. Conversely in patients with
known atrial fibrillation and co-existing high-grade
ICA stenosis, PI and DWI may identify acute lesions
in hemodynamic risk zones rather more suggestive
of ischemia due to high-grade stenosis.

15.6
Treatment of Patients with Occlusive
Carotid Disease

Surgical carotid endarterectomy is currently the
accepted best standard of treatment for revasculariza-
tion of extracranial carotid occlusive disease and has
been validated by multiple randomized, controlled
trials (BARNETT et al. 1998; EUROPEAN CAROTID
SURGERY TRIALISTS’ COLLABORATIVE GROUP 1991).
In the past years, however, carotid artery stenting has
been started by different disciplines in an attempt to
provide a potential therapeutic alternative to carotid
endarterectomy for the treatment of atherosclerotic
carotid artery disease. Reliable evaluation of the
outcomes of carotid stenting is limited at this time
because the outcomes have been reported from case
series with few randomized trials and because long-
term results are not yet established - randomized
clinical studies are in progress (BRowN and HACKE
2004; FEATHERSTONE et al. 2004; HIGASHIDA et al.
2004). A well-known problem of carotid stenting and
of carotid surgery is procedure related embolism to
the brain and several post-procedure DWI studies
have repeatedly shown mainly asymptomatic DWI
lesions (VAN HEESEWIJK et al. 2002). Different protec-
tion devices to prevent embolism are currently under
investigation and no single best proceeding has been
established to date.

Regardless of the treatment chosen, a dedicated
MRI protocol including DWT as well as PI sequences
should be performed beforehand in all patients with
suspected symptomatic ICA disease. The combina-
tion of both methods offers the possibility of identi-
fying patients with potential to benefit from surgery
or stenting. In patients with high-grade stenosis,
large perfusion deficits and a small acute ischemic
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lesion (DWI/PI “mismatch”), recanalization of the
ICA should be achieved by all means. Results from a
recent study suggested that the recanalizing proce-
dure should ideally be performed within 2 weeks of
the patient’s last symptoms (ROTHWELL et al. 2004).
Possibly even more importantly, a dedicated MRI
protocol may be able to demonstrate, that despite
high-grade ICA stenosis intracranial collateraliza-
tion well compensates for the proximal obstruction,
questioning the use and necessity of endarterectomy
in these situations.

15.7
Clinical Case Studies

After analyzing initial and final DWI and PI lesion
size in stroke patients with > 70% internal carotid
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artery stenosis, NEUMANN-HAEFELIN (1999) found,
that most of the mismatch area identified on PI was
not at high risk of irreversible tissue damage. In con-
trast to these findings, patients with initially small
DWI lesions and an underlying carotid stenosis can
deteriorate and develop considerably larger lesions.
Figure 15.11 demonstrates the progressive course of
hemodynamic stroke lesions in a 62-year-old patient
with symptomatic left ICA occlusion who initially
presented with only transient right hemiparesis, but
3 days later showed a progressive hemiparesis of the
right side. Fluctuating blood pressure with intermit-
tent systolic values < 140 mmHg were believed to
have played a role in further infarct demarcation.
The following two examples show different con-
figurations of the circle of Willis in two patients with
occlusive ICA disease. While the 54-year-old patient
in Fig. 15.12 suffering from left ICA occlusion shows
good collateralization via the posterior communi-

Fig.15.11a-d. A 62-year-old patient with symptomatic left internal carotid artery occlusion and progressive stroke. Initial DWI
shows only punctuate small lesions in the deep borderzone of the left hemisphere (a), while the hypoperfused area on the
time-to-peak maps affects the complete left middle cerebral artery territory and is most pronounced in the deep borderzone
area (b). On day 3, the acute lesion has grown considerably larger, paralleling progression of symptoms (c). Contrast-enhanced
MRA shows proximal occlusion of the left internal carotid artery (d)

Fig.15.12. An asymptomatic 54-year-old patient suffering from left internal carotid artery occlusion (left) shows excellent col-
lateralization via the posterior communicating artery and a sufficient filling of the ipsilateral middle cerebral artery (middle).
As a consequence, perfusion MRI (time-to-peak) detects only a slight asymmetry and delay of contrast agent arrival in the
parietal parts of the middle cerebral artery territory (right)
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Fig. 15.13. A 76-year-old woman with a subtotal stenosis of the
left internal carotid artery shows no sufficient collateral flow
and only faint flow signal in the left middle cerebral artery
(upper row), severe hypoperfusion (time-to-peak maps) of the
left middle cerebral artery territory (middle row) and small
acute hemodynamic stroke lesions on DWI (bottom row). The
patient was later successfully treated with carotid endarter-
ectomy

cating artery and a sufficient filling of the ipsilateral
MCA on MRA, PI shows only a slight delay of con-
trast agent arrival in the posterior parts of the MCA
territory. This patient was clinically asymptomatic.
The 76-year-old woman with similar vessel pathol-
ogy in Fig. 15.13, however, shows no sufficient col-
lateral flow and only faint flow signal in the MCA,
severe hypoperfusion of the left MCA territory and
small acute hemodynamic stroke lesions on DWL.
Duplex ultrasound demonstrated subtotal stenosis
of the left ICA and the patient was later successfully
treated with endarterectomy.
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16.1
Introduction

As medical technology progresses, more advanced
life-supporttechniquesareavailable. While thisisan
important benefit to the vast majority of patients, we
are also confronted with a small number of patients
sustaining lesions to the brain due to hypoxia and
ischemia. Since the implications regarding outcome
are very serious, it is of utmost importance to recog-
nize these lesions early on, so that the appropriate
measures can be taken. The lesions may be local-
ized or diffuse (bilateral, infra- and supra tento-
rial) depending on duration and acuity of ischemia.
Significant acuity may suggest brain death clinically
or radiologically (L6vBLAD and BASSETTI 2000).
Since these patients often receive various drugs and
may be polymorbid (with both cardiac and cerebral
pathologies), the physical examination can be dif-
ficult and frustrating, even for more experienced cli-
nicians. Electroencephalography can assess central
nervous system (CNS) dysfunction, and computed
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tomography (CT) can exclude hemorrhage and
demonstrate diffuse ischemic edema; however, nei-
ther method may be sufficiently accurate to exactly
delineate the extent of the damage incurred to the
CNS. Since magnetic resonance imaging (MRI)
appears superior in providing accurate information
regarding brain anatomy and pathology, it should be
used to assess its value in the diagnosis and man-
agement of patients with global cerebral ischemia
and hypoxia.

16.2
Global Cerebral Ischemia and Hypoxia

16.2.1
Pathophysiology

At rest, the brain consumes 20% of the total oxygen
that the whole body consumes. Global brain isch-
emia occurs when the arterial blood pressure cannot
maintain a sufficient cerebral perfusion pressure.
This happens with cardiac dysfunction, shock, and
critical increase in intracranial pressure. Cere-
bral hypoxia is the deprivation of oxygen with a
maintained cerebral blood flow. Pure hypoxia will
occur in rare instances such as reduced atmospheric
oxygen, which is an extremely rare cause of brain
hypoxia, or as a result of drowning. Most cases occur
in a combination of hypoxia and ischemia since pure
hypoxia very often causes cardiac arrest and, thus,
interruption of cerebral blood flow. The combina-
tion of both hypoxia and ischemia leads to more
serious neuronal damage than hypoxia alone.

16.2.2
Causes

The causes of diffuse cerebral ischemia are: circula-
toryarrest (e.g., cardiac arrest), impaired circulation
(strangulation, profound hypotension, extracranial
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vascular disease), impaired energy substrate supply
(hypoxic hypoxia, hypoglycemia, carbon monoxide
poisoning), diffuse small vessel disease (hyperten-
sion, eclampsia, types of small vessel arteritis) and
micro-embolic disease (fat embolism, disseminated
intravascular coagulation, cardiopulmonary bypass
procedures) (TooLE and BURROW 1990). Strangula-
tion and hanging will lead to hypoxia due to oli-
gemia, airway obstruction, and respiratory arrest
in the case of brain stem compression by fractured
vertebrae.

16.2.3
Neuropathology

Acute cerebral ischemia affects neurons first and
the more resistant glia and blood vessels in later
stages. Deep cortical layers such as layer III of the
cerebral cortex are especially vulnerable, mainly in
the parietal and occipital regions and less in the
frontal and temporal areas. The more vulnerable
neurons are those of the caudate and putamen, the
pyramidal cells of Sommer’s area and the Purkinje
cells in the cerebellum. The thalamus and brainstem
are more resistant to hypoxia and ischemia. White
matter is generally considered to be more resistant
than grey matter.

The watershed areas (see Chap. 15) are particu-
larly sensitive to ischemia in cardiac arrest, espe-
cially in the parietal lobe area in the borderzone
between anterior, posterior and middle cerebral
artery territories.
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Laminar cortical necrosis is the end-stage of cor-
tical ischemia and has been described in many con-
ditions of cellular energy depletion, such as hypoxia
and hypoglycemia. It may also be associated with a
variety of other diseases affecting the nervous system
(VALANNE et al. 1996). Laminar cortical necrosis
has been studied with nuclear medicine methods
(Hawes and MISHKIN 1972), but has recently been
more extensively studied with CT and MRI.

16.3
Neuroimaging

CT and MRI have been used extensively to show
acute cerebral ischemia (stroke) and its sequelae.
While CT is mainly used to exclude hemorrhage,
it is very specific in detecting changes in the water
content of ischemic cerebral tissues.

16.3.1
Computed Tomography

In the early stages of focal brain ischemia, CT can
demonstrate areas of hypoattenuation in the brain
tissue that correspond to acute severe ischemia
(von KUMMER et al. 2001). It may be more difficult
to detect diffuse pathology (Fig. 16.1). While early
changes such as hypoattenuation and sulcal efface-
ment may be detected by experts, the inexperienced
interpreter may miss them. The sensitivity of CT

Fig.16.1. A 20-year-old army recruit, found comatose in the toilets. An AP chest radiograph shows signs of bilateral aspiration
pneumonia (left). The unenhanced computed tomography image shows no signs of ischemia (right)
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for hypoxic-ischemic lesions in patients with global
brain ischemia or hypoxia has never been directly
compared with MRI.

16.3.2
Magnetic Resonance Imaging

Unfortunately, MRI is also insensitive to early
ischemia when conventional T1 and T2 sequences
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are used (Fig. 16.2). Early signs of ischemia can
be detected with confidence, mainly as hyperin-
tensities on T2-weighted images (YUH et al. 1991)
not before 8-12 h after symptom onset. With the
concurrent development of both faster scanners
and sequences that allow echo-planar imaging
(EDELMAN et al. 1994), the implementation of novel
imaging techniques like diffusion-weighted MRI
(DWI) became available (see Chap.7) (Figs. 16.3,
16.4).

Fig.16.2. Same patient as in Fig. 16.1.
On MRI, the T1-weighted images show
no clear pathological findings, the T2-
weighted images show slight cortical
hyperintensities detectable retrospec-
tively. The diffusion-weighted images
(DWI) show diffuse cortically located
hyperintensities bilaterally

Fig.16.3. A 42-year-old man, found
comatose after cardiac arrest. On the dif-
fusion-weighted images there is hyper-
intensity in the motor cortex bilaterally
(upper row). These changes are accom-
panied by decreased apparent diffusion
coefficient (ADC) values (lower row)
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Fig.16.4. A 6-month-old male with a Fallot tetralogy. The
acute diffusion-weighted images show hyperintensities bilat-
erally, with sparing of the cerebellum and basal ganglia

Cortical ischemia has been studied with con-
ventional MRI protocols (EL QUESSAR et al. 1999;
KomMmivyaMaA et al. 1997, 1998; TAKAHASHI et al. 1993;
SAWADA et al. 1990) where the involvement of the
watershed zones in the parieto-occipito-temporal
regions has been more frequently observed than
elsewhere. Cerebral edema was also observed in the
acute stage (TAKAHASHI et al. 1993).

16.3.2.1
Conventional MRI (T1-, T2-Weighted MRI)

Usually T1-weighted MRI has been proposed to
determine the presence of laminar cortical necrosis
(Fig. 16.5): SawADA et al. (1990) observed T1 hyper-
intensities in the affected cortex and interpreted
this finding as methemoglobin. Pathology, how-
ever, failed to show this. Histopathologically, pan-
necrosis is found with the death of neurons, glia and
blood vessels in the affected tissue. This may result
in protein degradation, which could account for the
high T1 signal, as well as the possible accumula-
tion of lipids in macrophages. T1 shortening and
signal increase occur exclusively in the cortex. This
suggests that the cortical necrosis is closely related
to the MR signal changes. High protein concentra-
tions or macromolecular concentration accelerate
T1 relaxivity by restricting the motion of water,
thus causing T1 shortening. Even a small elevation
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of protein concentration may cause significant T1
shortening.

SAWADA et al. (1990) performed serial radiologi-
cal examinations on a patient with anoxic encepha-
lopathy; they found high T1 signal intensity areas
distributed laminarly in the cerebral cortex and
diffusely in the putamen in the early term after the
anoxic insult, which were thought to reflect tissue
necrosis. Correlation with single photon emission
CT showed persistent hypoperfusion in the arterial
watershed zones. Late T2-weighted MRI revealed
diffuse high-intensity lesions in the arterial water-
shed zones (Sawapa et al. 1990). In a study of six
patients with cortical necrosis, TAKAHASHI et al.
(1993) reported that involvement of the watershed
zones in the parieto-occipito-temporal cortex is
more frequent and more severe than that in the basal
ganglia, thalami, hippocampus, pons and cerebel-
lum. Enhanced T1-weighted images showed cortical
laminar enhancement in the early subacute stage;
unenhanced Tl-weighted images revealed charac-
teristic laminar hyperintense lesions of the cere-
bral cortex in the late subacute stage. Both of these
findings seemed to reflect the progression of corti-
cal laminar necrosis. In the chronic stage, cortical
atrophy and delayed but progressive white matter
changes were seen (TAKAHASHI et al. 1993).

Komrivama et al. (1997) studied patients with
stroke and cortical necrosis by MRI and found that in
13 patients laminar cortical lesions began to appear
on T1-weighted images about 2 weeks after the ictus.
At 1-2 months they were prominent (KoMIYAMA et
al. 1997). They further studied 16 patients with lami-
nar cortical necrosis by conventional MR sequences
(T1-weighted, T2-weighted, FLAIR) and confirmed
that high intensity cortical lesions were visible on
the T1-weighted images from 2 weeks after ictus and
became prominent at 1-3 months, then became less
apparent, but occasionally remained at high intensity
for 2 years. High intensity cortical lesions on FLAIR
images became prominent from 1 month, and then
became less prominent from 1year ownward, but
occasionally remained at high intensity for 2 years.
Subcortical lesions did not display high intensity
on Tl-weighted images at any stage. On FLAIR
images, subcortical lesions initially showed slightly
high intensity and then low intensity from 6 months
onward due to encephalomalacia (Komivama et al.
1998).

In a study of six patients with laminar cortical
necrosis, MRI showed hyperintense lesions in the
cerebral cortex on T1-weighted and T2-weighted
images (EL QUESSAR et al. 1999). In four patients,
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cortical laminar necrosis was caused by ischemic
stroke, one insult occurred after a cardiac arrest and
the last patient had a meningoencephalitis. The time
delayfrominsulttothefirst MR studyvaried between
1 week and 3 months. The high intensity signal was
still observed a few months after the insult. Corti-
cal laminar necrosis lesions did not demonstrate
hemorrhage on CT and MRI studies (EL QUESSAR et
al. 1999). CHRISTOPHE et al. (1994) reported on four
patients illustrating the early depiction of multiple
types of neuropathologic lesions, which may coexist
in the full-term newborn following severe hypoxic—
ischemic encephalopathy. They demonstrated the
presence of diffuse, postnatal involvement of cere-
bral cortex and subcortical white matter. They
thought that cortical hyperintensity on both proton
density- and T1-weighted images are probably
related to cellular diffusely or parasagittally distrib-
uted necrosis. Hyperintense white matter on proton
density-weighted images may result from increased
water concentration due to infarct or edema, like
low intensity on T1-weighted images and high inten-
sity on T2-weighted images. On follow-up MRI sev-
eral months later, lesions detected during the post-
natal period were converted into cortical atrophy
and myelination delay (CHRISTOPHE et al. 1994).
CHRISTOPHE et al. (2002) also studied 40 children
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Fig.16.5a-d. The late imaging shows diffuse cortical
necrosis seenasareas of hyperintensity on T2-weighted
imaging (a, d). Proton density image is shown in (b).
There are also the typical T1-weighted hyperintensi-
ties in the parietal cortex bilaterally (arrows, c)

with hypoxic coma and found a strong correlation
between first MRI score and neurological outcome
(CHRISTOPHE et al. 2002). The sensitivity of the first
MRI score for clinically relevant ischemic lesions
was high (96%), even when obtained during the first
3 days, with a specificity of 50% and a positive pre-
dictive value of 82%.

16.3.2.2
Diffusion-Weighted MRI

Diffusion-weighted MRI, due to its extreme sensi-
tivity to changes in tissue water and, therefore, to
ischemia (LE BIHAN et al. 1986; MOSELEY et al. 1990;
VAN GELDEREN et al. 1994; WARACH et al. 1992, 1995;
SORENSEN et al. 1996; LOVBLAD et al. 1998), makes
it possible to demonstrate ischemic changes due to
acute hypoperfusion (see Chap. 7). These findings
correspond to those found in the early stages of
laminar cortical necrosis (Figs. 16.3, 16.6, 16.7).

In a study of 12 patients with postresuscitation
encephalopathy, the presence of high signal inten-
sity regions in the bilateral cerebral cortex was the
earliest finding (at less than 24 h) on DWI (Gorto et
al. 2001). Similar abnormality of bright high signal
areas in FLAIR and T2 images followed in the early
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Fig.16.6. A 55-year-old man with bradycardia.
The diffusion-weighted imaging (DWI, top row)
shows bilateral hyperintensities in the frontal
cortex, accompanied by decreased ADC values
(left bottom). The changes are slightly visible on
T2 images (right bottom)

Fig.16.7. A 15-day-old child with cardiac arrest
and coma. The DWI images show bilateral hyper-
intensities in the cortex and white matter (fop row),
associated with decreased ADC values (bottom
row)

subacute period (1-13 days). Subsequently, white (14-20 days). Finally, diffuse brain atrophy and an
matter was involved and laminar necrosis in cor- obscuration of the gray-white matter junction was
tical area was observed in the late subacute period seen in the chronic stage (after 21 days) (GoTo et
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al. 2001). The MRI findings closely correlated with
poor clinical outcomes. The author saw two patients
who had developed cortical necrosis following some
form of immunotherapy - in one case it occurred fol-
lowing renal transplant rejection and in the second
patient it was intoxitation by FK-506 (L6vBLAD et al.
2004). These findings confirm those of BARGALLO et
al. (2000) who reported a patient who developed sim-
ilar MRI findings after immunosuppressive therapy,
suggesting a hypoxic mechanism in these patients.
TAKEOKA et al. (2002), in a series of eight newborns
with neonatal hypoxic injury, found that the distri-
bution of DWI abnormalities was consistent with the
typeofglobalhypoxic-ischemicinjuryusuallyfound
in full-term neonates with diffuse cortical necro-
sis, borderzone infarcts, or basal ganglia/thalamic
injury. They also found that in each patient, stan-
dard MRI sequences substantially underestimated
the extent of injury when compared with diffusion-
weighted images in neonatal brains (TAKEOKA et al.
2002). They observed that extensive injury bilateral
with basal ganglia, thalamic, and widespread mul-
tifocal cortical involvement correlated with poor
neurological outcome. They also showed that lesser
degrees of injury, limited to smaller sectors of corti-
cal or borderzone involvement, were associated with
better neurological outcome.
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Using DWI to evaluate patterns of ischemic
changes in anoxic brain injury, SINGHAL et al.
(2002) studied clinical and DWI features of three
patients with different types of anoxic brain injury:
attempted hanging, carbon monoxide poisoning
(hypoxic hypoxia), and hanging with cardiac arrest
(hypoxic-ischemic encephalopathy). The first two
patients, but not the third, recovered substantial
neurological function. The distribution of DWI
abnormalities was different and correlated well
with the distinct neuropathological features of these
entities. The prognosis after anoxic encephalopathy
depends on the underlying mechanism and its sever-
ity, which may be reflected by DWI abnormalities.
The two patients with less severe forms of hypoxic
injury survived whereas the patient with a combina-
tion of hypoxia and ischemia died. They found that
hyperintensity throughout the cerebral cortex was
in favor of diffuse hypoxia with ischemia, whereas
DWT hyperintensities restricted to the thalamus and
selected cortical regions suggested primary milder
hypoxic injury (SINGHATI et al. 2002). HALD et al.
(2003) reported on a 16-year-old man after a suicide
attempt who had normal initial DWI 5-6 h after the
event, but pathological findings at 3 days. They were
unable to entirely explain the initial normal find-
ings on DWI (HALD et al. 2003).

Table 16.1. Clinical data of 26 patients with global cerebral hypoxia/ischemia

Age* Gender Underlying cause Time Outcome T2 TI
1 20 M Marijuana abuse 12h Death 0 0
279 F Cardiac disease 24h Death 0 0
3 2days M Cardiac arrest 20h Death 0 0
4 58 F Cardiac arrest 15h Death 0 0
5 8 months M Cardiac operation 7 days Disabled + -
6 51 M Renal transplant 7 days Death + -
7 55 M Bradycardia 6days Disabled - 0
8 44 M Cardiac arrest 5days Death - 0
9 4 F ARDS 8 days Death - 0
10 57 M Barbiturate intoxication 12h Death 0 0
11 81 M Stroke 10 days Disabled + -
12 8 M Cardiac arrest 5days Death - 0
13 66 M Tacrolimus intoxication 7 days Death - 0
14 51 M Arrhythmia 12h Disabled 0 0
15 9days M Cardiac arrest 5days Disabled - 0
16 12 M Hanging 2 days Death - 0
17 44 M Cardiac arrest 36h Death - 0
18 70 M Cardiac arrest 15h Disabled - 0
19 52 M Cardiac arrest 20h Death - 0
20 57 F Cardiac arrest 2days Death + 0
21 44 F Cardiac arrest 24h Death - 0
22 42 M Cardiac arrest 3days Disabled + -
23 25days M Cardiac arrest 2days Death + +
24 53 M Cardiac arrest 10h Disabled - -
25 46 M Cardiac arrest 2days Death + -
26 35 F Intracranial hemorrhage 12 days Death + +

ARDS, acute respiratory distress syndrome; time, time between onset of symptoms and
MRI; T2,T1, 0: normal findings; + equivalent to diffusion-weighted MRI; - less extensive

changes than suspected on DWI alone

* in years if not stated otherwise
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The author examined comatose patients with
suspected cortical ischemia with DWI who had
suffered from cerebral hypoxia often after cardiac
arrest (LOVBLAD et al. 2004). A further evaluation
of an expanded series of these patients is presented
in Table 16.1 26 patients with lesions attributed
to hypoxia that resumes the clinical signs of all
patients. This series confirms the initial observa-
tion that DWI was superior to T2-weighted MRI
regarding the prediction of lesion extent. Table 16.2
presents the patterns and localizationof findings.
The DW1 lesions were localized in the typical water-
shed regions in 7 of 26 (27%) (Fig. 16.8). The corti-
cal lesions were unilateral in one patient (4%). Basal
ganglia involvement was found in 10 of 26 patients
(38%), and there was also white matter involvement
in 9 of 26 patients (35%) (Figs. 16.8 and 16.9). Addi-
tional infratentorial lesions were found in 3 of 19
patients (35%) (Fig. 16.8).

When comparing the diffusion images to the
standard T2-weighted images, the diffusion lesions
were more extended in 12 patients (46%), DWI
detected lesions not seen in another six patients
(T2 negative: 23%; Fig. 16.2) and in only 8 of 26
(31%), patients’ T2-weighted imaging confirmed
the DWT findings (results equal for DWI and T2-
weighted imaging). This finding was also observed
by ARBALAEZ et al. (1999) who found that during
the acute period, DWI showed the abnormal basal
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Table 16.2. Diffusion-weighted imaging findings in 26 cases of
cerebral hypoxic-ischemic lesions

Localization

Supratentorial (bi- and unilateral) 26/26 100%
Bilateral diffuse 22/26 85%
Bilateral focal 3/26 11%
Unilateral 1/26 4%
+Infratentorial 4/26 18%
Watershed type 7126 27%
Basal ganglia involvement 10/26 38%
White matter involvement 9/26 35%

ganglia, cerebellum, and cortex to a better extent
than conventional MR images (ARBELAEZ et al.
1999).

Of the 26 patients, 19 did not survive; the demised
patients had bilateral involvement of the cortex, as
well as some degree of involvement of the white
matter (9 patients) and basal ganglia (10 patients).
Five patients survived with severe disabilities. They
did not have white matter or basal ganglia involve-
ment. Based on these MR images obtained in patients
with hypoxic-ischemic lesions, it was possible to
establish a grading of the DWI findings (Table 16.3),
ranging between 1 and 4. All five patients who sur-
vived belonged to grades 1 and 2. Patients in grades 3
and 4 all died.

The association of white matter lesions seems to
contribute to morbidity. Cortical laminar changes on
MRI without concomitant white matter abnormali-

Fig.16.8. A 4-year-old girl with leukemia suffering
from acute respiratory distress syndrome. On DWI
there are bilateral hyperintensities partly seen on
the T2-weighted and FLAIR images. The lesions
affect the cortex, the basal ganglia, the white matter
as well as the cerebellum
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Fig.16.9. A 44-year-old lady found comatose after
cardiac arrest. Bilateral hyperintensities on diffu-
sion-weighted images (DWI) are present in the
cortex. There are also hyperintensities in the basal
ganglia and subcortical white matter with associ-
ated diminished ADC values (right top), best seen

Table 16.3. Grading of diffusion-weighted MR imaging (DWI) findings in global cerebral hypoxia/ischemia.

Grade 1: DWI hyperintensities in the fronto-parieto-occipital cortex

Grade 2: DWT hyperintensities in the fronto-parieto-occipital cortex and basal ganglia

Grade 3: DWI hyperintensities in the fronto-parieto-occipital cortex, basal ganglia and supratentorial white matter
Grade 4: DWT hyperintensities in the fronto-parieto-occipital cortex, basal ganglia, white matter and cerebellum

ties was associated with an increased risk of spasticity
in children (vAN DER KNAAP et al. 1993). In children
with white matter lesions, cortical laminar abnor-
malities did not contribute to the risk of spasticity,
which was already highly increased by the presence of
white matter damage (VAN DER KNAAP et al. 1993).
Laminar necrosis is a rare manifestation of neuro-
nal injury with a very poor prognosis. Laminar necro-
sis often follows hypotension of relatively slow onset
but of long duration. The process thus results from
oxygen or glucose depletion caused by anoxia, hypo-
glycemia, status epilepticus, or ischemic stroke. Most
of our patients had some form of circulatory failure.
DWTI has the clear advantage that it shows acute
changes due to anoxia leading to laminar necrosis.
It does not show the subsequent infiltration of lipid-
filled macrophages, the imaging correlate of which is
potentially seen on T1-weighted images. These find-
ings do, however, appear later on. High-signal corti-
cal lesions began to appear about 2 weeks after the
ictus, were prominent at 1-2 months, then became
less evident, but occasionally remained for up to

1.5 years (S1skas et al. 2003). T1-weighted changes
may correspond to a variety of causes as described
by Boyko et al. (1992). The correlation between
imaging abnormalities and neuropathological find-
ings could be established in a case presented in
Figs. 16.10 and 16.11. In this patient, a severe intoxi-
cation had lead to diffuse cortical necrosis both in
the neocortex and cerebellar cortex accompanied by
widespread neuronal damage (Fig. 16.10).

The findings in all these clinical series are con-
firmed by those of KAwaHARA et al. (2000) who
found in both animal models and in humans that
diffusion-weighted images show hyperintensity
with associated drops on the ADC maps. On histo-
pathological correlation, they found microvacuola-
tion in the pyramidal neurons in the CAl region;
at 1 week, the hyperintensity in diffusion-weighted
images had disappeared and microvacuolation had
also disappeared in the CAl region, but severely
disrupted pyramidal neurons containing pyknotic
nuclei had appeared in the CA1 region (KAWAHARA
et al. 2000).
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Fig. 16.10a-d. A 66-year-old man found comatose after severe intoxication. The neuropathological findings show: diffuse cortical
necrosis (recent, a); the arrows indicate that edema predominates in the depth of the sulci. There are shrunken neurons with
eosinophilic cytoplasm and pyknotic nuclei (b, ). The cerebellar cortex shows shrunken necrotic Purkinje cells (d)

16.4
Conclusions

In comparison to conventional images provided by
MRI and CT, DWI provides an improved sensitivity
for the lesion extent in patients with cerebral lesions
due to hypoxic and hypoxic-ischemic events. This
was also observed by ARBALAEZ et al. (1999) who
found that during the acute period, DWI showed the
abnormal basal ganglia, cerebellum, and cortex to a
better extent than conventional MR images. There-
fore, based on the existing literature, we believe
that DWI can help in identifying and classifying the
extent of ischemia in patients with global ischemia-
hypoxia by giving us an in vivo appraisal of ongoing
pathophysiological changes. It is also evident that the
earlier the imaging is performed, the more sensitive
DWTI s for detecting ischemic changes not seen on T2-

weighted imaging. The data suggest that more exten-
sive cortical lesions with supplemental lesions in the
white matter and/or posterior fossa have a worse
prognosis (LOVBLAD et al. 2004; VAN DER KNAAP et
al. 1993; CHRISTOPHE et al. 2002). For the moment,
MRI and DWI will remain an indispensable adjunct
to the clinical examination and electrophysiology
even if its exact role in the forensic management has
still to be established with certainty.
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Introduction

The clinical diagnosis of spinal cord ischemia
remains difficult and is mainly based on magnetic
resonance imaging (MRI). In the last decade MRI
has become the imaging modality of first choice in
confirming the diagnosis of spinal vascular diseases.
Spinal cord ischemia is a rare disease accounting
only for 1%-2% of all vascular neurological patholo-
gies. In contrast to the cerebrovascular system, the
arteries directly supplying the spinal cord are not
significantly affected by atherosclerotic vessel wall
changes. Even in the first descriptions of the ante-
rior spinal artery syndrome by PREOBRASCHENSKI
(1904) and SpILLER (1909), the central arteries were
affected in cases of luetic arteritis. With increasing
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spatial and contrast resolution, MRI can show cir-
cumscribed regions of spinal cord ischemic affec-
tion. Moreover, the demonstration of blood vessels
in and around the spinal cord based on MRI has
substantially improved recently. Nevertheless, the
spinal arterial system is seldom examined in detail
by spinal digital subtraction angiography (DSA)
during life resulting in a limited understanding
and fragmentary knowledge of the vascular basis
of spinal circulatory disorders. Our knowledge of
the spinal cord vascularization remains based on
anatomical and microradiographic studies.

The main purpose of this chapter is to define the
impact of MRI on the diagnosis of vascular diseases
of the spinal cord.

17.2
Vascular Anatomy of the Spinal Cord

To interpret MR findings in spinal cord ischemia,
it is necessary to be aware of the normal arterial
supply and venous drainage of the spine and spinal
cord. Lesion patterns and concomitant signs such
as vertebral body infarction highly depend on the
underlying vascular pathology. Anatomical and
microangiographic examinations remain the main
basis of our understanding in this field (KaDpY1 1889;
THRON 1988).

17.2.1
Arterial Supply

Segmental arteries supply the spine with blood,
including the vertebral bodies, paraspinal muscles,
dura, nerve roots, and spinal cord. All these tissues,
with the exception of the spinal cord, receive their
blood supply from segmental arteries (one on each
side) or their equivalents. In particular, the segmen-
tal supply of the thoracolumbar region is derived
from intercostal and lumbar arteries arising from
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the aorta (Fig. 17.1). Sources of blood supply in the
cervical and upper thoracic regions are longitudinal
arteries following intrauterine vascular rearrange-
ments. In this region the vertebral artery, the deep
cervical artery, and the ascending cervical artery
give rise to feeders supplying the spinal cord. In
the sacral and lower lumbar region, sacral arteries
and iliolumbar arteries arise from the internal iliac
arteries and supply the caudal spine.

The radicular arteries are the first branches of
the dorsal division of the segmental arteries and
their regional equivalents. The blood supply of the
bony spine consists of arteries, which come directly
off the segmental and radicular arteries. Anterior
central arteries derive from the segmental artery
and supply the anterior and anterolateral portions
of the vertebral body. The radicular arteries usually
provide the blood supply to the posterior portion of
the vertebral body via posterior central arteries and
the arch via prelaminar arteries. Thus, the vertebral
body is mainly supplied by posterior and anterior
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central arteries, which derive from the segmental
and radicular arteries.

A spinal radicular branch is present at every seg-
mental level. The number of spinal radicular arteries
that supply as radiculomedullary arteries the spinal
cord, is restricted. They follow the anterior and pos-
terior nerve roots. When they reach the anterior or
posterior surface of the spinal cord, they form the
anterior or posterior spinal arteries. Thus, the arte-
rial supply of the entire spinal cord depends on a
single anterior spinal artery system and paired pos-
terior spinal arteries. The number of anterior radic-
ulomedullary arteries ranges from 2 to 17. The larg-
est ventral radiculomedullary artery which supplies
the thoracolumbar cord enlargement is the arteria
radicularis magna of Adamkiewicz (Fig.17.2). In
this region large posterior radiculo-pial arteries
are also frequently found and form an anastomotic
circle around the conus medullaris (arcade of the
conus; Kapyr1 1889). The highest density of central
arteries can be found here in microangiograms

Fig.17.1a,b. Contrast-enhanced spinal MR angiogra-
phy, sagittal views. a First phase: the segmental arteries
are visible (arrowhead), note the bright enhancement
of the aorta. b Second phase: the accompanying veins
arise (arrow)
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Fig.17.2.a Superficial arteries of the spinal cord. X-ray
film of an injected specimen in a.p. view. The anterior
spinal artery system is visible on the ventral surface of
the cord. b Intrinsic spinal cord arteries. X-ray micro-
angiogram of a transverse section (lumbar enlarge-
ment). The sulcal or central artery within the ante-
rior fissure (arrow) is dominant. Note the posterior
and posterolateral spinal arteries at both sides of the
posterior root entry zone (arrowheads). ASA, anterior
spinal artery

reflecting the metabolic demand of the thoracolum-
bar enlargement.

Those spinal radicular arteries that are radiculo-
medullary arteries, supplying nerve root, pial plexus
and medulla, branch in a very typical way to form the
anterior spinal artery. The ascending branch contin-
ues the direction of the radicular artery in the mid-
line of the anterior surface. The descending branch,
being the larger one at thoracolumbar levels, forms
a hairpin curve as soon as it reaches the midline at
the entrance of the anterior fissure (Fig. 17.3). The
artery runs above the vein. The maximum diameter
of a spinal radiculomedullary artery or the anterior
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median anastomotic trunc (anterior spinal artery)
is 1 mm. The radicular arteries (< 0.4 mm) that run
with the posterior nerve root, supply the posterior
and posterolateral longitudinal arteries. Their size
totals 0.1-0.2 mm, which is beyond the present spa-
tial resolution of MR scanners. Together with trans-
verse interconnections, these discontinuous trunks
supply the network of pial arteries called the “vaso-
corona” (LASJAUNIAS et al. 2001; THRON 1988). The
normal intrinsic arteries of the spinal cord are also
too small (<0.2 mm) to be detected on CT or MR
images.

The spinal cord is protected against ischemia by
extra- and intradural longitudinal and transverse
anastomoses. Extradural longitudinal and trans-
verse interconnections between segmental arteries
can compensate for a focal vessel occlusion at the
level of the radicular artery (Fig. 17.3). The anterior
and posterior spinal arteries represent a system of
longitudinal anastomoses that is reinforced from
various segmental levels. The intrinsic anastomotic
system is supplemented by secondary longitudinal
connections between central arteries and by the pial
network of the vasocorona. This specific vascular
supply explains why spinal infarctions are highly
variable, and distinct, predictable vascular territo-
ries as present in the brain do not exist (Fig. 17.4).
Moreover, the normal arterial vascular system of the
spinal cord is not detectable in MRI.

Fig.17.3. Selective spinal DSA in a 59-year-old woman, p.a.
projection. Injection of the 12 left thoracic segmental artery.
Filling of the radiculomedullary arteries T12 and T10 on the
left side (arrows) and the anterior spinal artery system. Collat-
eral filling of the right-sided segmental arteries via retrocorpo-
ral anastomoses (arrowheads). These extradural anastomoses
can compensate for focal vessel occlusions at the level of the
radicular artery
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17.2.2
Venous Drainage

Blood from radial veins of the spinal cord paren-
chyma and from the small superficial pial veins is
collected in two large vessels, the anterior and pos-
terior median spinal veins. The anterior median
spinal vein accompanies the artery and can be dis-
tinguished by its larger diameter. Posterior, the
superficial vein is the only midline vessel, as the
arteries run in a more lateral position (Fig. 17.5).
The transparenchymal anastomoses take a typi-
cal course around the central canal and show up-
and downward movements in the sagittal plane.
They can be seen on MRI. This is also true for the
veins of the thoracolumbar enlargement that are
the largest vessels of the spinal cord. The transi-
tion of a median vein into a radicular vein shows
the same hairpin shape like the artery. The super-
ficial venous trunks drain into the epidural venous
plexus via radicular veins. The number of radicu-
lar veins draining the spinal cord is only six to
eleven for the anterior and five to ten for the pos-
terior systems (KaDpyr1 1889, SUH and ALEXANDER
1939). The radicular veins reach the inner extra-
dural vertebral venous plexus. Drainage of blood
from the spine occurs through the internal and
external venous vertebral plexus and extends from
the sacrum to the base of the skull. This system
is valveless and connected with the azygos and
hemiazygos venous systems.
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Fig.17.4. Axial T2-weighted images in
four patients with acute ischemic myelo-
malacia of the spinal cord. The hyperin-
tense infarctions reflect different lesion
patterns depending on occlusion site
and collateral supply

Fig.17.5. Normal anterior and posterior median spinal veins
of the thoracolumbar cord. Sagittal contrast-enhanced TI-
weighted MR images (right side, subtraction image). The
large anterior median vein (arrows) continues with the filum
terminale
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17.3
Causes and Symptoms of
Spinal Cord Ischemia

17.3.1
Pathogenetic Principles

Compared with brain ischemia spinal cord strokes
are caused by more diverse etiologies. Up-to-now
there is no satisfactory and accepted classification
of spinal infarcts. Etiologies include circulatory
arterial and venous disorders. From a clinical and
pathoanatomical point of view it seems reasonable
to differentiate between acute ischemic myeloma-
lacia and subacute to chronic vascular myelopathy
(Table 17.1). In most cases MRI enables the differ-
entiation of these two main etiologies. A deficient
spinal arterial blood flow generally has various
causes, ranging from the occlusion of intercostal or
lumbar arteries to affection of the intrinsic arteries
of the spinal cord .

Many causes of acute spinal cord infarction (of
arterial and venous origin) have been reported
(Table 17.2). They include diseases of the aorta and
aortic surgery, thromboembolic events and carti-
laginous disc embolism, vasculitis, coagulopathy,
radiation-induced vasculopathy, toxic effects of
contrast medium, epidural anesthesia, periradicu-
lar nerve root therapy with crystalline corticoids,
decompression illness, shock or cardiac arrest,
lumbar artery compression and other etiologies

Table 17.1. Disorders resulting in primary vascular
myelopathy

o Acute vascular myelomalacia
Acute ischemic myelomalacia of arterial and
venous origin

e Subacute/chronic vascular myelopathy
Dural AV fistula
AVM of the perimedullary fistula type
(AVM of the glomerular type)

Table 17.2. Causes of acute spinal cord infarction

Surgery for aortoiliac occlusive disease
Dissection of the aorta
Thrombosis/embolism

Vasculitis

Cardiac arrest and systemic hypotension
Fibrocartilaginous embolism

Caisson disease

Lumbar artery compression

Spinal tumor

Spinal AVM/SDAVF
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(GRAVEREAUX 2001; MAWAD et al. 1990; MIKULIS
et al. 1992; NAIMAN et al. 1961; ROSENKRANZ et al.
2004; Toro et al. 1994; Tosr et al. 1996; WEIDAUER
et al. 2002).

Cartilaginous disc embolism, first described by
NaiMAN and colleagues in 1961, is meanwhile a
widely accepted cause of acute spinal cord ischemia
mainly based on postmortem findings (MIKULIS
et al. 1992; Toro et al. 1994). Most reported post-
mortem cases are cervical, but conus medullaris
infarctions are also reported. The exact mechanism
of disc embolism remains unclear and speculative.
An increased intraosseous pressure within the ver-
tebral body, due to acute vertical disc herniations
- often after axial trauma - may explain the initial
step in a process which ends up in spinal cord isch-
emia (Tosr et al. 1996). In the clinical course of the
histologically established cases of fibrocartilagi-
nous embolism three main characteristics could be
identified: (1) the sudden severe pain at onset, (2)
the free interval of neurological signs and symptoms
(“spinal stroke in progress”), (3) no improvement of
the neurological deficit. In our experience, there is
a surprisingly high rate of disc herniations in close
proximity to the vascular lesions of the cord (MuLL
et al. 1992). Intravital confirmation of this pathoge-
netic mechanism is difficult. Nevertheless it may be
that the pathogenetic role of disc material has yet
not been fully realized.

In contrast to disc embolism, most patients with
thrombotic or embolic infarctions show at least par-
tial recovery in the further course of the disease.
Nevertheless, depending on the efforts in diagnos-
tic work-up, the cause of spinal cord ischemia often
remains undefined or speculative.

Lumbar artery compression by the diaphragmatic
crus has been described as a new etiology for spinal
cord ischemia (RoGgorouLos et al. 2000). A pro-
longed hyperlordotic position may play a predispos-
ing role in this new syndrome. The 1st right and left
and the 2nd right lumbar arteries course through an
osteotendinous passage between the vertebral body
and the diaphragmatic crus. If spinal cord supply-
ing arteries arise at the level of the first and second
lumbar artery, compromise of the spinal cord arte-
rial supply can result in spinal cord ischemia.

Sun and ALEXANDER (1939) and later ZULcH
(1954, 1976) postulated their traditional hypothesis
of a watershed zone of increased ischemic vulner-
ability near T4. This model was based on the relative
hypovascularity of this region.

CHESHIRE et al. (1996) described 44 patients with
spinal cord infarctions. Surprisingly, the mean sen-
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sory level of the deficits was observed at T8 and T9
in cases of global ischemia. A review of the clinical
literature by CHESHIRE and colleagues (1996) sug-
gests that the most commonly sensory level found
after spinal cord infarction is centered at T12.

DucGaGaAL and LacH (2002) analyzed clinical files
and neuropathologic specimen in 145 patients with
well-documented cardiac arrest or severe hypoten-
sion. In this group ischemic myelopathy was found
in 46% of patients dying after either cardiac arrest
or a severe hypotensive episode. Among the patients
with myelopathy, predominant involvement of
the lumbosacral level with relative sparing of tho-
racic levels was observed in 95% of cardiac arrest
and hypotensive patients. None of the examined
patients developed neuronal necrosis limited to the
thoracic level only. These findings indicate a greater
vulnerability of neurons in the lumbar or lumbosa-
cral spinal cord to ischemia than other levels of the
spinal cord (DuGGAL and LacH 2002).

Moreover, analysis of data coming from greater
MR series and our own observations reveal no pre-
dominance of infarcts in the upper and mid-thoracic
region (MAWAD et al. 1990; WEIDAUER et al. 2002).
Thus, the concept of a vulnerable watershed zone at
T4 is no longer valid in acute spinal cord ischemia.

Subacute or chronic vascular myelopathy is the
result of disturbances of microcirculation caused by
compromised venous outflow or small-vessel dis-
ease.

Thus, acute, subacute, or chronic impairment of
spinal blood supply can result from a deficient arte-
rial supply and from venous circulatory problems
(MuLLr and THRON 2004). Spinal vascular malforma-
tions like spinal dural arteriovenous (AV) fistulas
and AV malformations (AVM) of the perimedullary
fistula type are the typical disorders associated with
venous congestion of the spinal cord. On the other
hand, AVM of the glomerular type are seldom com-
bined with a venous outflow disorder.

Spinal dural arteriovenous fistulas (SDAVF) are
the most frequent (acquired) AVM of the spinal canal
and its meninges. In 1977 KENDALL and LOGUE were
the first to recognize that this disease, which had
formerly been described as so-called retromedullary
angiomas, in fact is an AV fistula situated within the
dura mater. This was confirmed by MERLAND et al.
in 1980 who pointed out the angiographic character-
istics of the disease in detail (Fig. 17.6).

The AV shuntislocated inside the dura mater close
to the spinal nerve roots. The arterial blood enters a
radicular vein where it passes the dura (THRON et
al. 1987; HASSLER et al. 1989). Flow in the radicular
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vein is reversed and directed to the perimedullary
veins. The dural shunt is supplied by radiculomen-
ingeal arteries which normally supply the segmen-
tal nerve roots and dura. They arise from the seg-
mental vessels that persist as intercostal or lumbar
arteries in the thoracolumbar region. Depending on
the location of the fistula, the supply may also come
from the sacral or hypogastric arteries (BURGUET
et al. 1985; HEINDEL et al. 1975; LARSEN et al. 1995;
PARTINGTON et al. 1992; REINGES et al. 2001; STEIN
et al. 1972). In addition, intracranial dural fistulas
have been described to drain to spinal cord veins
and evoke the same symptoms as spinal dural fistu-
las. The cause of the fistulas is unknown so far.

Functional disturbances within the spinal cord
are caused by the venous congestion due to arteriali-
zation and elevated pressure of the medullary veins
(AMINOFF et al. 1974). In addition, venous outlets
are insufficient and thus reinforcing impairment of
the venous circulation and chronic spinal hypoxia.
In particular, MERLAND and coworkers (1980) intro-
duced the concept of blocked venous drainage into
the epidural space.

17.3.2
Clinical Aspects

Vascular diseases of the spinal cord are character-
ized by transverse cord symptoms and can be differ-
entiated by their clinical features and course. Neu-
rologic deficits and imaging findings depend on the
level and extent of spinal cord damage. Acute isch-
emic myelomalacia has an acute onset and pain is a
common initial complaint. Symptoms may include
nerve root deficits or sphincter weakness (MuLL and
THRON 1999). But typical clinical syndromes (i.e.,
anterior spinal artery syndrome) are exceptional
presentations in clinical practice. A spinal hemor-
rhage presents with peracute signs and symptoms
and always requires prompt diagnostic investiga-
tion, if necessary on an emergency basis.

In most cases congestive myelopathy takes a
subacute to chronic course, although acute wors-
ening may be observed. SDAVF is the prototype of
a congestive myelopathy. The symptoms in SDAVF
are slowly progressive and consist of sensory loss
and paraparesis both of which reflect the extent of
the cord involvement. They are independent of the
location of the fistula (KoeNIG et al. 1989). An acute
onset of the disease (11%) or a progressive develop-
ment interrupted by intermediate remissions (11%)
are the rare forms (Symon et al. 1984). Almost all
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Fig. 17.6a-c. Thoracic SDAVF in a 50-year-old man with chronic progressive paraparesis due to congestive myelopathy. a Sagit-
tal T2-weighted MRI. The hyperintense lesion (long arrows) involves the thoracic cord indicating vascular damage. b Dilated
perimedullary veins are detectable in the thoracic region (right image, arrows) after paramagnetic contrast application (T1-
weighted MRI). ¢ DSA, p.a. projection. Selective contrast injection in the 4™ left-sided intercostal artery shows the dural AV

fistula (arrowhead) draining slowly in the caudal direction

patients have additional sphincter disturbances at
the time of diagnosis. The disease affects men more
often than women, most of them being in the middle
or older age group. In some cases a relapsing and
remitting course of the disease can be observed.
The symptomatology in SDAVF can cause confusion
with other disorders like polyneuropathy, spinal ste-
nosis, transverse myelitis and multiple sclerosis.

17.4
MR Imaging in Spinal Infarcts

17.4.1
Imaging Principles and Differential Diagnoses

The imaging work-up should be guided by a clinical
assessment of the lesion level.

MRI is the diagnostic modality of choice, T1-
and T2-weighted images are obligatory. Strongly
T2-weighted images (e.g., a CISS sequence) may
help to detect pathologic vessels within the bright
cerebrospinal fluid. Sagittal and transverse images
are more important than coronal views. Fat can be
suppressed by spectral fat saturation or by using
the inversion recovery technique. These sequences
are essential in acute spinal cord ischemia to detect
associated abnormal bone signals indicating ver-
tebral body infarction. Fluid-attenuated inversion
recovery (FLAIR) sequences suppress signals from
cerebrospinal fluid and, therefore, help to detect
intraspinal hemorrhage. Contrast-enhanced T1-
weighted images can reveal abnormal intraspinal
vessels. Acute spinal cord ischemia is character-
ized by a typical time-dependent pattern of contrast
enhancement. MRI can directly depict the cause of
spinal cord ischemia in dissecting aneurysms of the
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aorta. The use of diffusion-weighted MRI (DWI)
has been limited in the spine thus far due to very
strong susceptibility artefacts. Nevertheless, diffu-
sion imaging has been successfully applied also to
spinal cord ischemia (Gass et al. 2000). MRI can
directly detect ischemic spinal cord lesions as well as
intramedullary, subdural, or epidural hemorrhage.
Myelitis and tumor-associated lesions are the most
important clinical and imaging differential diagno-
ses in acute spinal cord ischemia (Table 17.3). CSF
examinations are necessary if inflammatory lesions
of the spinal cord (transverse myelitis) and multiple
sclerosis have to be excluded in the acute phase (DE
SEZE et al. 2001).

Table 17.3. Differential diagnosis in acute
non-traumatic transverse lesion

e Hematomyelia

e Multiple sclerosis

e Spinal cord compression

- Neoplasm

- Disc herniation

- Sub-/epidural hematoma
Abscess/empyema
Delayed radiation myelopathy
Acute transverse myelitis
Spinal AVM

Ischemic infarction

In the presence of an intraspinal hemorrhage
spinal vascular malformation, cavernoma, coagu-
lopathy and tumor have to be differentiated.

In spinal vascular malformations abnormally
thick, often tortuous vessels on the surface of the
spinal cord can be identified as well as the angioma-
like nidus of the AVM. MRI facilitates the differen-
tiation between SDAVF and intramedullary AVM.

Myelography and post-myelographic computed
tomography should only follow MRI if there is a high
clinical index of suspicion for a SDAVF. Myelogra-
phy is more sensitive than MRI to detect pathologic
perimedullary vessels especially in cases of low-flow
fistulas (GILBERTSON et al. 1995).

Spinal angiography remains the gold standard
in spinal vascular malformations and can help to
elucidate the underlying pathology of acute spinal
cord ischemia in selected cases (D1 CHIRO and
WENER 1973; DJINDJIAN et al. 1970; LASJAUNIAS et
al. 2001).
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17.4.2
MR Correlates of Acute Vascular Myelomalacia

Ischemic infarction of the spinal cord is difficult to
establish in the early phase, only 50% of the patients
show early demarcation within 24 h. The role of MRI
in the acute phase is to exclude hematomyelia, spinal
vascular malformation (which requires spinal angi-
ography in special cases) or a compressive lesion.
Common sites of spinal cord infarction are the
thoracolumbar enlargement and the conus medul-
laris in 65%, the cervical region is less commonly
affected (only 11% in our own series). The damage of
the spinal cord is most accurately demonstrated by
MRI in T2-weighted sequences (BROWN et al. 1989).
Hyperintensity in T2-weighted images may be dem-
onstrated as early as 8 h after onset (YUH et al. 1992).
In most cases pencil-shaped hyperintensive lesions
are visible predominantly in the anterior spinal
artery system at least in follow-up examinations
(Fig. 17.7). Circumscribed infarctions in the poste-
rior spinal artery system are rare (MASCALCHI et al.
1998). Moderate swelling is generally present in the
acute stage followed by contrast enhancement of the
cord and the cauda equina in the subacute stage -
usually after 5 days (AMANO et al. 1998; CASSELMAN
et al. 1991; FRieEDMAN and FLANDERS 1992). Con-

Fig.17.7. Acute ischemic myelomalacia of the thoracolumbar
region in two patients, T2-weighted MR images. The pencil-
shaped zone of increased signal represents the acute infarcted
cord
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trast-enhanced images demonstrate enhancement
of the infarct up to 3 weeks after the onset (BERLIT
et al. 1992; HiroNo et al. 1992; YuH et al. 1992).

In most cases of the thoracolumbar infarction, the
swollen cord shows peripheral enhancement of the
central gray matter. The concomitant enhancement
of the cauda equina was reported first by FRIEDMAN
and FLANDERS in 1992 (Fig. 17.8). This phenomenon
isa characteristic finding in the course of spinal cord
ischemia which might involve the cord itself and the
ventral cauda equina as well, which is composed of
motor fibre bundles (AMANO et al. 1998). It indicates
disruption of the blood-cord barrier as well as reac-
tive hyperemia (FRIEDMAN and FLANDERS 1992;
AMANoO et al. 1998). The differential diagnosis of
contrast enhancement of the cauda equina includes
transverse myelitis, bacterial or viral meningitis,
and spinal metastasis.

Abnormal signal or evolution of signal abnormal-
ity in a vertebral body associated with a cord lesion
is highly suspicious of an acute spinal infarction
(HADDAD et al. 1996; YuH et al. 1992). Due to the
vascular supply to the vertebral body, the pattern of
signal changes is distinct from degenerative disease.
The deep medullary portion and the region of the
endplates are most vulnerable to ischemia. Yun et al.
(1992) reported early hyperintensity in T2-weighted
images due to vertebral body infarction after 8 h. As
described before, the radicular arteries supply the
vertebral bodies and - inconsistently - the spinal
cord, if there is a radiculomedullary artery at the
same level. Abnormal bone signals indicate this
special vascular condition and can be regarded as
a confirmatory sign in spinal infarction (FaiG et
al. 1998; YuH et al. 1992). In our patient group, the
spinal angiography demonstrated that infarction of
the vertebral body indicated the origin of the ante-
rior spinal artery (Fig. 17.9). Bone marrow abnor-
malities are also detectable in posterior spinal cord
syndrome (SUzUKI et al. 2003). In the chronic stage
the affected cord segment may shrink.

Early detection of the ischemia is desirable with
regard to therapeutic implications.

In few studies, DWI is reported to detect spinal
cord ischemia in the acute phase (Gass et al. 2000;
BAMMER et al. 2000; STEPPER and L6vBLAD 2001).
KUKER and coworkers (2004) recently reported the
time courseofdiffusionabnormalityinthree patients
with acute spinal cord ischemia. They found diffu-
sion abnormality earliest after 8 h. At this time there
was only a faint hyperintensity visible in the central
part of the conus medullaris. Diffusion abnormal-
ity did not last for longer than 1 week. Further stud-
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Fig.17.8a,b. Acute ischemic myelomalacia of the lumbar
enlargement 3 weeks after onset of symptoms. Contrast-
enhanced T1-weighted images in sagittal and axial orientation
at different levels. a Enhancement of the ventral cauda equina
(arrow, arrowhead).b Peripheral ring-like enhancement of the
affected lumbar enlargement (arrow, arrowhead)
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Fig.17.9a-d. Acute ischemic myelomalacia in an 18-year-old man with acute
paraplegia and sphincter disturbances. a Sagittal T2-weighted images show
centromedullary multisegmental hyperintensities from T2 to the conus
(arrows).b Axial T2-weighted images. c On day 2,a fat-suppressed T2-weighted
sequence reveals abnormal signal in the dorsal part of the vertebra T12 cor-
responding to vertebral body infarction (arrow). d DSA, p.a. projection, 10
days after onset of symptoms. The radiculomedullary artery originates at T12
level and supplies the anterior spinal axis. At this time the anterior spinal
artery is patent. The origin of the cord supplying radiculomedullary artery
corresponds well to the level of the vertebral body infarction
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ies are necessary to determine its sensitivity in the
early phase of spinal cord infarction and to establish
its specificity in other causes of myelopathy such as
myelitis.

17.4.3
MR Correlates of Subacute/Chronic Vascular
Myelopathy

17.4.3.1
Spinal Dural Arteriovenous Fistula

In SDAVF the key findings in MRI are the sequelae of
the congestive myelopathy and the detection of the
arterialized perimedullary veins (Fig. 17.10). MRI
shows in almost all cases a long central intramed-
ullary hyperintense lesion in T2-weighted images
that spans several cord segments (KocH et al. 1998;
VAN DyK et al. 2002). A characteristic finding is a
hypointense rim adjacent to the spinal cord lesion.

Fig.17.10. MRI in thoracic SDAVE, sagittal T2- and contrast-
enhanced T1-weighted images. Multisegmental hyperintensive
lesion of the thoracic cord with swelling indicating congestive
myelopathy. Flow voids in the dorsal CSF compartment repre-
sent the arterialized perimedullary veins (arrow, T2-weighted
image, left side), which are clearly visible after intravenous
contrast application (arrow, T1-weighted image, right side).
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Fig.17.11. SDAVF supplied from the left 1% lumbar segmental
artery, T2-weighted sagittal and axial MR images. In this case,
the perimedullary arterialized veins are not very impressive
(arrowhead). Note the peripheral hypointensive rim adjacent
to the cord hyperintensity, a typical finding in SDAVF (arrows)

This peripheral spinal cord hypointensity was first
described by HursT and GrossMAN in 2000 and
is probably best explained by slow flow of blood
containing deoxyhemoglobin related to the venous
hypertension (Fig. 17.11). Abnormally enlarged
and tortuous perimedullary veins can show flow
voids in spin-echo sequences or enhancement after
paramagnetic contrast administration (TERWEY et
al. 1989). Pathologic perimedullary veins are not
always detectable in MRI and in some cases diffi-
cult to differentiate from CSF pulsations. If contrast
enhancement of the spinal cord lesion is present, the
cord lesion may be misdiagnosed as tumor.

Follow-up MRI after treatment shows regression of
the hyperintense lesion and may be followed by atro-
phy. If swelling of the cord and/or the pathologic peri-
medullary vessels persist after treatment, a residual
SDAVF needs to be excluded by DSA.

Spinal DSA is still required to demonstrate the
fistula and the supplying segmental artery. Recent
developments in MR angiography will help to define
non-invasively the level of the fistula (FARB et al.
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2002). In most patients the dural fistula is supplied
by a thoracic or lumbar artery. Deep located fistulas
of the lumbosacral region are rare and beset with
particular diagnostic problems mainly due to the
unusual anatomic and hemodynamic conditions.
In these cases MRI should be focused on the lum-
bosacral region. The arterialized dilated vein of the
filum can be detected in 3-mm slices after paramag-
netic contrast administration even if the flow is very
slow.

17.4.3.2
Arteriovenous Malformations

Spinal AVMs can be mainly divided into AVM of
the perimedullary fistula type and glomerular
type. Typically, congestive myelopathy is obvious in
AVM of the perimedullary type (HEROS et al. 1986;
ROSENBLUM et al. 1987; THRON et al. 2001).
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AVMs of the perimedullary fistula type are direct
AV shunts that are located on the ventral or dorsal
surface of the spinal cord or the conus medullaris,
usually in the thoracolumbar area, occasionally
thoracic, and rarely cervical. Their location thus
is intradural, intra- or extramedullary. They are
always supplied by spinal cord vessels, either by the
anterior spinal artery (ventrally) or by a posterolat-
eral artery (dorsally), depending on their location.
They drain into spinal cord veins (Fig. 17.12). Drain-
age may even ascend up to the foramen magnum or
into the posterior fossa.

AVMs of the glomerular type are more frequent
and characterized by a nidus similar to those of most
cerebral AVMs. They may be located superficially on
the surface of the spinal cord or deep within the cord
parenchyma or extend to both compartments. Due
to the numerous anastomoses between the spinal
cord arteries, the nidus is always supplied by sev-
eral arteries or branches derived from the anterior

lat /

Fig.17.12a,b. Perimedullary AVM of the conus medullaris. a Sagittal T2-weighted MR
image. The hyperintensive cord lesion spans several segments (arrows). The draining
veins are visible in the neighborhood of the cauda equina. b Selective DSA, opacifica-
tion of the 1st left lumbar segmental artery (left, lateral view; right, p.a. view). The
dilated arteria radicularis magna (arrow) is the main feeder of the AVM. The fistula
zone is visible at the level L1 (arrowhead)
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or posterior spinal arteries. Spinal AVMs drain into
the spinal cord veins and are rarely complicated by
congestive myelopathy.

The principal screening method is MRI
(DorMONT et al. 1988; THrRON and CAPLAN 2003).
Abnormally dilated vessels in the spinal cord or the
subarachnoid space are the main findings. In AVMs
of the glomerular type, the nidus can be differen-
tiated from the draining veins. Intradural AVMs
can be associated with hemorrhage in the spinal
cord and its surroundings. The hyperintensity in
T2-weighted images is not the dominant feature in
this type of AVM. The signal characteristics vary
over time, comparable with intracerebral hemato-
mas. After endovascular treatment, compromise
of the venous outflow may result in a congestive
myelopathy.

Perimedullary fistulas type 1 may present with
multisegmental hyperintensive cord lesions on
T2-weighted images due to congestive myelopa-
thy similar to spinal cord affection in spinal dural
AVE.
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17.5
Spinal Angiography

17.5.1
MR Angiography and Spinal Cord Vessels

The largest blood vessels of the spinal cord are the
veins of the superficial system, the anterior and pos-
terior median vein, the radicular veins, the terminal
vein and, furthermore, the transmedullary venous
anastomoses. They have an inner vessel diameter
of up to 2 mm compared with a maximum diam-
eter of 1 mm on the arterial side. At present, these
are the vessels most likely to be seen on MRI. They
can either be demonstrated on sagittal T1-weighted
images following contrast enhancement as bright
structures or, like in myelography, as dark struc-
tures within the bright CSF on strongly T2-weighted
images. Problems arise in “borderline” cases, espe-
cially at the level of the lumbar enlargement, where
it is impossible to decide whether the demonstrated
blood vessels represent still normal or already path-

Fig.17.13a-c. First-pass con-
trast-enhanced MR angiography.

a Normal finding. b Thoracic
SDAVF (T7 left, arrow). ¢ Thoraco-
lumbar spinal AVM (arrows)
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ological findings due to a SDAVF. This is particu-
larly true for the thoracolumbar enlargement due
to a considerable variation of the posterior veins at
thislocation that can show varicosity and elongation
(THrRON and MuULL 2004).

Even if spatial and contrast resolution of these
imaging modalities will increase in the future, it
might be difficult to differentiate the artery from the
vein on the anterior surface of the cord. The ante-
rior spinal artery and vein run very close together.
The branching of a radicular artery or vein has a
very similar hairpin-configuration, and the level at
which a segmental in- or outflow occurs cannot be
predicted in a given case.

The only non-invasive way in which a reliable
differentiation of superficial spinal cord arteries
and veins can be expected, is an MR-based angio-
graphic technique with sufficient spatial resolu-
tion and with a time resolution that clearly sepa-
rates arterial and venous phase. The first MRA
techniques used were blood flow-dependent, such
as three-dimensional phase contrast angiography
and three-dimensional contrast-enhanced time
of flight imaging (BowEN et al. 1996). The great-
est disadvantages are the long acquisition time
(10 min) and the limited visualization of normal
intradural arteries. To achieve better visualiza-
tion without venous overprojection, first-pass MR
angiography with a rapid bolus injection of con-
trast medium and a highly sophisticated acqui-
sition technique, has been proposed (WILLINEK
et al. 2002). This technique makes it possible to
distinguish the arterial phase from a later phase
in which both arteries and veins are enhanced.
Verification of the findings by DSA has rarely
been performed. Some authors have shown that
the fistula-supplying segmental artery could be
located by first-pass contrast-enhanced MR angi-
ography (BINKERT et al. 1999; FARB et al. 2002;
SHIGEMATSU et al. 2000). By using a first-pass
technique with two dynamic phases, the arteria
radicularis magna of Adamkiewicz could be sep-
arated from the anterior median vein and sepa-
rately visualized in 69% (YAMADA et al. 2000a,b).
Recent own investigations comparing MR angi-
ography with DSA findings are encouraging with
regard to the identification of the Adamkiewicz
artery and the fistula-supplying segmental artery
in SDAVF (BAcCKES et al. 2004). Nevertheless, to
date, MRI and MR angiography have not been able
to precisely detect small-caliber feeding spinal
arteries in spinal AVM (Fig. 17.13). Introduction
of first-pass contrast-enhanced MR angiography
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in the routine work-up of spinal vascular pathol-
ogy will contribute to our understanding of the
pathogenetic mechanisms involved.

17.5.2
Spinal Angiography (DSA)

Selective spinal angiography provides the basis for
classifying spinal vascular malformations by their
location, arterial supply and venous drainage pat-
tern. A profound understanding of the AVM archi-
tecture is required for the decision regarding which
treatment option(s) should be taken into consid-
eration. In SDAVF, spinal DSA remains the gold
standard to identify the fistula-supplying segmen-
tal artery. In deep lumbosacral SDAVF, only selec-
tive internal iliac arteriography can identify fistulas
located in the sacral region supplied by the lateral
sacral or iliolumbar arteries.

Selective spinal DSA has a better spatial resolu-
tion and plays a main role in the exclusion of spinal
vascular malformations. In selected cases affection
of the radicular artery and occlusion of the ante-
rior spinal artery system can be demonstrated as
well as collateral supply even in the later course of
the ischemia (MuLL et al. 2002). Thus, spinal DSA
helps to identify pathologic vascular conditions in
spinal cord ischemia. The main indication remains
to exclude a spinal vascular malformation. Angio-
graphic information about the acute phase of spinal
cord ischemia is not yet available.

17.6
Treatment

In patients with SDAVF the aim of treatment is to
prevent progression of the spinal cord damage. The
goal is the permanent occlusion of the dural shunt
zone along with the origin of the draining vein. This
can be achieved microsurgically or by endovascu-
lar treatment using tissue adhesives (BEHRENS and
THRON 1999; HUFFMANN et al. 1995; MERLAND et al.
1986; N11MI et al. 1997; SONG et al. 2001; THRON and
CAPLAN 2003). Treatment of spinal AVM should be
restricted to specialized centers that are experienced
in this field.

To identify the location of cord-supplying seg-
mental arteries before aortic surgery can help to
reduce the risk of spinal cord ischemia. Monitor-
ing of somatosensory-evoked responses contrib-
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utes to identify early signs of spinal cord ischemia
during aortic clamping. Before aortic surgery
spinal DSA and MR angiography, as described
before, can help to identify cord-supplying seg-
mental arteries.

If the diagnosis of a compression of a lumbar
artery has been established by dynamic spinal DSA
showing complete occlusion of the lumbar artery,
surgical section of the diaphragmatic crus may
prevent irreversible infarction in this rare condi-
tion.

At present there are no recognized effective
treatment strategies for spinal cord stroke (CAPLAN
2003; MuLL 2005). Nevertheless, if the cord isch-
emia is judged to be embolic, effective anticoagula-
tion or antiplatelet drugs should be considered in
clinical practice.

17.7
Summary

In the last decade typical signs of spinal cord isch-
emia have been reported. Confirming and sup-
porting signs of acute ischemic myelomalacia are
vertebral body infarction and the pathognomonic
contrast enhancement of the cauda equina in the
course of the disease. Moreover, bone infarction
strongly indicates the proximal occlusion and the
level of the affected segmental artery. Cartilaginous
disc embolism, embolism following periradicular
nerve root therapy and compression of a lumbar
artery are underestimated causes of spinal cord
ischemia.

In most cases a long, extending cord lesion in the
presence of perimedullary veins favors spinal dural
AV fistulas as an underlying disorder which has to
be confirmed by spinal angiography and separated
from perimedullary AV fistulas. Up to now, it is not
possible to differentiate local arterial from venous
occlusion in the intravital diagnostic work-up. MR1,
MR angiography and spinal DSA are complemen-
tary diagnostic tools in vascular diseases of the
spinal cord which help us to confirm the diagnosis
and to come to a better understanding of these rare
disorders.

In summary, important advances have been made
in our understanding of the underlying pathogenetic
mechanism in spinal cord ischemia. This condition
remains a diagnostic and therapeutic challenge, but
improved diagnosis may result in better treatment
in the future.
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18.1

Introduction

Veno-occlusive disorders of the brain may affect the
dural sinuses, the superficial cortical veins and the
deep venous system. Occlusion may be due to aseptic
or septic thrombosis, to stenoses of the large sinuses
at the base of the skull of different origin and to
tumors compressing or infiltrating the sinus wall,
especially meningiomas. Impaired venous drainage
results in venous congestion or congestive infarction
which can be accompanied by hemorrhage. Arteriov-
enous shunting in case of dural arteriovenous fistulas
or arteriovenous malformations may have a similar
clinical effect. In general practice, cerebral venous
and sinus thrombosis (CVST) play the most impor-
tant role in the group of veno-occlusive diseases.

18.2
Etiology and Risk Factors

Several etiological factors are known to cause CVST,
although no specific cause for CVST can be found
in about 25% of all cases (DESCHIENS et al. 1996).
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One has to differentiate between aseptic CVST as the
most common form, septic venous and sinus throm-
bosis, tumor-induced and trauma-induced CVST.
Disease processes that may cause aseptic CVST
include hypercoagulopathic states such as those
present in polycythemia vera, sickle cell disease,
deficiencies of fibrinolytic factors (antithrombin III,
protein C, protein S) or disseminated intravascular
coagulopathy (DEscHIENS et al. 1996). Oral con-
traceptives, pregnancy, and puerperium are also
known risk factors for developing an aseptic CVST
(CANTU and BARINAGARREMENTERIA 1993). In
addition, systemic malignancies with paraneoplas-
tic syndromes, lupus erythematodes, drug abuse or
low flow situations as present during dehydration
or shock may cause CVST. Septic causes are most
often encountered in childhood with a chronic or
acute mastoiditis involving the neighbouring trans-
verse or sigmoid sinus (ISENSEE et al. 1992a; REUL et
al. 1997). Meningitis, brain abscesses or septicemia
are, however, more seldom causes of septic CVST.
Concerning tumor induced CVST, meningiomas are
prone to obliterate the lumen of the dural sinuses;
however, this process evolves slowly over time,
therefore, venous collaterals are often present and
an acute venous congestion is the exception rather
than the rule. Apart from meningiomas other tumor
entities only rarely infiltrate the dural sinus walls.
CVST caused by trauma is also rather rare; however,
fractures that lead to a laceration of the dural wall
might cause a venous occlusion.

18.3
Clinical Features and Typical Symptom
Combinations

CVST generally shows a subacute onset and course
of symptoms. Clinical symptomatology is depend-
ant on the cause, localization, extension and time
of development of the venous occlusion. The lead-
ing symptom is headache in 70%-90% of all cases
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(STrUPP et al. 2003), often associated with nausea
and vomiting (THRON et al. 1986). But the spectrum
of symptoms and signs varies between an asympto-
matic course and rapidly progressive neurological
deficits and impaired consciousness.

In asymptomatic cases, the occlusion of an iso-
lated sinus is typically compensated by collaterals
or in case of the transverse sinus by a contralateral
sinus of adequate size (THRON 2001).

Idiopathic intracranial hypertension (synonyms:
benign intracranial hypertension, pseudotumor cerebri
syndrome) is characterized by increased CSF pressure
(>250 mm H,0) in the absence of an intracranial space
occupying lesion or inflammation. About 30%-50% of
CVST-patients present with this syndrome (THRON et
al. 1986). They complain of headache and have papille-
dema or other symptoms and signs of increased intrac-
ranial pressure. In most of these cases a main venous
channel is occluded and drainage of the brain depends
on smaller sinuses or veins. An example of this situa-
tion is the unilateral occlusion of the dominant trans-
verse sinus. The collateral drainage is poor, but suffi-
cient to prevent focal lesions. Recently, advanced MRA
techniques have provided evidence that focal sten-
otic lesions in the transverse sinuses (or comparable
venous outflow obstructions of non-thrombotic origin)
may be another frequent cause of this syndrome (see
Fig. 17.2c-e; HIGGINS et al. 2002, 2004; FARB et al. 2003)
Using more invasive techniques, pressure gradients
could be measured in a part of these patients. The rela-
tionship between these focal stenoses and the increased
intracranial pressure remains to be clarified.

Neurological deficits and seizures occur in the
group of patients in whom focal congestive and
hemorrhagic lesions occur. The stroke-like symp-
toms depend on the localization of the brain damage
and may be accompanied by seizures (THRON et al.
1986; STRUPP et al. 2003). In these cases extension of
the thrombus in cortical veins has occurred or the
collateral drainage for a distinct area of the brain
parenchyma is not sufficient. A typical example of
this is the occlusion of a transverse sinus together
with the vein of Labbé (see Fig. 18.8; ISENSEE et al.
1992b). Focal sensorimotor deficits and/or seizures
are also the clinical feature of the solitary thrombo-
sis of a superficial cerebral vein which in our expe-
rience is rare. This entity may be accompanied by a
cortical subarachnoid hemorrhage.

Impaired consciousness and coma may develop
with increasing intracranial pressure.

A decrease in mental status, drowsiness, progres-
sive confusion and impaired consciousness may
also be the major symptoms of deep cerebral venous
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thrombosis (AMERI and BOUSSER 1992; CRAWFORD
et al. 1995). Drainage impairment affects mainly the
thalamus uni- or bilaterally with venous congestion
and/or bleeding (LAFITTE et al. 1999) (see Fig. 18.6).

Thrombosis of the cavernous sinus is character-
ized by proptosis, chemosis, impaired vision and
ophthalmoplegia. If it is not septic, prognosis is
good because of collateral drainage and spontane-
ous recanalization. The same symptoms, with the
exception of a possible bruit, may result from arte-
riovenous shunting in carotid-cavernous fistulae.
The treatment of choice in this case is endovascular
occlusion (thrombosis!) of the cavernous sinus.

The prognosis of extensive CVST is unpredictable
and variable. The 5%-30% mortality of CVST still
reported in studies between 1991 and 1999 (STRUPP et
al. 2003) has significantly dropped. In our experience
early diagnosis with noninvasive techniques of MRI
and MRA has an important influence on prognosis.

Early diagnosis, however, can only be achieved if
radiologists contribute to the identification of the
subset of patients complaining of headache and who
have this potentially life-threatening disease which
requires immediate therapy. They need to know the
clinical background, be aware of suspect findings in
routine MRI and should know the advantages and
potential pitfalls and limitations of different MRA
techniques and flow-sensitive sequences.

18.3.5
Treatment

Typically, patients with confirmed CVST are treated
with intravenous heparin even in the presence of
intracerebral hemorrhage. Although there is only
one placebo-controlled, double-blind study show-
ing a significant advantage of intravenous dose-
adjusted unfractionated heparin therapy in patients
with CVST (EINHAUPL et al. 1991), heparin as the
first-line treatment is recommended because of its
efficacy, safety and feasibility (AMERI and BOUSSER
1992; BOUSSER 1999). Only in rare cases may fibri-
nolytic therapy or thrombectomy be considered as
alternative treatment options.

18.4
Imaging

To interpret imaging, it is necessary to know the
normal anatomy of the cerebral venous system and
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to transfer this knowledge to the transversal cuts of

the axial cranial CT (CCT) and MRI or to 3D recon-

structions of the blood vessels. Moreover, the most
important anatomical variants of the dural sinuses
must be readily perceived. The normal venous angi-
ogram as detected by digital subtraction angiogra-
phy (DSA) and MRI is illustrated in Figs. 18.1 and
18.2a,b.

Frequently encountered anatomical variants

include (THRON 2001):

e The unilateral hypoplastic transverse and sig-
moid sinus with compensation via the contralat-
eral transverse sinus.

e The aplasia of the frontal superior sagittal sinus
anterior to the coronary suture with compensa-
tion via large bridging veins.

e The high division of the superior sagittal sinus
(cranial to the internal occipital protuberance,
where the confluens sinuum is normally encoun-
tered).

e Pacchioni granulations may be seen as circum-
script intraluminal filling defects or gaps.
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Fig.18.1. Venous anatomy in digital subtraction angiography
(DSA) in lateral projection. FV, frontal veins; PV, parietal veins;
OV, occipital veins; SSS, superior sagittal sinus; ISS, inferior sag-
ittal sinus; TS, transverse sinus; SIS, sigmoid sinus; IJV, internal
jugular vein; SS, straight sinus; CS, confluens sinuum; VL, vein of
Labbé; SV, sylvian vein; CS, cavernous sinus; VG, vein of Galen;
ICV, internal cerebral vein; IV, internal jugular vein

Fig.18.2. a,b Normal venous anomaly in a 3D phase contrast venous angiogram performed at 1.5 T. ¢,d 3D phase contrast venous
angiogram in a patient with idiopathic intracranial hypertension displayed in different projections. The bilateral short sten-
oses (arrows) are well shown by MR venography. e digital subtraction angiogram in an oblique projection. Confirmation of the
obstructed vessel lumen on both sides (arrows), but the finding at this location can only be demonstrated on special projections
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Although this book is primarily devoted to mag-
netic resonance imaging, a brief description of cra-
nial computed tomographic findings in CVST seems
tobereasonable since we havelearned from CCT that
in imaging of brain parenchyma and cerebral veins
we have to differentiate between direct and indirect
signs of CVST. The direct signs prove the diagnosis
by demonstrating thrombus or missing flow within
a dural sinus or pial vein, the indirect signs simply
raise the suspicion of CVST by demonstrating dif-
ferent forms of venous congestion (CHIRAS et al.
1985).

In CCT direct signs include the hyperdense sinus
in the non-contrast-enhanced scan, the “cord sign”
(hyperdense bridging vein) and the “empty triangle
sign” in the contrast-enhanced CCT (VIRAPONGSE
et al. 1987) (see Fig. 18.10). Within the first 2 weeks,
thrombosed blood is typically hyperdense on CCT
compared to brain parenchyma. Therefore, it is
important to start with a non-enhanced CCT scan
in patients with suspected CVST (THRON 2001). The
density of the thrombus might otherwise be mis-
taken for a contrast-enhanced vessel lumen. After

2 weeks the thrombus will have become isodense or

A. Thron and M. Mull

hypodense to the brain parenchyma. Now the diag-
nosis can be made following the injection of contrast
media which will show the thrombus as a filling
defect of the lumen surrounded by either residual
contrast-enhanced blood, the contrast enhancing
meningeal wall or collateral venous channels out-
side the dura. This constitutes the empty triangle
or empty delta sign on contrast enhanced CCT in a
later stage of thrombus evolution.

Indirect signs include global and focal brain
edema (see Figs.18.6, 18.8, 18.9), intraparenchy-
mal hemorrhages that might be solitary or multiple
(Fig. 18.3) involving both grey and (preferentially)
white matter and intense tentorial enhancement.
Concerning the edema that is demonstrated as a
hypodense area, the form and localization will typi-
cally not correspond to the classical arterial terri-
tories (see Fig.18.8). Hemorrhages will also not
suit the typical localization of parenchymal hyper-
tensive bleeds but instead typically also expand
to the cortical surface. The tentorium and the falx
will appear thickened, engorged and will demon-
strate pronounced enhancement that is due to dural
venous collaterals.

Fig.18.3a-e. Signal intensity of the
thrombus and hemorrhage at dif-
ferent stages of disease evolution. a
T1-weighted image in the acute stage
of CVST (< 3 days). Both hemorrhage
(small arrows) and thrombus in the
superior sagittal sinus appear iso-
/hypointense. b Proton density image
in the acute stage of CVST with
hypointensity of hemorrhage (small
arrows) and fresh thrombus (arrow).
c—e In the subacute stages of CVST
(> 3 days) the thrombus develops

a hyperintense appearance on T1-
weighted and T2-weighted images.
(Compare with Table 18.1)
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Table 18.1. Time dependant MR signal pattern in intraparen-
chymal hemorrhage and thrombosed dural sinuses. [Modified
from GOMORI et al. 1985; ISENSEE et al. 1994)

Time Molecule T1 T2

0-12h Oxy Hb Iso-hypointense Hyperintense

12-72h Deoxy Hb Iso-hypointense Hypointense

3-7Days  MetHb Hyperintense Hypointense
intracellular

1-4 Weeks MetHb Hyperintense Hyperintense
extracellular

>4 Weeks Hemosiderin Iso-hypointense Hypointense

18.4.1

Magnetic Resonance Imaging and Magnetic
Resonance Angiography

The combination of these two MR techniques has
become the imaging modality of first choice for
the diagnosis and follow-up of CVST (VILLRINGER
et al. 1989; VoGEeL et al. 1994). MRI alone faces
the problem that the MR signal of blood and
blood products varies with clot age as is shown in
Table 18.1 (GoMmortI et al. 1985). Therefore, a dif-
ferent appearance of a thrombosed vein in T1 and
T2 sequences during different stages of thrombus
evolution has to be taken into account (ISENSEE et
al. 1994). The very fresh blood clot may be hyper-
intense in TI1- and hypointense in T2-weighted
images during the first 12h. In this very early
phase it is very unlikely that patients with CVST
are symptomatic and undergo diagnostic proce-
dures. Afterwards the oxyhemoglobin of the acute
thrombus has changed to deoxyhemoglobin which
is iso- to slightly hypointense to cortex on T1-
weighted sequences with a hypointense signal in
T2-weighted images (12 h-3 days). Late acute clots
(3-7 days) contain intracellular methemoglobin
and are hyperintense on T1-weighted sequences
and hypointense on T2-weighted images. Suba-
cute thrombi (1-4 weeks after initial thrombosis)
are hyperintense on both T1 and T2 scans due to
extracellular methemoglobin. Chronically throm-
bosed sinuses undergo fibrosis with hemosiderin
deposition and may develop extensive collaterals.
It is clear that the main problem of MRI standard
sequences for CVST diagnosis is the iso-hypoin-
tense appearance of the acute clot (12-36 h) sim-
ulating flow. Problems may also be encountered
in chronically thrombosed sinuses (ISENSEE et al.
1994). During the other phases of clot evolution an
abnormal signal within the vessel lumen is evident
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in at least one of the standard sequences. Bearing
this consideration in mind, the sinuses are best vis-
ualized using axial and coronal sequences in which
the superior and inferior sagittal sinus, as well as
the transverse sinuses and the internal veins, are
well imaged. Using these standard sequences, it is
possible to evaluate normal anatomy or to detect
anatomic variations like hypoplasia of one of the
transverse sinuses.

Direct signs of CVST in MRI:

e Demonstration of an intraluminal thrombus
within a dural sinus or a cerebral vein. This is
easy during the time interval between 4 days and
4 weeks of thrombus age due to the high signal of
methemoglobinon T1-weightedimages (Table 18.1;
Fig. 18.3) It may be difficult in cases of a very fresh
(< 3 days) or old (> 4 weeks) thrombus which can
be organized or partially recanalized (Figs. 18.3,
18.7). Absence of the normal “flow-void” in large
veins should raise suspicion of CVST, but this sign
is unreliable, as it also appears with slow flow.

e Demonstration of an “empty triangle” or “delta
sign” within a sinus, comparable to the finding
in CT (see Figs. 18.9, 18.10) following contrast-
enhancement.

Indirect signs of CVST in MRI:

e Uni- or bilateral areas of edema that do not corre-
spond to arterial territories (see Figs. 18.6-18.9)

e Uni- or bilateral hemorrhages (see Figs. 18.3,
18.8).

e Pronounced regional enhancement of the lep-
tomeninges (falx, tentorium, convexity) due to
the involvement of these structures in collateral
drainage (see Fig. 18.9).

¢ Regional subarachnoid hemorrhage, especially if
it is situated on the convexity of the brain. It may
be a sign of the rare isolated cerebral vein throm-
bosis.

Table 18.2 summarizes the sequences and MR
techniques which in our experience can be pro-
posed (as mandatory or optional) in the diagnos-
tic management of veno-occlusive disorders of
the brain. Venous MRA can either be performed
with the time-of-flight (TOF) or with the phase-
contrast (PC) technique. In addition to the tomo-
graphic images, a flow sensitive gradient-echo
sequence should be obtained if CVST is in ques-
tion. As a fast screening examination we prefer
a TOF 2D FLASH sequence (Table 18.2; Fig. 18.4,
see 18.6¢), oriented 90 degree to the flow direc-
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Table 18.2. Diagnostic management of suspected CVST by
MRI and MRA

MRI + MRA Specific Parameters

T1 axial

T2 coronal

TOF angiogram (FLASH) TR/TE/FA: 23/7 ms/40°, 5 slices,
5 mm, coronal, 1:36 min
(2D FLASH)

2D-PCA (optional) TR/TE/FA: 20/5.2/15°,1 slice,

30 mm, sagittal+axial, 1:14 min
TR/TE/FA : 16/6.8/10°, 200 slices,
0.8 mm, axial, 9:32 min

TR/TE 5100/137 ms, 19 slices,

5 mm, axial

3D-PCA (optional)
DWI (optional)

FLAIR (optional)

3D contrast-enhanced MRA (optional)

2D dynamic contrast-enhanced subtraction MRA (optional)
TR/TE/FA 3.5/1.0/40 coronal+sagittal

tion (coronal). It provides sufficient anatomical
details and gives reliable information whether
there is flow (high signal) or no flow (no signal).
The only information which is required for cor-
rect interpretation is the presence of methemo-
globin with a high signal on T1-weighted images.
This substance also appears hyperintense on the
FLASH image, thus simulating flow. This is one of
several reasons why a combination of MR tomo-
graphic and angiographic sequences has to be
postulated in CVST. 2D or 3D PC MR angiograms,
coded for slow flow, are established techniques for
the selective demonstration of cerebral veins and
should be used as additional standard sequences
when evaluating CVST (Fig.18.2, 18.8--18.11).
These sequences create angiographic images and
may facilitate image interpretation. However, loss
of information on the maximum intensity projec-
tion (MIP) images or pitfalls due to artefacts must
be taken into account (Fig. 18.10). Therefore, the
source images always need to be included in the
evaluation. In the case of 3D sequences the exami-
nation time is considerably prolonged to about
10 min. Contrast-enhanced venous MRA is an
advanced and costly technique (FARB et al. 2003)
which, on the other hand, avoids problems created
by turbulent flow and improves image quality.
Another promising new technique is 2D dynamic
(time resolved) contrast-enhanced MR subtrac-
tion angiography (Table 18.2; Figs. 18.5, 18.6). It is
based on a single-slice T1-weighted gradient-echo
sequence and has a temporal resolution of about
0.34 s/image (KrINGs and HaNs 2004). It covers
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the arterial and venous phase in coronal and sag-
ittal direction and is useful not only in the detec-
tion of venous drainage obstruction, but also in
the diagnosis of arteriovenous (AV) shunts. This
is important because AV fistulae or AV malforma-
tions are other important causes for venous drain-
age impairment. Contrast-enhanced T1-weighted
studies can be helpful but are not mandatory. As
already mentioned they can demonstrate - simil-
iar to the contrast enhanced CT - an “empty trian-
gle” or delta-sign (Figs. 18.9, 18.10).

An axial fluid-attenuated inversion recovery
sequence (FLAIR) is usually acquired additionally
to demonstrate parenchymal involvement of CVST.
Diffusion-weighted MRI in CVST has gained spe-
cial attention in recent years because the patho-
physiology of diffusion abnormalities is less well
understood compared to arterial stroke (SARMA
et al. 2004). The more complex pathophysiological
process of venous congestion and infarction obvi-
ously leads to both vasogenic and cytotoxic edema
(CorvoL et al. 1998; KELLER et al. 1999; LOVBLAD
et al. 2001). Three types of lesions were identified
by MuLLINS et al. (2004). Resolving lesions with
elevated diffusion coefficient (vasogenic edema),
persisting lesions with low diffusion (cytotoxic
edema, patients without seizure activity) and
resolving lesions with low diffusion (cytotoxic
edema, patients with seizure activity). The obser-
vation of the reversibility of restricted diffusion in
extensive venous thrombosis was interpreted by
SARMA et al. (2004) as the existence of an “intracel-
lular edema” which is reversible for an undefined,
variable time.

Our typical MR protocol for suspected CVST
includes an axial FLAIR, axial diffusion-weighted
MRI, coronal T1 SE and T2 TSE sequences, a coro-
nal gradient echo and a 3D phase contrast venous
angiogram with a total imaging time of approxi-
mately 20 min.

7.4.1.1
MRA Findings in (Benign and Idiopathic) Intracranial
Hypertension

Chronic thrombosis or only partially recanal-
ized dural sinus thrombosis may be diagnosed in
these patients (THRON et al. 1986; WESSEL et al.
1987). This type is less obvious on the static MRI
(IsENSEE et al. 1994) and requires MR venogra-
phy, if possible in a contrast-enhanced technique.
In children, purulent mastoiditis is an important
cause of septic thrombosis (REUL et al. 1997) or



Veno-Occlusive Disorders

TIFFEM
SL4

2 X -~
.
— —
* 3 .
AP -20 ant AP -15 ant
Scé b Scé

TIFFEM Y T1IFFEM
SL9 . SL10

AP 9 post
Scé
TIFFEM
SL 15

AP 29 post ' AP 34 post
Scéh H Scé
TIFFEM " TIFFEM
SL 20

Fig. 18.4. Coronal 2D fast low angle shot (FLASH) (section). This flow-sensitive sequence offers a quick (1:30 min) screening for
all major sinuses with additional anatomical information. Important: Comparison with the T1-weighted images is necessary
because not only flow, but also methemoglobin appear bright




Ml %7 1=

inflammatory stenosis (ISENSEE et al. 1992) of the
ipsilateral transverse sinus (REUL et al. 1997), fol-
lowed by raised intracranial pressure. A cystic
developmental lesion within a sinus (KUKER et
al. 1997), or other space-occupying or infiltrating
processes, obstructing the lumen of a dural sinus
are rare causes.

In patients with idiopathic intracranial hyper-
tension bilaterally narrowed segments in the
lateral venous sinuses have been demonstrated
compared to normal findings in asymptomatic
volunteers using advanced techniques of MR
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Fig.18.5a-d. 2D
dynamic contrast-
enhanced MR sub-
traction angiography.
Normal finding. Selected
images from the arterial
(a,b) and venous phase
(c,d) are shown

venography (HIGGINs et al. 2002, 2004; FarB
et al. 2003). We have observed similar cases in
recent years with unilateral sinus stenosis and
contralateral hypoplasia or bilateral stenoses (see
Fig. 18.2c-e).
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Fig. 18.6a-d. Deep cerebral venous thrombosis in an 8-year-old girl presenting with headache, state of confusion and somno-
lence. a Axial FLAIR image with bilateral swelling and hyperintensity of the thalami and right-sided basal ganglia. b Coronal
T2-weighted image with high signal in both thalami due to edema and/or infarction, suspicious of thrombosis of the deep
venous system (internal cerebral veins, straight sinus). ¢ On the coronal flow-sensitive Sequence (FLASH) no flow is shown in
the internal cerebral veins (arrows). d 2D dynamic contrast-enhanced MR subtraction angiography. The images from the arte-
rial phase (upper row) are normal, in the late venous phase (lower row) an area of reduced parenchymal contrast and absence
of the internal cerebral veins and straight sinus are shown. (Compare with normal findings in Fig. 18.5)
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Fig. 18.7a,b. Isolated cortical vein thrombosis in a 16 y old female presenting with focal epileptic seizures. a Axial GE (T2*)
images show a hypointense signal along the course of a cortical vein (arrows) which was also seen as a hyperdense structure
on CT (not shown). b Axial DWI shows small areas of restricted diffusion in the corresponding brain parenchyma
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Fig. 18.8a-d. Thrombosis of
the transverse sinuses with
temporolateral congestive
and hemorrhagic infarction
on the right side. The lesion
corresponds to the drain-
age territory of the vein of
Labbé. a CT aspect of the
partially hemorrhagic lesion.
b FLAIR images showing
areas of different hyperin-
tensity. ¢ DWI with a very
inhomogeneous pattern of
diffusion abnormalities. d
3D PC venography. Extensive
thrombosis with incomplete
occlusion mainly of the
transverse sinuses (arrows).
On the right side, corre-
sponding to the lesion loca-
tion, temporal cortical veins
(vein of Labbé) are missing
(short arrow)
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Fig. 18.9a-e. Extensive thrombosis of all main dural sinuses. a Coronal T2-weighted images. Only small cortical lesions are
present. The signal of the big sinuses is iso-/hypointense and does not indicate thrombotic occlusion. b Axial T1-weighted
contrast-enhanced images. Intraluminal thrombus is evident in the superior sagittal sinus (arrowheads) and increased leptome-
ningeal enhancement can be demonstrated (arrows) indicating collateral drainage through small veins. ¢ Axial FLAIR images.
Small cortical/subcortical areas of infarction are present (arrows). d 3D PC MR venogram. Extensive thrombosis of all major
dural sinuses. The drainage is restricted to superficial collateral veins. e 3D PC MR venogram after 3 months of anticoagulation.
Improvement with partial restoration of flow in the superior sagittal and transverse sinuses (arrows)
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Fig. 18.10a-d. Superior sagittal sinus thrombosis in a 29-year-old woman. She was treated with steroids for multiple sclerosis
and presented with acute headaches. a Contrast-enhanced CT, performed on admission, shows a clear “empty triangle” sign
in the superior sagittal sinus as a direct sign of thrombosis. b 3D PC MR venography, performed the day after admission in
addition to MRI, did not demonstrate a clear pathological finding. c,d Contrast-enhanced T1-weighted images in axial (c) and
sagittal orientation reveal a long thrombus which is not completely occluding the lumen of the sinus
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18.4.2
Diagnostic Problems, Potential Artefacts and
Pitfalls

e Hypoplasia or even aplasia of a sinus or part of
it must be differentiated from thrombus by care-
ful analysis of the standard anatomic sequences
(Fig. 18.11). When present, the CCT scan should
also be taken into account, since a hypoplastic
transverse and sigmoid sinus typically demon-
strates a smaller jugular foramen when compared
to the normal side.

e Slow or turbulent flow may lead to signal dephas-
ing and false interpretation of impaired or even
missing flow within the dural sinuses (BoNo et
al. 2003). The signal intensities of sigmoid sinuses
on PC MR images may be affected by respiration
(Kupo et al. 2004). The slow or oscillating flow
in transverse sinuses can be demonstrated more
reliably with contrast-enhanced studies.

e Non-thrombotic intraluminal notches as present
in hypertrophic Pacchioni granulations might
also mimick thrombus (Fig. 18.12). On MRI, these
intraluminal granulations are hypo- or isointense
in T1 and hyperintense in T2-weighted images
and well defined (GIrRAUD et al. 2001).

e On the other hand, thrombus characteristics
as discussed above might also mask the pres-
ence of an acute CVST since the hypointense
visualization of acute thrombus (< 3 days) on T2-
weighted sequences might be mistaken as a flow
void (Fig. 18.3). The same is true for old organ-
ized or partially recanalized sinus thrombosis
(Fig. 18.9).

¢ Do not rely on MIP images without looking at the
source images. The information loss may be cru-
cial as visualized in Fig. 18.10.

¢ The diagnosis of isolated cerebral vein thrombo-
sis remains a challenge, because the direct signs
as demonstrated in Fig. 18.7 are rarely seen. A
“missing” vein or differences in the venous pat-
tern between both hemispheres are unreliable
signs, because the distribution and caliber of
the cerebral veins is highly variable. The differ-
ential diagnosis of an area of T2 hyperintensity
which does not correspond to an arterial territory
(indirect sign) includes thrombosis of a cerebral
vein, vasculitis, infectious disease or posterior
leukoencephalopathy. The treatment for each of
these diseases is very different. Contrary to most
recommendations we do not think that DSA is
the right answer to solve this problem, since it
encounters the same problem as MR venography.
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Fig.18.11. 3D PC MR venography. There is only minimal flow
in the area of the left transverse sinus. As these images do not
give any anatomical information the evaluation must include
images (CT or MRI) which provide the information whether
this dural sinus is present and occluded or whether it is hypo-
/aplastic

18.4.2.1
Additional and Competitive Diagnostic Procedures

From a clinical point of view measurement of cir-
culating D-dimer levels might be a very helpful
tool to identify the subgroup of headache patients
who need immediate further radiological diagnos-
tics (KosINSKI et al. 2004). CVST in this group of
patients without any focal neurological abnormali-
ties may otherwise be overlooked.

CT venography of cerebral veins is a very reliable
technique for the demonstration of intraluminal
abnormalities of dural sinuses (Figs. 18.10a, 18.12a;
OzsvATH et al. 1997). In particular, multisection CT
venography with subtraction of bone is a promis-
ing and competitive technique for the evaluation of
veno-occlusive disorders of the cerebral veins and
sinuses (MajoIE et al. 2004). One disadvantage,
however, is the radiation exposure. Conventional
DSA is typically not needed unless endovascular
treatment is necessary, since MRI, MRA and CT are
usually sufficient to make a correct diagnosis.
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19.1

Introduction

Stroke is a clinical diagnosis and the acute onset of
focal neurological symptoms is the major indicator
of stroke. Whereas typical stroke symptoms such
as hemiparesis, amaurosis or dysarthria are easy to
recognize, other stroke syndromes such as vertebro-
basilar strokes or predominant neuropsychological
manifestations are subject to misdiagnosis espe-
cially for non-neurologists. Misdiagnosis may be
due to a non-vascular medical condition that simu-
lates a stroke syndrome - a condition coined “stroke
mimicry”. Or, a stroke may resemble another non-
vascular clinical entity - a circumstance termed as
“stroke chameleon” (HUFF 2002).

19.2
Stroke Mimics

Misdiagnosis of stroke is not uncommon and it is
well recognized that nonvascular conditions such
as brain tumor, subdural hematoma and cerebral
abscess may mimic cerebral ischemia (GRocH et al.
1960). Misdiagnosis occurs if details regarding past
history are lacking. This may be because the patient
is aphasic, comatose or demented. A careful patient
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history, a skillful examination of the patient, labora-
tory tests and an imaging study may prevent misdi-
agnosis. The frequency of misdiagnosis depends on
the tests used and the time point chosen when the
diagnosis “stroke” is first assigned. Differences of
these parameters within previous studies explain the
wide range from 5%-33% (KoTHARI et al. 1995a,b;
ULAKI et al. 2000). Misdiagnosis is more frequent
if the diagnosis is made by non-neurologists. How-
ever, since emergency and intern physicians are
often involved in the management of acute stroke
patients, the rate of misdiagnosis can be reduced
by an acute stroke service with consultation of a
neurologist (NorRIs and HACHINSKI 1982).

The frequency of misdiagnosis of stroke depends
on the intensity of the diagnostic work-up. In previ-
ous decades autopsy or cerebral angiography were
the only methods to verify false diagnosis (BULL et
al. 1960). With the advent of modern neuroimaging
techniques the distinction of stroke mimics from
true strokes is easier. Since the diagnostic accuracy
is higher, the number of stroke misdiagnosis may
even rise (ALLDER et al. 1999).

More than 20 years ago NorrIs and HACHINSKI
(1982) studied the misdiagnosis of stroke among 821
consecutive patients admitted to a stroke unit. The
initial diagnosis was made by a primary care physi-
cian and confirmed by a neurology resident in the
setting of a general teaching hospital. The diagno-
sis of stroke proved incorrect in 13% of the patients.
Common etiologies for misdiagnosis are summa-
rized in Table 19.1. Post-ictal states after unwit-
nessed or unrecognized seizures were by far the most
common disorders misdiagnosed as stroke. Half of
these patients had transient focal neurological signs
that seemed to support the diagnosis of stroke.

Clinical skill was important for the correct diag-
nosis: The likelihood of a correct diagnosis within
a subgroup of 50 consecutive cases admitted to the
stroke unit without the final diagnosis “stroke” was
highest in neurology consultants (76%), followed
by neurology residents (32%) and emergency physi-
cians (22%).
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Table 19.1. Typical conditions that mimic stroke

Non-ischemic CNS disorders

- Todd’s paralysis after epileptic seizure
- Migraine aura; hemiplegic migraine

- Psychogenic disorders

- Encephalitis

- Brain abscess

- Brain tumor

- Subdural hemorrhage

- Hypertensive encephalopathy

- Benign paroxysmal postural vertigo

Toxic-metabolic disorders
- Hypoglycemia
- Hyperglycemia
- Hepatic encephalopathy

The study was initiated before cerebral computed
tomography (CT) scanners were available and only
a subgroup of 244 patients was scanned. Astonish-
ingly, the frequency of the misdiagnosis did not
differ whether or not the patients were studied by
CT. The authors argue that this is due to the low
conspicuity of CT within the first hours after stroke
with only 54% positive findings by the second day
(ABraMS and McNEIL 1978). Even though techni-
cal advances in CT are enormous, the numbers are
similar nowadays with 57% CT-positive strokes in
the 6 h time window in the ECASS II trial (HACKE
et al. 1998). The incidence of early positive CT find-
ings is higher (73%) in patients with proven arterial
occlusions (FURLAN et al. 1999).

One might expect that since the early study of
Norris and HACHINSKI in 1982 a lot more knowl-
edge has been accumulated that makes “stroke”
a more secure diagnosis. However, LIBMAN et al.
(1995) found stroke mimics in as many as 19%
(78/411) of a population of consecutive patients
referred to an emergency department based on clin-
ical investigation. Unrecognized seizures with post-
ictal neurological deficits (17%), systemic infection
(17%), brain tumors (15%) and toxic metabolic dis-
turbances (13%) were the most frequent conditions
for misdiagnosis.

A rate of 19% misdiagnosis appears rather high
and it is obvious that the frequency of misdiagno-
sis is not only influenced by the skill of the clini-
cians but the time point when diagnosis is made. In
this study, the assignment to the diagnosis “stroke”
was made after the history and physical examina-
tion and before laboratory tests and imaging studies
were performed. Another explanation for the high
number of mimics is that the initial diagnosis was
mainly made by emergency physicians (75%) and
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only 25% of patients were evaluated in conjunction
with a neurologist.

Another study shed a more favorable light on the
diagnostic skills of emergency physicians supported
by neurological telephone consultation. KOTHARI et
al. (1995a) found misdiagnosis of stroke in only 5%
of patients seen by emergency physicians after CT
and laboratory studies had been performed. Mis-
classification was due to “paresthesia of unknown
cause”, seizure, complicated migraine, peripheral
neuropathy, cranial nerve neuropathy and psy-
chogenic paralysis. CT and laboratory tests were
performed before assignment of the diagnosis and
this accounts for the fact that misdiagnosis due to
tumors, systemic infections and toxic metabolic dis-
orders was ruled out.

Preventing misdiagnosis of stroke is increasingly
important in the acute stage of the disease when
thrombolytic or interventional therapies with poten-
tial adverse effects are considered. Misdiagnosis may
have serious consequences: A misdiagnosed patient
may be subject to unjustified thrombolytic therapy
and encounter an elevated bleeding risk. Or, another
serious nonvascular disorder may be misclassified as
stroke and treatment options may be missed.

ScotrT and SILBERGLEIT (2003) conducted an
observational study to evaluate the misdiagnosis of
stroke in patients treated with tissue plasminogen
activator (tPA) in an emergency department without
an acute stroke team, although neurological advice
was available on demand. Six of 151 tPA-treated
patients (4%) had a final diagnosis other than stroke:
conversion disorder (4), complex migraine (1), and
Todd’s paralysis (1). These mistakenly tPA-treated
non-stroke patients luckily did not encounter intra-
cranial hemorrhage and were discharged with little
disability. The authors argue that the likelihood to
misdiagnose stroke by emergency physicians with-
out the support of a stroke team is low and that com-
plications in the case of misdiagnosis did not occur.

It seems critical to propagate safety of thrombolytic
therapy in the case of misdiagnosis on the basis of
low numbers as reported by ScoTT and SILBERGLEIT
(2003). Emergency physicians are not always as famil-
iar with acute neurological disorders as in the centers
on study in the reports of KOTHARI et al. (1995a) and
ScoTT and SILBERGLEIT (2003). An acute stroke team
should include a neurologist since stroke diagnosis
is only the beginning of stroke management. After a
stroke has been diagnosed, treatment decisions have
to be initiated on the basis of the time window, stroke
etiology, neuroimaging and ultrasound findings and
this is best done by neurologists.
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It was recently reported that the in-hospital mor-
tality rate of tPA-treated patients relates to the fre-
quency of tPA treatments per year (HEUSCHMANN et
al.2003). Departments treatingless than five patients
per year have a high mortality rate and tPA therapy
can not be recommended. Low tPA treatment rates
relate to lack of practical experience and this will
be worse, if no neurologist is involved. ScoTT and
SILBERGLEIT (2003) found that the consultation of
a neurologist improves the accuracy of diagnosis.
Although this observation was not significantly
related to outcome, it is likely that a larger study
population would have shown a significant effect on
better outcomes in patients seen by a neurologist.

Neuroimaging is of paramount importance in the
work-up of stroke patients. CT distinguishes isch-
emic from hemorrhagic stroke and helps to exclude
less frequent stroke entities such as subarachnoid
hemorrhage or venous thrombosis. Since ischemic
stroke is often CT-negative in early hours after
onset, CT is of limited help to prevent misdiagnosis
in the acute stage. In the large thrombolytic trials,
early ischemic signs were present in only 31% in the
NINDS trial (0-3 h time window) and 57% in the
ECASS 1I trial (3-6 h time window) (HACKE et al.
1998; NINDS Stupy GrouP 1995). Conditions such
as Todd’s paralysis, migraine aura, metabolic or psy-
chogenic disorders that do not show any specific CT
abnormalities are not ruled out by CT. However, even
anormal CT scan gives important clues and reduces
the number of possible differential diagnosis such as
symptomatic seizures due to brain tumors, previous
territorial infarcts or intracerebral hemorrhage.

Besides conventional CT studies, advanced imag-
ing techniques such as CT angiography, CT perfu-
sion or magnetic resonance imaging (MRI) may be
helpful to prevent misdiagnosis. Ischemic lesions
are easy to detect with diffusion-weighted imag-
ing (DWI) within a stroke MRI protocol (MR angi-
ography (MRA), DWI and perfusion imaging (PI))
(ROTHER 2001). ALLDER et al. (1999) showed that the
limited reliability of the clinical diagnosis of stroke
is improved by neuroimaging and that misdiagno-
sis may be decreased to 9% by an intensive work-up
using stroke MRI.

It was suggested that the sensitivity of DWI for
acute ischemic lesions within the first 12 h of stroke
onset is substantially superior as compared to CT
(FieBACH et al. 2002; SAUR et al. 2003), whereas
after 12 h, accuracy is equivalent (MULLINS et al.
2002). However, even DWI may be negative in tran-
sient ischemic attacks (TIA), brain stem lacunes or
mild stroke syndromes (Fig. 19.1). Normal diffusion
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weighted MRI is found in 30%-80% of TIA patients
depending on symptom duration and time point of
the DWI study (CrisosTomo et al. 2003; KIDWELL
et al. 1999; OVBIAGELE et al. 2003; RovIRA et al.
2002).

Ay et al. (1999a) found normal DWI in brain
regions clinically implicated in 3.5% (27 of 782)
of consecutive patients scanned when stroke-like
neurologic deficits were still present. DWI nega-
tive stroke mimics were believed to have ischemic
stroke because of enduring neurological deficits as
observed in approximately 7% (ten of 782 consecu-
tive patients scanned by DWI).

The longer the neurological deficit lasts and the
later in the course of the stroke symptoms CT or
DWTI are performed, the higher the likelihood of a
positive finding. Moderate decreases of cerebral
perfusion as defined by increased relative mean
transit times (rMTT), decreased relative cerebral
blood flow (rCBF) but normal relative cerebral blood
volume (rCBV) are typically found in DWI negative
TIA or stroke patients (AyY et al. 1999b).

We found stroke MRI (FLAIR, MRA, DWI, and PI)
helpful in patients with complicated migraine that
presented with an aura of aphasia and hemiparesis.
A negative DWTin the presence of normal MRA and
PI made stroke an unlikely diagnosis and the fur-
ther course of the disorder with typical migraine
headache and complete resolution of the focal neu-
rological signs within a few hours were supportive.

19.3
Of Stroke Mimics and Stroke Chameleons

In the literature, “stroke mimicry” - the misdiagno-
sis of stroke due to a non-vascular medical condition
that simulates a stroke syndrome - refers to cases
where the diagnosis of a stroke was made on the
basis of a skilled examination but finally turned out
to be wrong. Typical examples of stroke mimicry
are metabolic and toxic disturbances, complicated
migraine, Todd’s paralysis, conversion disorders
and brain tumors.

Although intracranial mass lesions such as cere-
bral abscess, subdural hematoma and brain tumors
do not usually present with acute stroke-like symp-
tom onset, 6% of brain tumor patients presented
with symptoms of less than 24-h duration (SNYDER
etal. 1993). Misdiagnosis of these cases is easily pre-
vented by CT or MRI and should not play a major
role nowadays.
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Fig. 19.1a-d. Stroke chameleon - untypical presentation of stroke symptoms leading to the diagnosis of a non-vascular disor-
der. A 44-year-old female presented with nausea, vertigo and spontaneous rotatory nystagmus without additional symptoms.
The initial diagnosis was vestibular neuropathy and normal DWI seemed to support this diagnosis. Additional symptoms such
as dissociated sensory disturbance on the left side and facial weakness on the right lead to the final diagnosis of a medullary
infarction that was confirmed in an MRI follow-up study. Diffusion-weighted MRI (a,c) and FLAIR images (b,d) 12 h (a,b) and
3 days (c,d) after symptom onset. An infarction of the dorsolateral medulla is observed on the follow-up MRI that was not

visible in the initial study

Seizures are frequent after ischemic stroke and
estimates of the rate of postischemic stroke seizures
range from 2% to 33%. Cortical location and, possi-
bly, stroke severity are predisposing factors (BLADIN
et al. 2000; CAM1LO and GOLDSTEIN 2004). The time
point of the first seizure varies from months to sev-
eral years after the stroke. Misdiagnosis of seizures
as stroke occurs if the seizure is unwitnessed and
followed by focal neurological deficits. This so-
called Todd’s paralysis is a fascinating and poorly
understood condition where transient deficits occur
in the absence of a morphological correlate. Neuro-
nal exhaustion and excessive inhibition has been
discussed as underlying cause. Commonly, Todd’s
paralysis is associated with a hemiparesis lasting

minutes or hours, rarely as long as 2 days, with
subsequent complete remission. Unusual and vari-
able post-epileptic syndromes have been described
with ideomotor limb apraxia or a severe hemi-
neglect syndrome lasting up to 70 h after the sei-
zure (HELMCHEN et al. 1994). KiMURA et al. (1998)
found prolonged cerebral hyperperfusion in SPECT
studies in patients with seizures followed by Todd’s
paralysis arguing that this may be due to disturbed
autoregulation. We have studied a few patients with
Todd’s paralysis by MRI (conventional MRI, MRA,
DWI, and PI) and did not find any specific imag-
ing abnormality (unpublished data). One might
speculate that focal epileptic activity results in the
depletion of energetic metabolites with consecutive
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transient cellular dysfunction. If this hypothesis is
correct, ATP depletion is at least not severe enough
to cause cell depolarization since DWI was normal
in our cases (BINDER 2004).

Hypoglycemia may mimic nearly each neurologi-
cal syndrome including sudden amnesia (FISHER
2002), hemiballismus (HEFTER et al. 1993), hemi-
paresis (CARTER and TAavyrLor 2002) and basilar
artery occlusion (ROTHER et al. 1992). It is unclear
why hypoglycemia may result in stroke-like pictures
with focal neurological deficits instead of producing
the more common clinical picture of hypoglycemic
coma. Obviously, some kind of locus minoris resis-
tentiae results in focal deficits before unconscious-
ness eventually follows.

Metabolic encephalopathies due to hyperglyce-
mia, hyponatremia and hepatic encephalopathy
may go along with focal neurological signs and are
rare causes of stroke-like syndromes (ATCHISON et
al. 1992; BERKoOVIC et al. 1984). Wernicke’s encepha-
lopathy (CHANG 2000), nontraumatic spinal epi-
dural hematoma (LiN 2004), basilar migraine
(MEYDING-LAMADE et al. 1995) and sudden onset
of diplopia and ataxia in Miller Fisher syndrome
(CHER and MERORY 1993) were reported to mimic
brainstem stroke. Meniere’s disease mimicking
drop attacks (BALLESTER et al. 2002) and conver-
sion disorder masquerading as Dejerine-Roussy
syndrome (FERRANTE et al. 2004) are other cases of
stroke mimicry as are myasthenia gravis (KLEINER-
FismaN and KotT 1998) and peripheral nerve lesions
(LamPL et al. 1995).

Vague symptoms, a high level of co-morbidity and
incomplete patient history seem to contribute to the
misdiagnosis of non-vascular disorders as stroke.

Conditions where the untypical presentation
of stroke symptoms leads to the misdiagnosis of a
non-vascular disorder were termed “stroke cha-
meleons”. These are rare instances were ischemic
lesions in the subthalamic nucleus may present with
movement disorders such as hemiballismus and
myoclonus. Bilateral thalamic lesions due to basi-
lar artery embolism may cause confusional states
with little additional focal neurological deficits. The
misdiagnosis is supported by the difficulty to detect
these sometimes rather small paramedian thalamic
lesions in CT studies. MRI with its greater conspi-
cuity makes the diagnosis of these small midline
ischemic lesions easier and MRI is a great help in
the work-up of unusual stroke manifestations. The
presentation of ischemic lesions in CT and MRI
may sometimes be confusing, especially when the
time from symptom onset is unknown and cortical
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enhancing lesions may be misdiagnosed as metasta-
ses (OkAMOTO et al. 1998).

Sensorimotor deficits imitating peripheral nerve
involvement were reported (BaAck and MROWKA
2001). Ulnar and median nerve-like deficit were due
to infarcts located in the thalamus and the corona
radiate (LAMPL et al. 1995). We have seen two
patients with radial nerve-like deficits due to corti-
cal ischemic lesions of the cortical presentation of
the hand in the motor cortex. Normal nerve conduc-
tion velocity and MRI help to clarify these cases.

In summary, the diagnosis of stroke improves
with the clinical skills of the investigator, the use of
advanced imaging techniques and the time relapsed
since symptom onset. Since “time is brain”, it is
important to improve the skills of the physicians deal-
ing with acute stroke patients. Various options have
been established to improve acute stroke manage-
ment. In the US, emergency physicians play a crucial
role in the management of stroke patients. In other
countries, internists are responsible for acute stroke
patients in the first place. Acute stroke teams includ-
ing neurologists reduce the rate of misdiagnosis and
the involvement of a neurologist is essential.

Stroke is a heterogeneous disease and acute
stroke management includes more than just the ini-
tial diagnosis. Acute stroke management should be
in the hands of neurologists and neuroradiologists.
If such a stroke service is not established, the patient
should be referred to the next stroke center. If this
is too far away, other options include neurological
advice via telemedicine or telephone consultation.

Advanced imaging techniques are warranted
more widely to speed up the work-up of stroke
patients and to improve the identification of patients
who may benefit from reperfusion strategies by spe-
cifically displaying the pathology of the individual
patient.
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microglia 177

microhemorrhage (see microbleed)

microtubules 118

middle cerebral artery (MCA) 9,20

- bifurcation 85

- infarct 142,210-212
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- stenosis 212
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mild cognitive impairment 193

Miller Fisher syndrome 289
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mitochondrial dysfunction 47, 58,125
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mood disorder 150
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motor apraxia 195

motor cortex 289

MRUI tool 175,180
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multiple sclerosis 149, 190, 257
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myasthenia gravis 289

mydriasis 216
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myelitis 257,259
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pyramidal sign 195

pyramidal tract
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radial nerve 289
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seizure 119,185,190, 210, 216, 220, 270, 274, 285, 286, 288
selective (neuronal) injury 42,50, 60, 135, 139, 140
serum protein 136, 160
shock 239,255,269
sickle cell disease 269
sigmoid sinus 282
signal-time course 105
signal-to-noise ratio 87,105,172
single photon emission tomography (SPECT) 288,290
singular value decomposition (SVD) 108
sinus aplasia/hypoplasia 271,276,282
skew deviation 13
small vessel disease
(see microangiopathic disease)
smoking 194,197
sodium 48,118
somatosensory evoked potential (SEP) 44, 45, 65,264
source image 77,84
spasticity 247
spatial resolution 66, 67,77,78,81,82,87,88,90,94, 141, 174,
233,264
spectacular shrinking deficit 9
spectroscopic imaging 61, 67,126,173-180
sphincter dysfunction 215,256
spin saturation 80, 86
spinal angiography 258,260-264
spinal arterial supply 253
spinal arteriovenous malformation (AVM)
spinal cord swelling 258,259,261
spinal dural arteriovenous fistula 256,261-262
spinal metastasis 259
spinal perimedullary fistula 256, 262,263
spinal radicular artery 252
spinal radicular vein 256
spinal vein 263
spin-echo sequence
spongiosis 194
spreading depression
statin 158
status epilepticus 119
steal phenomenon 82
STEAM 172
Stejskal-Tanner pulse gradient
stem cell implantation 65,66
stereoagnosia 4
strabismus 216
strangulation 240
string-of-beads pattern 94

256,262-264

82,89,91,92,120,261

11,47,48,119

120,154

301

stroke
- chameleon 285,289
- etiology 209, 286, 288
- hemorrhagic (see also hemorrhage)
- management 286,289
- migraine-induced 11
- mimics 128,285-287,289
- pathology 17, 18,20, 54, 140
—prevention 188,191,199
- recurrence 209,210
-risk 150,190,191
-team 286
subclavian artery 84
subclavian steal syndrome 6
subcortical gray matter 149, 188
subcortical vascular encephalopathy

(see microangiopathic disease)
subthalamic nucleus 289
superficial cerebral vein 270
superior cerebellar artery (SCA)
superior sagittal sinus 271,273
supplementary motor area 215
susceptibility artifact 32,122, 128,191,229
susceptibility effect 160-162
susceptibility-weighted imaging

(see T2* weighted imaging)
symptom
- motor 6
-sensory 4,6
synaptic transmission 44
syndrome
- anterior disconnection 5
- ataxic hemiparesis 8
- cerebellar 219
- disconnection 5,214
- dorsolateral medullary 6
- dysarthria-clumsy hand syndrome 8
- hemineglect 288
- hemiplegia-hemianopia 219
- lacunar 8,198,199,210,212,220
- medullary 6,219
- midbrain 218
- pontine 216
- pure motor 8,198
- pure sensory 8
- top-of-the-basilar
systematic error 109
systemic infection 286

19,287

215-218

7,218,219,220

T
T1 relaxation time 136-138
T2 relaxation time 136-139

T2 shine-through effect 121,127
T2* weighted imaging
(see magnetic resonance imaging)
Takayasu arteritis 94
tandem stenosis 87
tegmental sign 216
telemedicine 289
temperature sense 217



302

temporal lobe 5

temporal resolution 67, 82,90, 274

tentorial contrast enhancement 272

territorial borderzone (see watershed region)

tetraparesis 216,218

tetraplegia 219

threshold (of CBF or ADC) 43-46,54,57,59,119, 126,
142

thrombin 47

thrombolysis 17,44, 57,59-62,126,127,188,217,139, 141,
178,221,286

- guidelines 24

thrombosis 10,18

- aseptic venous 269

- cavernous sinus 11

- cerebral vein 282

- cerebral venous and sinus 167, 269-282

- deep cerebral venous 270

- straight sinus 11

-venous 190

thrombus 89

tight junction 133,134

tilted optimized nonsaturation excitation (TONE) 78

time window 20, 24, 27, 33, 35, 125, 179, 286, 287

time-to-arrival 107

time-to-peak (TTP) map 28,107,126,230

tinnitus 218

tissue clock 24

tissue injury (see brain tissue)

tissue outcome map 30

tissue pH 45,54, 55,171,179

tissue plasminogen activator (tPA) 47,59, 60,63, 134, 141,
286, 287

tissue recovery 128

tissue viability 46,119,126, 127,138,179

tissue water content 4,18, 19,48,133,134, 141

tissue water diffusion 46,48, 51,53, 54

TOAST classification 207,210

Todd’s paralysis 286-288

toxic metabolic disorder 286

“trace” diffusion image 121

transient cerebral ischemia model 136,140

transient ischemic attack (TIA) 4,59, 127,185-191,218,
287

TIA mimic 185,186,191

TIA-related infarct 188,189

transverse sinus 270,273,276

tremor 213,216,218

trial

- ECASS 17,286,287

- thrombolytic 24

- NINDS 17,44,59,178,287

- proof-of-concept 36

tricarboxylic acid cycle (Krebs cycle) 67,177

2,3,5-triphenyltetrazolium chloride (TTC) 138
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